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PREFACE TO THE SIXTH EDITION 


In the preparation of this edition the book has undergone the most extensive revi- 
sion smce it was first published Scarcely a page has escaped some emendation, dele- 
tion or addition Many fi.gures have been redrawn and others added The bulk of the 
book has been reduced through the elimination of older material where the space 
could be occupied more advantageously by accounts of recent advances m the sub- 
ject, and by a reduction m the size of some of the illustrations and tables 
As a convemence to readers when referrmg from one part of the text to another, 
or to relevant articles m the literature, chapter numbers have been prmted at the 
heads of the pages The mdex has been completely redone and greatly enlarged 
The foUowmg paragraph is reproduced from the preface of the last edition, as it' 
applies equally well to this one 

“The authors have received many letters relatmg to some or other statement m 
the book, the criticisms, comments and suggestions which have been so kmdly pffered 
are most cordially welcomed These letters seem to display an mterest m the ^ welfare 
of the book which has been a source of satisfaction and pleasure to us, they h^e been 
of much assistance m the preparation of this edition We are also most grateful to 
many of our fnends and colleagues who have sent us reprmts of their articles, it is 
hoped that even greater numbers will be received for use m the preparation of the 
next edition Smce one of the authors has transferred to the staff of another univer- 
sity, and m order that it may be known to whom letters or reprmts should be ad- 
dressed, it has been thought advisable that the parts of the text ongmally written 
by this ^author and revised by him m succeedmg editions should be shown His 
responsiljility has, therefore, been mdicated by mitials at the heads of sections ” 

The most smcere thanks are agam extended to Professor Arthur M Wynne for 
the revision of his section on Biological Oxidations — a rapidly advancmg subject of 
great complexity, and one which only a specialist m this field could present with 
clarity 
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PREFACE TO FIRST EDITION 


Ph)^iology IS a science m its own nght and the laboratory worker who pursues his 
researches quite detached from medical problems need offer no apology for his aca- 
demic outlook Indeed some of the most valuable contnbutions to medical saence 
have been the outcome of laboratory studies whose apphcations could not have been 
foreseen Nevertheless, we feel that the teacher of physiology m a medical school 
owes It to his students, whose ultimate interest it must be conceded is m the diag- 
nosis and treatment of disease, to emphasize those aspects of the subject which will 
throw hght upon disorders of function The physiologist can m this way play a part 
m givmg the student and practitioner a vantage pomt from which he may gam a 
rational view of pathological processes 

We have endeavored to write a book which will serve to hnk the laboratory and 
the chmc, and which wdl therefore promote contmmty of physiological teachmg 
throughout the pre-chnical and clmical years of the under-graduate course It is also 
hoped that when the pnnciples underl3rmg diseased states are pomted out to the 
medical student, and he is shown how a knowledge of such prmciples aids m the 
mterpretation of symptoms or m directmg treatment, he wdl take a keener interest 
m physiological studies When such studies are restncted to the classical aspects of 
the subject, apparently remote from climcal application, the student is likely to regard 
them only as a task which his teachers m their mscrutable wisdom have condemned 
him to perform Too often he gams the idea, from such a course, that physiology is 
of very hmited utihty and comes to beheve that, havmg once passed mto the clmical 
years, most of what he has “crammed” for examination purposes may be forgotten 
without detriment to his more purely medical studies Unfortimately, he does not 
always reahze at this stage m his education how great has been the part which 
physiological discovenes have played m the progress of medicme, and that the prac- 
tice of today has evolved from the “theones” of yesterday 

Many physiological problems can be apprdached only through ammal experimen- 
tation Advances m many fields, most notably m those of carbohydrate metabohsm, 
nutrition, and endocrmology, bear witness to the fertdity of this method of research 
On the other hand, many problems can be eluadated only by observations upon 
man, and physiology has gamed much from clmical research The normal human 
subject as an experimental ammal possesses unique advantages for many types of 
mvestigation, and m disease, nature produces abnormahties of structure and function 
which the physiological laboratory can mutate only m the crudest way Withm recent 
years the chmcal physiologist, fully reahzmg these advantages and the opportumties 
afforded by the hospital wards, has contributed very largely to physiological knowl- 
edge In many mstances, chmcal research has not only revealed the true nature of 
the underl)rmg process m disease, but has cast a hght mto some dark comer of 
physiology as well, several examples of chmcal investigation which have pomted the 
way to the physiologist could be ated In the last century, knowledge of the processes 
of disease was sought mainly m studies of morbid anatomy ^ biochemistry was m its 
infancy and many of the procedures now commonly employed for the mvestigation 
of the human subject had not been devised Today, the student of scientific medicme 
IS duectmg his attention more and more to the study of morbid physiology m his 
efforts to solve chmcal problems This newer outlook has borne frmt m many fields 
It has had the beneficent result of drawmg the chmc and the physiological and bio- 
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chemical laboratories onto common groimd from which it has often been possible to 
launch a jomt attack upon disease We feel that this modem trend m the field of 
research should be reflected m the teachmg of medical students, and have therefore 
given greater prommence to chmcal aspects of the subject than is usual m physiologi- 
cal texts 

In order to understand the function of an organ it is usually essential to have a 
knowledge of its structure For this reason we have followed the plan of precedmg 
the account of the physiology of a part by a short descnption of its morphology and, 
m many instances, of its nerve and blood supply The architecture and functions of 
the central nervous system are so mtimately related that some space has been de- 
voted to a descnption of the more important fiber tracts and grey masses of the 
cerebrum, cerebellum and spmal cord 

We wish to thank our colleagues m physiology, biochemistry and anatomy whom 
we have drawn upon on so many occasions for mformation and advice, without their 
generous help the undertakmg would have been an almost impossible one We are 
also deeply grateful for the unstmted assistance which we have received from our 
fnends on the chmcal staff, several of whom have read parts of the text m manu- 
scnpt or m proof We wish espeaally to acknowledge our mdebtedness to Professor 
A M Wynne, who has wntten the section on the oxidizmg systems of hvmg cells, 
to Dr J K W Ferguson for his collaboration m the preparation of Chapter 33, and 
to Professor C B Weld and Dr E T Waters whose stunulatmg cnticisms and sound 
counsel have been mvaluable 

Fmally, we wsh to thank our secretanes, Miss Mabel Coiy and Miss Dudley 
Martm, who have spent so many tedious hours m prepanng the manuscnpt for the 
press, m checking the references and m compihng the mdex 


Ocioher 15, 1936 
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SECTION I. THE BLOOD AND LYMPH 

By N B T 

Chapter 1 

THE PHYSIOLOGICAL PROPERTIES, PHYSICAL CHARACTERS 
AND COMPOSITION OF THE BLOOD 


Outline oe the Functions of Blood 
In animals whose bodies are composed of many 
cells (Metazoa) the blood serves those purposes, 
which for unicellular organisms (Protozoa) are 
earned out by the fluid medium, the salt or fresh 
water, which surrounds them and bathes their 
surfaces For example, an organism such as the 
amoeba acquires oxygen by diffusion directly from 
the environment mto the intenor of the cell Simi- 
larly the carbon dioxide diffuses outwards The 
processes of nutntion and the excretion of the 
products of the cell’s metabolism are accomplished 
in a manner equally simple Food is taken m 
through the cell membrane either in solution or as 
particulate matter, and waste products pass into 
the surrounding medium Other requirements of 
this organism, such as the mamtenance of an opti- 
mum temperature and the proper degree of mois- 
ture, are dependent on the immediate (internal) 
environment, the viiheu mierne of Claude Bernard 
The elemental needs of each cell m a multi- 
cellular form from the most pnmitive type to the 
highest vertebrate are the same as for the uni- 
cellular orgamsm, yet in the evolution of the higher 
forms the cells composmg their bodies have become 
farther and farther removed from immediate con- 
tact ivith the outside world Myriads of cells have 
become packed together, and the deeper ones 
could not possibly satisfy their needs after the 
direct and simple fashion of the unicellular forms 
The more primitive multicellular t3q)es overcame 
the difficulty by the development of canal sys- 
tems which opened to the exterior and through 
which the ocean waters flowed freely m and out, 
bnngmg oxygen and aliment to the more deeply 
lymg cells and bearing carbon dioxide and other 
excretory products away This, the first attempt 
at a circulation, was an open one As higher 
forms evolved the circulation became closed and 
the waters of the environment no longer flowed 
and ebbed through the body No longer could the 
interchange of the respiratory gases and the ab- 
sorption of nutriment be earned out m this direct 


and simple way Yet the vessels of this closed cir 
culatory system were filled with a fluid which took 
the place of and fulfilled the duties of the watery 
environment of the more primitive types The 
blood and other body fluids may be looked upon 
as that environment which has become enclosed 
within the bodies of the higher forms, and has 
undergone certam modifications in its composition 
to meet the requirements of the more specialized 
cells which it bathes 

The similanty between the compositions of sea 
water and blood which has been stressed by the 
researches of Macallum lends support to these 
views on the evolution of the blood * This bnef 
account wiU also serve as an introduction to a con- 
sideration of the functions of the body fluids, smee 
their duties are to satisfy m the same way as did 
their prototype, the requirements of the mdmdual 
cells 

(1) Respiratory The transport of oxygen from the 
air in the lungs to the tissues, and of carbon dioxide 
from the tissues to the lungs 

(2) Nutritive The conveyance of food matenals, 
glucose, ammo aads and fats from the ahmentarj 
canal to the tissues 

(3) Excretory The removal of vaste products of 
metabolism, e g , urea, unc acid, creatinine, etc 

(4) The maintenance of the water content of the tissues 
Though the blood itself is contained within vascular 
channels, a constant interchange of fluid through the 
vessel walls takes place This fluid which has left the 
blood vessels and come into direct contact with the 
tissue cells is known as the tissue or interstitial fluid It 
closely resembles the blood plasma m chemical compo- 
sition, and IS identical with lymph Through the medium 
of the transuded fluid the final stage in the transporta- 
tion of oxygen and food matenals to the tissues and the 

• Sea water of today differs from blood serum in 
havmg a total salt concentration of about 3 per cent, 
a much higher concentration of magnesium and a lower 
concentration of potassium But Macallum pomts 
out that the sea water of the geological penod when 
the ancestors of mammahan forms adapted themselves 
to a terrestnal hfe was probably closely similar m its 
morganic composition to blood serum 
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first stage m the journey of COi end waste products 
from the tissues are made 

(5) To regulate body temperature The body owes its 
ability to regulate its temperature (ch. 53) largely to 
the water of the blood and tissue fluids Water possesses 
three quabties which fit it pre-eiiunently to fulfil this 
purpose. 

(a) The specific heafi of water is considerably hi^er 
than that of any other hquid or sohd On account of 
this great heat storage power of water, sudden changes 
of bodj temperature are avoided and even a cold- 
blooded animal such as the frog has, due to this purelj 
pbiwcal quality, some abihtj to mamtain a relativelj 
constant body temperature against transient fluctua 
tions m emoronmental temperature. A man of average 
weight develops 3000 Calonesm 24 hours This amount 
of heat is capable of raising the temperature of his 
tissues (which are largely water) only about 32°C 
Heat ehmination (radiation, etc ) is able to keep pace 
with heat production and the body temperature vanes 
but slightly within normal hmits But it has been 
pointed out by L J Henderson that if the tissues had 
the low heat storage capaaty (spec heat) of most sub- 
stances, an amount of heat equal to 3000 Calones would 
raise the temperature of the tissues and flmds of the 
body by from 100°-1S0°C 

(b) Btgh conductmty The thermal conductivity of 
water is greater than that of any other ordinary hqmd 
The adi'antage of this m the dissipation of heat from 
deeply situated regions of the body is obvious. 

(c) Btgh iateni heal of evaporatwn More heat is 
required for the vaporization of water than, for that 
of an equivalent amount of anj' other liquid One cc of 
water requires about 0 6 Calones for its vaporization 
This figure is 50 per cent higher than that of water’s 
closest competitor Fluid is bang constantly lost from 
the body through evaporation from the lungs and skin, 
A large amount of heat is lost m the process (ch 53) 

These physical properties of water which make it 
ideal as a heat regulatmg medium are enhanced by other 
purely ptrysiotopcalf actors Themobihty of theblo^, and 
the readiness with which it may be quickly redistributed 
m the body, combined with the umque physical prop- 
erties of the fluid itself, render it so highly effiaent as 
a regulator of body temperature The blood may in a 
moment be brought from deeper to superfiaal regions 
and spread out m fine vessels over a broad area just 
beneath the skm, and in this way will greatly mcrease 
the radiation of heat At another instant, m order that 
heat may be conserved, the flmd is dramed from the 
surface areas and collected in the deeper parts of the 
body —internal organs, muscles, etc. 

(6) Protedm and regulatory The blood and lymph 
contam certain chemical substances of a complex 
nature, antitoims, ly’sins, and other antibodies, which 

» The s^fic heat of a substance is defined as the 
number of calones required to raise 1 gram of the 
substance one degree Centigrade 


are the bnmi of the body’s defence against injunous 
agents of vanous kinds. The cmculating flmds are also 
the vehicle by which the hormones of the different 
ductless glands are brought into direct contact with the 
cells of the tissues 

The Composition op Blood 

The blood is a highly complex fluid in which 
sohd elements are suspended — the corpuscles or 
Mood cells Its specific gravity is from 1 050 to 
I 060 and its viscosity from 5 to 6 times that of 
water If blood is centrifuged before it has had time 
to dot, or if dottmg is prevented by special means 
(p 117), the solid dements are thrown down and 
separated from the fluid portion The latter is 
called the plasma and contains prolettis, as well as 
many orgamc and morgamc substances m solution 
— nutntive and excretory materials, antibodies 
and hormones, and other substances of an un- 
known or imperfectly known chemical constitu- 
tion The specific gravity of plasma is normally 
around 1 027 but vanes with its concentration in 
protein The cells constitute about 46 per cent of 
the volume of human blood, the plasma 54 per 
cent Small variations above or below these values 
are commonly met with 
The specific gravity of a small sample of blood 
or of plasma may be measured by the method of 
PhUlips, Van Slyke and assoaates A senes of small 
bottles IS set up containmg copper sulfate solutions 
varjTng by small equal mcrements (0 004) m 
specific gravity A drop of blood or plasma is 
allowed to fall gently from the Up of a medicine 
dropper mto each of a number of the bottles whose 
soluUons are withm the expected specific gravuty 
range of the blood or plasma sample The tip of 
the medicme dropper should be held about 1 cm 
above the surface of the soluUon The drop of 
blood or plasma, upon entenng the solution, be- 
comes coated with a film of copper protemate and 
remains suspended, neither nsmg nor faUmg for a 
few seconds, if it is of the same specific gravity as 
the soluUon, thus, smee the specific gravity of the 
solution IS known, that of the blood or plasma is 
indicated (fig 1 1 ) 

In the following table are given the constituents 
of the blood, grouped upon a physiological basis 

Whole blood 
A Ctils 

(1) Red corpuscles or erythrocytes 

(2) White corpuscles or leucocy tes 

(3) Platelets or thrombocytes 
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PHYSIOLOGY, PHYSICAL CHARACTERS, COMPOSITION 


B Plasma 

(1) Water, 91 to 92 per cent 

(2) Solids, 7 to 9 per cent 

(a) Proteins, 7 per cent Serum albumin, 
scrum globulin and fibnnogen* 

(b) Inorganic constituents, 0 9 per cent 
Sodium, calaum, potassium, magnesium, 
phosphorus, iodine, iron, copper, etc. 

(c) Organic constituents (other than (a) and 

(d)) Non-protein nitrogenous sub- 
stances, (urea, unc aad, xanthine, hj^io- 
xanthinc, creatine and creatinine, am- 
monia and amino aads) neutral fats, 
phospholipids, cholesterol, glucose 

(d) Internal secretions, antibodies and vanoi'S 
enzymes, (amylases, proteases, lipases, 
esterases, etc ) 

INORGAVIC COVSTITUENTS 

The concentration of the plasma in the various 
inorganic matcnals is given m table 1 
It mil be noted that the plasma is relativel> 
rich in sodium and calaum but poor in potassium 
and magnesium uhercas m the cells conditions are 
rc\ ersed The cells show a relatively high concen- 
tration in potassium and magnesium, but are lack- 
ing in calcium and have a low concentration of 
sodium (human) In the blood of some species 
sodium IS absent or present only in traces Except 
for a minute amount of iron in the plasma, this 
clement is confined to the red cells and the greater 
part of it IS attached to the hemoglobin molecule 
(ch 6) It has been suggested that the small quan- 
tity of non-hemoglobin Ifon in tbe er>throcj'te is 
bmfnd loosely w ith the Icathin of the cell stroma 
(p 9) (See also ch 8 ) 

Phosphorus 

Phosphorus exists in blood m four mam forms 
One of these is ‘inorganic phosphorus (orthophos- 
phate) The three other phosphorus fractions arc 
in organic combination and arc as follows 
a Ester phosphorus, e g , diphosphoglyccrate, 
adenosinetnphosphate, hexose phosphates, glyc- 
erophosphate 

b Lvpid phosphorus, eg, the phosphatidcs 
Icathin, cephahn, sphingomyelin 
c Nucleic acid phosphorus 

According to Kay the nucleic aad phosphorus m 
normal human blood is negligible It is denved from 
the nucla of white cells and the reticulum of the reticu- 

’ Plasma from which the Cbnnogcn has been removed 
through clotting (ch 12) is spoken of as serum 



Tic 1 1 Description in te.xt (After Phillips and 
Van Sljke, redrawn) 

Ioc>tcs In abnormal blood containing a large number 
of Icucoc>'tcs, rebculocvtes or nucleated red cells this 
fraction may however constitute a considerable propor- 
tion of the total phosphorus 

The inorganic phosphorus (3 mg per 100 cc) is 
according to most observers about equallj’ distnbuted 
between cells and plasma The quantit> of organic 
phosphorus m blood is manj times greater than the 
inorganic In whole blood it amounts to from 35 to 
40 mg per 100 cc and the greater proportion of this 
IS in the cells 

The inorgamc and ester fractions are extracted from 
blood bj the preapitation of the proteins with tn- 
chloracetic aad and filtenng The phosphorus con- 
tained in the filtrate is spoken of as the aad soluble 
phosphorus Upon extraction of blood with alcohol- 
ether the lipid phosphorus is obtained The phosphorus 
of blood IS therefore separable into tw o classes 

(1) The acid soluble lohich includes 

(a) Inorganic phosphorus 

(b) Ester phosphorus ] 

(2) Alcohol-ellicr soluble, ie,f organic phosphorus 

hpid phosphorus j 
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TABLE 1 

Inorgamc constitueiUi of plasma, red cells and wlwlt Mood, milligrams per 100 cc average values 
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The concentrations of these vanous inorganic constituents are also commonl> expressed as rtullt-equivalen 
(m eq ) per liter Thus serum contains 100 mg of calaum per hter The molecular weight of Ca is 40 07 ■ 

being div-alent its nulh equivalent is 20 03 The concentiabon of calaum in serum is thcrefore^g^ = 4 9 mil 


equiialenU per hter Sodium is monovalent and has a molecular weight of 23, serum therefore contains 
147 8 m eq per hter 


The ester, or orgamc aad soluble phosphorus is ob- 
tained bj determining the total aad soluble P and 
subtracPng from it the morgamc phosphorus Of the 
ester phosphorus, all of nhich is intracellular, about 
one-quarter is hj’drolj’zable by bone phosphatase 
(ch 60) The hydrolyzable portion is mamly adeno- 
Binetnphosphate and the non hydrolj zable part mainlj 
diphosphoglj cerate Since the nucleic aad phosphorus 
IS negligible m normal blood, the aad soluble -p the 
alcohol ether soluble phosphorus equals the total phos 
phorus as determined by net ashing 
In the following table is given the distnbution of 
inorganic, e ter and hpid phosphorus m normal blood 

Phosphorus in whole blood 
Milhgrams per 100 cc , average figures 


1 Total phosphorus 40 

2 Total aad soluble — 90 per cent in cells 27 

3 Inorganic — in cells and plasma 3* 

4 Ester (2-3) — practically all in cells 24 

5 Lipid (1-2) — m cells and plasma 13 


The phosphorus compounds of the blood and tissues 
pk> an important role in mamtaming the electrolyte 
equihbrmm mthin the red cells and m regulatmg the 
aad base balance. DiabePc aadosis, for example, and 
the aadosis induced by the ingestion of ammomum 
chlonde, are accompanied by mcreased excretion of 
phosphorus in the unne and a pronounced reduction of 
the orgamc aad-soluble phosphorus m the blood cells 
Reverse changes occur in alkalosis, the reduction m the 
chlonde of the blood foUovnng py lone obstruction, and 
the alkalosis caused by over-breathing are associated 
with a reduction m the unnary excretion of phosphates 
*^>4 a decrease in the morgamc and ester phosphorus 

■' In infants and young children, the morgamc phos- 
phorus IS from 1 to 3 mg per cent higher than it is 
m adults 


of the blood In renal msuffiaency , the inorgamc phe 
phorus in the plasma and cells and the ester phosphor 
(diphosphogly cerate) in the cells are greatly mcreast 
The inorganic and ester phosphorus are reduced 
nckets but a rapid increase accompames the heali 
process The inorgamc phosphorus is diminish 
after the injection of insulin and in hyperpara thyToidu 
(ch 60) In anemias assoaated with high reticulocy 
counts and in leukemia, the concentration of esl 
phosphorus in the blood is increased The inorgai 
phosphorus is increased in some forms of tetany 

ORGANIC CONSTITUENTS (OTHER THAN 
ORGANIC EHOSEHORCS) 

Plasma proleins 

The concentration of total protein m the plasn 
and the proportions of the three fractions — alb 
mm, glabuhn and fibrinogen — vary from speaes 
species but under ordmary conditions of heal 
remain relatively constant between individuals 
the same speaes 

Serum globulm c an be separated by “saltu 
out” mtoT^ fractions — euglobultn and pseud 
globulin, or mto three fractions — a, p and y-glob 
hns — by electrophoresis The euglobulm is throw 
out of solution by saturation mth NaCl, ha’ 
saturation with MgSOi, or one-third saturatic 
with (NH<)iSOi, It is msoluble m water T1 
pseudoglobuhn is not “salted out” by NaCl but 
thrown down by saturation of its solution mi 
MgSOi or half-saturation mth (NHjiSOi It 
soluble m w'ater 

or, ^ and q-globulms have isoelectric points 
51,56 and 6 0 pH, respectively It is questionab 
whether these fractions are distmct chemical enf 
ties It IS more probable that they are merel 
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artifiaally produced as a result of the methods of 
treatment employed In other -words, it is likely 
that serum Rlobu hn. js a smfile-large., molecule. , 
whi ch IS spht mt o two or three separate partsby 
Habbratory^ manipulation Yet however this may 
^ber fSe ~^anima-globulm is more mtimately asso - 
ciated with antibody production, an d undergoes 
an mcrease m many acute and chrome infections 
Pseudoglobulm contains 85 per cent alpha- 
globuhn and 15 per cent gamma-globuhn, whereas, 
euglobuhn contams less alpha but more of the 
beta and gamma globulins 
The several electrophoretic® fractions of plasma 
protein are not pure, all contam hpid and carbo- 
hydrate matenal combmed probably as prosthetic 
groups The albumm fraction also contams bih- 
rubm (ch 40) It has been estimated that at least 
50 per cent of the hpid and carbohydrate content 
of serum is bound to the albumm and gamma- 
globulm fractions Other substances, e g calcium, 
phosphorus, sulfonamide drugs and the dye T-1824 
(p 18) are bound to the albumm fraction 
Fibrmogen has been isolated and prepared m 
crystallme form X-ray diffraction studies mdicate 
that Its molecule is structurally sunilar to such 
fibrous proteins as collagen and myosm (see p 
622) 'i^ie molecular weights of the plasma protems 
are given m chapter 35 

The total plasma protem can be calculated from 
the specific gravity of the plasma by means of bne 
charts, or by usmg the formula P => K (S — A), 
where P is the plasma protem m grams per 100 cc , 
S the specific gravity and K and A are constants 
with values of 364 and 1 006, respectively Thus, 
if the specific gravity is 1 026, the protem m grams 
per 100 cc is 7 28 (364 (1 026-1 006)) 

The values of total protem and of the different 
fractions m human plasma are given m the fol- 
lowmg table. 

® The usual method used today in electrophoresis 
(i e the migration of charged particles m an electric 
field to cathode or anode) of protein in a suitable buffer 
solution and other colloidal systems is that earned out 
with the apparatus of Tiseliu s, in which the mov- 
ing boundanes formed^between the protem and buffer 
solutions are recorded graphically by optical methods 
The different protems of serum are separable upon the 
basis of the rates and direction of movement of their 
boundanes The most rapidly movmg boundary is that 
of the smaller albumen molecule Alpha, beta and 
gamma-globulins have much slower rates but of the 
three the alpha fraction has the fastest rate, and the 
gamma globulin the slowest By ultra-violet photog- 
raphy a characteristic electrophoretic pattern of these 
boundanes is obtained, which shows a senes of peaks 
corresMnding to the individual proteins in the solu- 
tion The albumin peak is by far the highest 


Protein fractions tn human plasma 

rHACnONATION BY SAIT 
INC OUT WITH SODIUM 
starATE 

iramsIlOO ce. 
Total protem 6 0-8 0 
Albumm 4 3-5 0 
Total globulin 1 1-3 1 
Euglobuhn 0 1-0 4 
Pseudoglob- 
uhn 10-27 


Fibrmogen 0 2-0 3 
Albumm/glob- 
ulm (A/G) 
ratio 1 50 

In some animals the globuhn is equal to or exceeds 
the albumm Of the three fractions fibnnogen is always 
m lowest concentration and it is considerably lower in 
human plasma than m that of some animals (e g , 0 58, 
0 72, 0 60 gram per 100 cc m dog, cow and goat respec- 
tively) 

Pathologicai, variations in concentration 
The several protem fractions of plasma may change 
m value mdependently of one another, and either 
with or without alteration m the quantity of total 
protem, m several pathological states the albumm 
and globuhn fractions may change m opposite 
directions, i e a fall m albumm accompamed by a 
rise m globuhn 

The fibrmogen concentration is mcreased m 
pregnancy and menstruation, m tissue injury of 
vanous kmds, m parathyroid overdosage, acute 
infections, malaria and several other conditions 
This fraction is markedly reduced m ammals after 
hepatectomy or severe liver damage and m several 
diseases mvolvmg the hver In rare mstances it is 
congemtally considerably below normal or absent 

In hemorrhage a loss of all fractions of plasma 
protem occurs, their concentrations are also di- 
minished as well, smee the blood volume is at first 
made good by the passage of a salme solution or 
one of low protem concentration from the tissue 
spaces mto the blood stream In extensive hums, 
on the other hand, expecially during the foUowmg 
few days, all fractions are reduced as a result of 
the leakage of blood fluid from the denuded surface 
and mto the tissues m the region of the burned 
area, but smee the lost fluid is usually relatively 
low m its content of protem, the protem concen- 
tration of the plasma tends towards an mcrease 
In cirrhosis of the liver, chronic hepatitis (depressed 


rEACnONATION BY ELECTIO- 
PHOBESIS 

grams jiao cc 
Total protem 6 03-6 72 
Albumm 3 32-4 04 
Total globuhn 2 23-2 39 
Alpha glob- 
uhn 0 79-0 84 
Beta globu- 
hn 0 78-0 81 
Gamma glob- 
uhn 0 66-0 70 
Fibrmogen 0 34-0 43 
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E>-ntliesis by b\'Er), chontc wfedwns, the albumin 
traction IS reduced 

In iicpJ ralic and vcplnltc condtlwns (due to loss 
of albumm in the unne) and m severe vusJnninUon 
(ovnng to the low mtabe of the necessarj amino- 
aads for protem simthesis) the albumin fraction a 
also reduced As a result of the diminished concen- 
tration of albumin, the o ncotic , pressure of the 
plasma tends to fall, less water is held m the % essels 
and, as a consequence, the plasma lolume is re- 
duced As a consequence of these changes, the 
globuhn, though not raised absoluteb , shows 
mcreased concentration In an} condition asso- 
aated with a loss of water from the blood (dehy- 
dralwii, aiihydremsa, p 24), though no change 
ma} occur m the absolute amount, i e. m the total 
quanbtt m the blood, the concentrabons of all 
fractions will show an mcrease. In order to deter- 
mme whether or not an absolute reduction or m- 
crease m one or other of the plasma proteins exists, 
it would be necessarj to measure the total plasma 
^olume (p IS) as well as the concentration of the 
particular fraction The gamma-globuhn shows an 
absolute mcrease m vulhplc myeloma, arriiosts of 
lie Itrer, subacile yeUcv alropi y of tie h?er, acute 
hepatiUs and acute rephitts, Icttieirta, tubercu- 
losis, scarlet fercT and m acute and drome infcc 
ttoiis In h\er dnease the alpha-globulm is also 
mcreased, and m later pregnane} the concentration 
of beta-globulm, which contains a high percentage 
of lipid, is raised Prothrombm appiears to be a 
beta-globulm This fraction serv es to bmd a con- 
siderable proportion of the plasma cholesterol, 
carotene and phosphohpids of the plasma, and is 
mcreased m the later months of pregnancy The 
isoagdutmms (anti A and anb-B, and anti-Rh, ch 
5) are associated with the gamma and beta globulm 
fractions of the plasma 

Oeigev In the embryo, the mesenchvme cells 
through a process of secretion or b} the actual solu- 
tion of their substance furnish the flmd (embry onic 
plasma) which floats the pnmitiAe blood relk 
(p 103) The albumm fraction is formed earlier 
than the other proteins which do not appear m the 
plasma of the chick embryo untfl after the 14th 
day of mcubation 

In the adult, frv e possible sources of the plasma 
proteins ha\e been suggested — nameb, dismte- 
gratmg blood cells (red or white), the general tissue 
cells, reuculoendothehal cells of spleen, bone mar- 
row, etc-, and the h\er 

It IS now well established that the h\ er is the site 
of the production of plasma albumm, this fraction 


undergoes a pronounced reduction m conditions 
which depress hepatic function. It is thought that 
the Kupffer cells are espcaally concerned m the 
manufacture. The albumin fraction (but not the 
globulm) m the plasma of dogs can be reduced and 
mamtamed at a subnormal le%el b} mtra\enous 
mjections of a solution of gum acaaa (p 50) In 
these experiments the hepatic cells become swollen 
and \-acuolated The fall m serum albumm is 
therefore considered to be due, m part at least, to 
the failure of the h\.er to make good the normal 
“wear and tear” of serum albumm (which amounts 
tosereral grams dail}), though, possibh, there is 
also a withdrawal of albumm from the plasma to 
the brer as a compensatory regionse to rectify the 
mcrease m oncotic pressure caused by the presence 
of acacia m the circulation 
The endence pomts definitely to the h\ er as the 
site of fibrmogen production smee as mentioned 
abo\ e the concentration of this fraction is reduced 
by h\er damage or hepatectomy When the h\er 
returns to a healthy state after m3Ur^ has been 
mduced b\ an agent such as phosphorus or chloro- 
form, the fibnnogen le\el also returns to normal 
FoUowmg slight h\ er mjury or durmg the repau 
of a hepatic lesion, which might be expected tc 
stimulate the functional acbmty of the organ, the 
fibrmogen may be actualli higher than normal 
The ongm of serum globulm has not been defi 
mtely settled Elman and Heifetz succeeded u 
reduemg the albumm fraction m the scrum of dog; 
by dietary measures to 50 per cent of the normal 
No reduction was obseii ed m the serum globuhn 
The Leers of the ammals showed pronouncec 
histological and chemical changes, the crater con 
tent of the hepatic tissue was mcreased, the celli 
became racuolated This was accompamed by 
see ere depletion of hepatic protem 
On the contrary , the experiments of Miller anc 
his associates who perfused the intact beers o 
rats with blood containmg lysme labeled witl 
isotopic carbon (D*) mdicate that the beer fur 
nished about 80 per cent of the serum globulm 
The remamder is supphed be' extrahepatic tissues 
the greater part of which, if not the whole, an 
deneed from the le-mphocy te^ (White and Dogh 
erty, p 96) The conflict between the results o 
the experiments of Elman and Heifetz and thos 
of ilfller and assoaates may be explamed perhap 
by the great functional resere e of the he er, hepati 
lesions m the experiments of the former being m 
suffiaent to cnpple its globulm produang function 
There is experimental eeidence that the adreno 
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corticoptrophic hormone of the pituitary through 
its action on the adrenal cortex affects the manu- 
facture of beta and gamma globulins Injections 
of this hormone or of adrenal cortical hormones 
into rats causes within 24 hours a rise m beta glob- 
ulm of 30 per cent, and in gamma globulm of 
from 70 to 80 per cent (White and Dougherty) 

FuKcnoNS (1) Fibrmogen is essential for the 
dotting of the blood (ch 12) 

(2) All three protems serve to mamtam the 
osmotic press ure (p 29) of the blood The large 
molecules of the protems do not pass readily 
through the normal capillary membrane The 
osmotic pressure which they exert amounts to, m 
man, between 25 and 30 mm Hg The pressure 
which each fraction exerts is mversely related to 
the size of its molecule and directly related to its 
concentration m the plasma The molecular weight 
of fibrmogen is over 200,000 and its concentration 
is low, it therefore contnbutes little toward the 
total osmotic pressure Albumm is m the highest 
concentration and its molecule has the least weight 
(70,000-75,000) The osmotic pressure of the 
plasma, therefore, depends largely upon this frac- 
tion The molecular weight of serum globulm is 
between 150,000 and 190,000 and its concentration 
is considerably less than that of albumm In equiv- 
alent concentrations, serum albumm has an osmotic 
activity 2 4 times that of serum globulm (Keys) , 
it furnishes about 80 per cent of the oncotic pres- 
sure of the plasma 

(3) Vwosiiy The protems give a certam vis- 
cosity to ^e blood which is a factor m the mam- 
tenance of the normal blood pressure (p 149) 

(4) They aid m the regulation of the acid-base 
balance of the blood (ch 13) 

(5) Stability oj the bl ood p 66) The globulm 
and fibrmogen fractions influence the tendency of 
the corpuscles to adhere to one another and form 
rouleaux or clumps 

(6) Trephones Carrel has shown that the leu- 
cocytes prepare substances from the plasma pro- 
tems which are essential for the nourishment of 
tissue cells grown m cultures These substances he 
has termed trephones 

(7) Immune substances (antibodies) which react 
with the antigens of several microorganisms, e g 
diphthena, typhoid and streptococcal infections, 
and the viruses of mumps, influenza and measles, 
are associated with the gamma globulm Gamma 
globuhn, separated from the other fractions, is 
used as a means of artiflaally immunizmg agamst 
measles, infectious hepatitis, rubella and polio- 


myehtis ® Certam other antibodies, the isoag- 
glutinms A and B, are present m the gamma and 
beta fractions As might be expected, the globuhn 
fraction of the serum tends to mcrease durmg the 
process of immunization agamst the infective 
diseases mentioned above 

(8) They serve as a r eserve of protein upon which 
for a time the body draws durmg fastmg or when 
the protem mtake is madequate 

Plasmapheresis The importance of the plasma pro- 
tems IS demonstrated by this procedure which consists 
in bleedmg an animal and retummg the red cells sus- 
pended m Locke's solution to the body A state of shock 
results, followed by death when the total protem is re- 
duced to between 1 and 2 per cent No ill effects result 
however if the cells are suspended m serum before they 
are reintroduced When depletion of the protems is not 
earned to the pomt where fatal shock ensues, a marked 
nse m protein concentration occurs within 15 mmutes 
which mdicates that durmg this time a store of pre- 
formed protein is drawn upon for the replacement of 
the protein which has been removed The regeneration 
IS slower after this, though fairly rapid for the first 
24 hours It becomes progressively slower durmg suc- 
ceedmg days The proteins are restored to the normal 
level m from 2 to 7 days, provided that the diet con- 
tains a suffiaency of high quahty protein Plasma 
proteins themselves have been found to be best for 
this purpose, the protems of hver run a close second 

In more chrome plasmapheresis experiments, edema 
commences when the total protem concentrabon reaches 
a value of 5 5 per cent and albumm a concentration of 
2 S per cent 

The non-protein nitrogen {NJPJI ) or non-coagulable 
nitrogen of blood 

By the term non-protem-nitrogen is meant the 
mtrogen of those substances e g urea, unc acid, 
creatmme, etc , listed on page 8 They may be 
extracted from blood or plasma by treatmg either 
of these with a reagent, such as trichloracetic aad, 
which precipitates the proteins, filtenng and deter- 
mmmg the mtrogen m the filtrate These sub- 
stances are m part absorbed with, or denved from 
the food, and m part are the waste products of 
tissue catabolism The total N P N of whole blood 
amounts to from 28 to 40 mg per 100 cc It 

* Gamma globuhn obtamed from any normal person 
usually contams suffiaent immune bodies for protection 
agamst measles and infectious hepatitis, but for protec- 
tion agamst rubella (German measles), pohomyehtis, 
whoopmg cough, chickenpox and mumps, an active im- 
mune globuhn can be obtamed only from subiectp 
convalescent from the particular disease 
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m nitroscn parlition iii Ihc blood oj fiarmal individuals and Iht distribution cj the various nUroienous const, lumt, 

betveen the cells and serum 



coitrosctrs 

rUEltA 

tmout utooo 


Mul 

Mint 

A%er 

Maxi 

Mini 

A\er 

M»»l 

Mini ! 

Aver 


mum 

mum 

»KC 

mum 

mum 

apt 

, mum 

mum [ 



tag Prr 
mu 

me trr 

100 (t 

mt fir 
m ft 

ne fer 
100 cc 

nf fer 

too cc 

mr per 

{IjO U ; 

nt ttf 
li0(( 

mt fir 
liCi a 

mt ffi 
Mtc 

(a) Taken from \Vu 


1 

1 


I 

20 

; 29 




Total non protein mitogen 

, 61 

39 

49 

36 




UieaN 

i 22 

12 

17 

23 

13 

19 




Ammo-aad N I 

11 

8 

10 

8 

5 

6 




Unc aad 1 

4 

1 

2 

5 

2 

4 

i 



Creatine I 

8 I 

4 

6 

0 

0 

0 




Creatinine 

3 

1 6 

2 5 

1 5 

J 

1 2 




Undetermined N 



19 

1 


2 1 

1 



(b) Taken from Berglund 




1 



i 

28 

12 

Total non protein nitrogen 

55 

38 

44 

, 30 

18 

25 

UreaN 

13 

8 

10 


10 

12 


1 

12 

Ammo-aad 

11 

7 

8 

' 6 

4 

5 

8 


6 

Undetermmed N 

34 

1 18 

! 25 

12 

2 

lL_ 

] IK 

j 10 

1'' 


* Repnnted from Peters and Van SI} kc, Quantitative Cliiticol Chemistry, \ ol I, p 207 Tlic B illnnis A U ilkms 
Compari} , Baiuinoic, 1946 


copsLtulcs {rom 1 to 2 per cent o5 the total nitro 
gen of the blood Its concentration in the cells is 
nearly double that m the plasma The proportions 
of the dificrcnt constituents arc gis cn m table 2 
The term undetermined nitrogen embraces the 
nitrogen of ammonia, punnes, and other non- 
protein substances of unknoira or undefined 
nature 

Pathological Varutions The N P N of 
blood at any given level represents the balance 
struck betneen nitrogenous materials formed m 
the intermediary metabolism of ingested and tis 
sue protem and the excretion of these products in 
the urine. In renal msulhacnCT, therefore, thenon- 
protem nitrogen is elevated, and m certain cases 
may be ten tunes the normal On the other hand, a 
wse in the N P N occurs m conditions nhich arc 
associated wth excessive tissue catabolism, such 
as infections, fevers, thyrotoxicosis, starvation 
or severe malnutntion. It is also increased follon mg 
hemorrhage into the stomach or upper mtcstmal 
tract In the later months of pregnancy the N P N 
IS reduced The reduction has been attributed to 
the diversion of mtrogen to the growing fetus and 


the reduction of protem catabolism m the mater- 
nal tissues 

The chief conditions associated uitli an cltm- 
tion ol the N r N of the blood arc 

Adrenal insufTiacnc) 

Dth} dration 

Hemorrhage into the gaslrointcsUnal tract 
Infectious feicrs, loliar pneomoma 
Intestinal obsinicPon 
rarath}Toid intoxication (m aninnls) 

PenlonitJs 
Renal insufTiacnc} 

doUsterol 

(Sec also chaps SO and SS ) This sterol is prc<;tnt 
m scrum in the free form (45 mg per cent) and ns 
cholesterol esters (110 mg per cent) Its con 
cmUaXion is increased in scicral diseases, notabh 
m atheromatosis, hj-poth} roidism nnd lipid 
nephrosis Kc}S and his associates found that 
iMtliin fnirlj wide limits (2 to 3 grams diolcstcrol 
weckl}) the content of the sterol m the diet cxirtcd 
little cflcct upon the scrum diolcstcrol, though 
h)pcrcholcslerolcmia can be considcrablj reduced 
b} a cholesterol free diet 
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The Size, Shape and Strijcthre of the Red 
Cell 

Human erythrocytes are disc-shaped, non- 
nucleated elements havmg a mean diameter of 7 2 
microns (6-9;i see fig 2 1) and a thickness of about 
2 2 (2-2 4/i) microns at the thickest part, i e near 
the circumference, and about one micron at the 
center As a result of osmotic changes^ and the 
consequent passage of water mto the cell, the 
diameter mcreases with a shift m the acid-base 
balance of the blood toward the aad side The cell 
IS therefore slightly larger m venous than m artenal 
blood, its diameter is mcreased by about 0 5/i m 
muscular exercise and reduced by forced breathmg 
The central portion of the cell is much thinner than 
its edges, which appear heaped up mto a circum- 
ferential mound around a central depression This 
construction gives it a biconcave contour or a 
roughly dumb-bell outhne when viewed edgewise 
(figs 2 1 and 2 2) * The average area of a red cell is 
120 square microns and the volume 85 cu microns 
The mature erythrocyte can scarcely be considered 
a hvmg cell m the ordmary sense, smce it possesses 
no nucleus and does not consume an appreciable 

‘These are the mean dimensions of the cell meas- 
ured m dry films In the fresh state the diameter is 
larger by about 0 5 microns There is considerable 
vanation between the diameter of the smallest and 
largest cells found m a sample of normal blood The 
range for dned films is shown m figure 2 2 

*Hartndge has pomted out the advantage of this 
design for the transport of oxygen Of aU geometncal 
figures the sphere is the one m which its centre is eqm- 
distant from all pomts upon its surface The adoption 
of this form by the red cell would therefore have en- 
sured the diffusion of oxj'gen to all parts of its interior 
at equal rates But a sphere has the disadvantage of 
possessing the smallest surface m relabon to its mass 
A thm disc, on the other hand, presents an almost 
maximal surface area m relabon to its bulk, yet m such 
a shape all parts on the surface are not equally distant 
from Its center, the ends are further removed than the 
sides The shape of the red cell — a thm disc with ele- 
vated rounded edges — is a compromise between these 
two forms It secures the advantages of equal and rapid 
diffusion of oxygen to its mtenor and a relabvely large 
surface area for the absorpfaon of the gas 

The biconcave form also gives the red cell a mechan- 
ical advantage, m that the changes m volume which 
the cell undergoes from time to time can be effected 
wnth a minim al amount of tension bemg placed upon 
the cell membrane The membrane covenng the con- 
cavity of the cell moves freely out or m “like the bottom 
of an od-can” as the cell mcreases or diminishes m 
volume 


amount of oxygen Young (nucleated or reticu- 
lated) cells, on the other hand, and the nucleated 
cells of lower vertebrates consume a considerable 
quantity of oxygen 

The led cell is bounded by a membrane made 
of protem m association with hpid and steroid 
materials, chiefly leathm and cholesterol Though 
this membrane has not been demonstrated his- 
tologically, mdirect evidence mdicates its presence 
and suggests that it consists of an outer and inner 
layer of protem, each probably only a few mole- 
cules thick and enclosmg between them three or 
four layers of hpid It behaves as a semipermeable 
membrane The body of the cefl po ssesses a sponge- 
like stroma made of the same or similar matenals 
probably m the form of a gel The protem is a para- 
globuhn, small quantities of nucleoprotem are also 



Fig 2 1 Diagram showmg dimensions of the red cell 

present In the meshes of the stroma, or more hkely 
actually bound up m the stroma substance itself, 
the respiratory pigment hemoglobin is held The 
fact that mechamcal division of the cell, even mto 
the finest particles, fails to hberate the hemoglobm, 
supports the conception of a very mtimate asso- 
ciation of the pigment with the cell stroma The 
water content of the cell is lower than that of most 
cells of the fixed tissues, amounting to about 60 
per cent (53-63 per cent) Hemoglobm makes up 
from 80 to 90 per cent of the total sohds of the cell 
(and about 34 per cent of its fresh weight) Other 
protems (0 5 to 1 per cent) phospholipids (lecithm 
and cephahn) and cholesterol (0 4 and 0 3 per cent 
respectively), morgamc salts (fig 2 3), urea, amino 
acids, creatme, etc make up the remamder of the 
cell sohds Potassium is the pnnapal base m the 
human erythrocyte, and sodium m the red cells of 
the cat and dog The specific gravity of the red 
cell IS 1 091 

When a drop of freshly drawn normal blood is 


9 



10 


blood and lymph 


Suiion J 



Fig 22 Red-cell-diameter distribution curve for healthv men (after Pnce-Jones) 


placed on a glass slide and esarained under the 
microscope, many of the erythrocytes will be seen 
to group themselves together with them broad sur- 
faces m contact, like a pile of coins Groups of 
cells arranged in this way are called rouleaux 
(smg rouleau) The normal discoid shape of the 
erythrocytes is a requisite for rouleaus formation, 
thepropertj bemg lost if the celts, as m congenital 
hemolytic jaundice, assume a more globular form 
Rouleaux formation does not occur m the arcula- 
tion under normal physiological conditions, the 
movmg cells showmg htUe or no tendency to 
cohere 



Fio 23 Diagram showmg composition of the red celL 


“Sludged” blood In certam abnormal states, 
e g , tissue injury, and shock, the cells of the ar- 
culating blood show a pronounced tendency to 
stick together and form large clumps or masses 
which move slowlj' and cumbersomely through the 
small vessels — artenolcs and capillanes This 
“sludged” blood, as it is termed by Kniscly' who 
has made an extensive study of the phenomenon, 
has a dcletenous effect upon the general arcula- 
bon Normally the blood moves through the 
mmute vessels in stream lines The cells remain 
discrete showmg little tendency to cohere The 



Fig 2 4 Descnption in text 
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propulsive force of cardiac systole is transmitted 
throughout the vascular system "with the minimum 
dissipation of energy Stream-lming is abolished 
m sludged blood, a large proportion of the energy 
IS wasted in gi\ ing a rolhng or rotary motion (ang- 
ular acceleration) to the massed cells Sludged 
blood IS thought m some instances to be a factor 
in thrombosis (ch 12) 

Number 

The average number of red cells m man is 
around 5,000,000 per cubic, millimeter for males 
and 4,500,000 for females, but 6,000, 000 is not a 
'vcly' unusual figure for a robust young man and 
5,500,000 for a healthy > oung woman * Slight vari- 
ations m the number of red cells, amounting to 
about 5 per cent, occur throughout the twenty- 
four hours The count is lowest during sleep, be- 
comes elevated after arising and increases gradu- 
ally throughout the waking hours At birth and 
in infancj-^ the red cells are somewhat more numer- 
ous than m later life, but the earlier figures of 7 
and 8 millions for the nen bom child have not been 
confirmed bv later work Destruction of a large 
proportion of the extra cells occurs withm the first 
ten days, but for a few days the red cell count 
shons a progressive fall, for some weeks after this 
the count remains considerably above tha^ of the 
adult. 

The destruction of large numbers of erythro- 
cytes shortly after birth and, as a consequence, the 
hberation of excessive amounts of hemoglobin into 
the plasma has been held to be the cause of the 
physiological jaundice of the newborn, in whom 
the bihmbm content of the plasma (ch 40) is from 
3 to 5 5 mg per cent. The mfant’s red cells are 
said by some to be more fragile than those of the 
adult, yet it is questionable, m view of the revised 
figures for red-cell counts m the newborn, that 
excessive hemolj'sis plays a veiy important part 
in the production of the jaundice Agam, others 
deny that the red-cells at burth are unduly fragile 
Immaturity of the excretory function of the liver 
probably plays the dommant role 

The total number of red cells m the human 
body estimated upon the basis of 5 milhon per 
cubic milhmeter is about thirty-three million 
milhon (33,000,000,000,000) which gives a total 
red-cell area exposed to the plasma of between 

’ Though very wadely accepted, this sex difference 
has probably been overemphasized King and his asso- 
aates found a maximal diuerence of only 1 per cent in 
favor of men 


3500 and 4000 square meters Eamons has made the 
interesting observation that m the species which 
he mvestigated (cat, rabbit, dog and man) the 
surface area of the individual corpuscles and the 
corpuscular count vaned m opposite directions, 
so that the ceU area per cubic millimeter of blood 
was nearly the same m all — 7 24, 7 55, 7 52 and 
7 35 square centimeters for the four species m the 
order given above The quantity of hemoglobm 
per square centimeter of red cell area is also about 
equal m all mammalian species 

PHYSIOLOGICAL VARIATIONS IN THE NUMBER OK 
RED CELLS 

Increase tn the number of red cells occurs under 
the foUowmg conditions 

(a) High Altitudes It was first shown by 
Viault m 1889 that the inhabitants of mountamous 
regions, especially where the elevation above the 
sea IS 10,000 feet or more, have constantl y a much 
higher red cell count than persons living at, sea 
level The natives of some regions in the Peru\nan 
Andes, where the altitude is 14,000 feet or more, 
have a red cell count 30 per cent above the normal 
(over 7 milhon per cubic milhmeter) Not only 
the natives, but travellers sojourmng even for a 
short time at these altitudes undergo an almost 
immediate mcrease m the number of their red cells 
The corpuscular mcrease is directly proportional 
to the altitude, as may be seen from table 3 

It IS perhaps necessary to pomt out here that 
an mcrease or a decrease m the red cell count does 
not of itself inform one of an mcrease or decrease 
m the red cells of the body as a whole The red cell 
count gives only an estimate of the number of cells 
per Hint quantity of blood (p 17) A reduction m the 
amount of plasma or of the neater of the blood, for 


TABLE 3 


ALTITUDE IN THOUSANDS 

OF FEET 

CORFDSCLES IULLIONS PEE 

CUBIC lULLIlIETEfi 

0 7 

4 5 

4 4 

5 2 

12 0 

6 8 

15 6 

7 8 

18 2 

1 8 3 


From Barcroft after Hingston In this table the 
altitude fm thousands of feet) multiphed by 0 225 
gives a figure which approximates the mcrease m red 
cell count (m mdhons per cubic millimeter) above 
that at sea level In this instance the count at sea level 
was 4 25 rmlhons 
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instance, would cause the proporhon of red celk 
in the specimen to be increased But neither the 
immediate nor the permanent mcrease in number 
of red cells at high alUtudes is due sunply to a re- 
duction m fluid and a greater concentration of the 
blood for estimations of the total volume of blood 
in the body (see ch 3) prove that there is an 
absolute mcrease in the number of circulatmg cells 
How IS the mmediale mcrease brought about? 
It IS obviously impossible to account for such a 
rapid nse m the red-ceU count by a greater pro- 
ducUon of cells by the bone marrow, and it is at 
once suggested that large masses of cells are packed 
away from the general circulation— m a storehouse 
of some kmd— but are qmcUy mobilized upon 
demand "When the funcUons of the spleen are con- 


sidered (p 69) It will be seen that this organ serves 
as a reservoir for red cells and is responsible for the 
sudden mcrease m their number which occurs 
early m the process of acclimatization to high 


altitudes 

The permanent and great elevation of the red 
cell count, which is a charactensUc feature of the 
blood of natives and other persons after acclima- 
tization to the rarefied atmosphere, cannot be 
explamed m the same manner, for the number of 
rflk which the spleen can put mto circulation is 
hunted Under these circumstances there is, actu- 
ally, an increased manufacture of erythrocytes by 
the blood-formmg organ— the bone marrow The 
cells which are formed by the over-stunulatcd 
marrow are discharged mto the general arculation 
at a somewhat immature stage of their develop 
ment They are spoken of as retiadaled celh or 


ratatlocyles smcc their protoplasm shows a debate 
filigree or reticulum which stams with basic dyes 
(fig 2^andp 15) The ultimate cause of the cor- 
puscular increase (a physiological polycythemia) 

IS undoubtedly the lowered oicygcn tension of the 
atmosphere, and consequently of the blood, since 
animals placed m an hermetically scaled cabinet 
and subjected to lowered oxygen tensions exhibit 
similar blood changes 

(b) Muscular Exerose and certain Emo- 
tional States cause a temporary increase in the 
number of red cells as a result of an outpounng of 
concentrated blood from the spleen ■* This may 
be looked upon as an emergency measure and, hke 
that which occurs at high altitudes, is the response 
of the body to the tissues’ call for oxj gen 

(c) Heightened Environmental temperature 
also causes a hberation of red cells from the splenic 
reservoir 

(d) Other conditions which tend to lower the 
ox>gcn tension of the arterial blood cause a nse 
m the number of arculating red cells As m the 
response at high altitudes two factors arc con- 
cerned, e g , a discharge of blood from the spleen 
and other reservoirs, and a greater production of 
cells by the bone marrow 

Reduction in the number of red celh occurs at high 
barometne pressures, e g , when the oxygen ten- 
sion of the blood is higher than the normal Ani- 
mals, for example, livmg in deep mines have a 
lower red cell count than those at sea k\el 

alterations in the number or red cells in 

PATHOLOGICAL STATES 



Increase in the number of red cells — polycythemia 

Increase m the total number of red cells occurs 
as a compensatory measure m several pathological 
conditions and then represents apparently the 
response of the bone marrow to low oxjgen ten- 
sions in the artenal blood A red cell concentration 
of 7 million or more per cubic milhmeter of blood 
IS not unusual in the following conditions 

(a) Emphysema (p 430) and other chronic diseases 
which interfere with the oxygenation of the blood m 
the lungs (anoxia), e g , tracheal stenosis, pneumo- 
thorax, tumor of the lung, pulmonarj tuberculosis and 
pulmonary arteno-venous aneurysm 

(b) Congenital Heart Disease (p 432) 

(c) Aveeza’s Disease, a condition assoaated with 

* Though this can be demonstrated in expcruncntal 
animals, it does not appear to be an important feature 
m man 
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dilatation and marked hypertrophy of the nght heart, 
sclerosis of the pulmonary artenes and their branches 
mth consequent obstruction of the blood-flovr through 
the lungs There is extreme cyanosis, emphi^sema, 
dyspnea, and attacks of asthma are common accom- 
paniments The bone marrow is hyperplastic. 

(d) Chsonic Carbon Monoxide Pokoning 

(e) Chejucaxs, e g , chrome poisomng with arsemc, 
phosphorus and manganese, gum shellac, and certain 
amlme dyes 

(f) Repeated Suaix Hemorrhages, the poly- 
cj'themia then represents an over-response of the bone 
marrow to the successive blood losses 

Polycythemia Vera (synonyms erythremia, 
splenomegalic polycythemia, Vasquez-Osler dis- 
ease) Unlike the precedmg types the polycythemia 
IS not secondary to any known pathological con- 
dition The disease appears to be primarily cen- 
tered m the red bone marrow which is greatly m- 
creased m amoimt and hyperplastic, extendmg mto 
the shafts of the bones to displace the fatty marrow, 
and packed with normoblasts and mature erythro- 
cytes Megaloblasts are absent or very scarce The 
number of red cells m the circnilatmg blood may be 
as high as 14 milhon per cubic millimeter and a 
count as high as 20 milhon has been reported The 
total blood volume is greatly mcreased The vis- 
cosity of the blood is of course greatly elevated 
(p 149) The concentration of hemoglobm m the 
mdmdual cells and the chemical and physiological 
properties of the pigment are normal The size, 
shape and general features of the red cells as a 
rule show nothmg unusual and the number of 
reticulocytes is not greatly mcreased 

The chief features shown by the chsease apart from 
those of the blood itself are cyanosis (p 435) , dyspnea on 
exertion, enlargement of the spleen, hemorrhages and 
a famihal tendency Death may occur from thrombosis 
of the portal vem or a cerebral vessel The circulation 
rate (ch 26) is slowed and the diffusion rates of oxygen 
and COi (ch 31) through the pulmonary epithehum 
are reduced, though dunng rest the oxygen saturation 
of the arterial blood is usually normal The renal blood 
flow and the filtration fraction (chap 35) are mcreased 
whereas the plasma flow is decreased The oxygen satu- 
ration of the blood is reduced, however, dunng exerase 
Owmg to the great maease m hemoglobm concentra- 
tion the actual quanMy of oxygen m the blood is greater 
than normal If the polycythenaia were a compensatory 
reaction brought about by the lowered rate of diffusion 
of oxygen through the pulmonary epithehum, one would 
expect that breathmg air with a high pressure of oxy- 
gen would be of benefit, but this is not the case Expos- 
ure m a chamber to a high oxygen tension for several 


days does not effect a reduction m the number of red 
cells The reduced circulation rate may result m some 
way from the fact that the blood con tarns such a large 
load of oxygen that the tissues can obtam then quota 
from a smaller quantity of blood than normally On 
the other hand, the reduced arculation rate may be due 
primarily to vasoconstriction m some part of the arcu- 
labon Some beheve that narrowmg of the cahber of the 
vessels of the bone marrow and the resultmg low oxy- 
gen tension produced thereby provide the stimulus for 
the overproduction of blood cells Studies of blood lactic 
aad concentration m polycytherma vera foUowmg mus- 
cular exerase lend support to the idea that a sluggish 
blood flow through the tissues is a causative factor 
In normal persons and m the secondary types of poly- 
cythemia mentioned above, a nse m blood lactate oc- 
curs, whereas m polycythemia vera exerase causes a 
fall This anomaly could be explamed upon the basis 
of a high restmg blood lactate as a result of a slow 
blood flow and the accumulation of lactic aad m the 
ischemic tissues Exerase would then, by causmg vaso- 
dilatation and a freer oxygen supply, m the contract- 
ing muscles, tend to reduce the concentration of the 
metabohte m the blood That this is the probable ex- 
planation IS mdicated by the observation that vaso- 
dilatation mduced by heat also causes a fall m blood 
lactate m this disease The phenomenon appears to be 
of fundamental significance, and not simply the result 
of the high erythrocyte concentration, because it is 
not abohshed when the red cell count is brought down 
to normal by treatment with phenylhydraztne h^dro- 
chloTtie, a drug which has been employed m controUmg 
the disease 

Polycythemia can be produced m dogs by the daily 
administration of cobaltous chlonde (8 mg daily for 
2 or 3 weeks) The high red cell count thus mduced is 
reduced to normal by feedmg with whole beef or hog 
hver or by the daily mjection of ascorbic aad The 
effect of hver suggests the presence of an hepatic hor- 
mone possessmg a depressant action upon bone marrow 
activity Radioactive phosphorus (P”) has been used 
lately with success m the treatment of the disease 

The observations of Schafer have thrown a new hght 
on the pathogenesis of polyc 3 dhenua vera which may 
show a way to the rational treatment of the disease 
In experiments upon dogs he found that exasion of the 
carotid smus and the aortic nerves caused the develop- 
ment of polycythemia and hypertension m 40 per cent 
of the animals Removal of the paravertebral cham of 
sympathetic gangba was followed by a gradual return 
of the erythrocyte count to normal A similar result 
followed paravertebral sympathectomy m a patient 
suffermg from polycythemia The polycythemic re- 
sponse to removal of the influence of the carotid smus 
and aortic nerves is possibly due to constnebon of the 
vessels of the bone marrow, the anoxia caused, thereby 
acting m the usual way to stimulate its hemopoietic 
function 
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Rediiclion in the mmber of red cells below the 
normal is known as anemia The causes and vari- 
eties of anemia are manifold and will be considered 
m chapter 9 

All apparent decrease or increase in the number 
of red cells occurs under certam conditions which 
upset the v\ ater balance of the body It has already 



Fig 2 6 Heraocytometer A Counting slide shown 
on the flat and in cross section, it consists of two plat 
forms surrounded on three sides b) a trench, scale is 
engraved in the center of each platform B, scale en 
larged, C, pipette for diluting the blood 1 m 200, in 
counting of red cells, D, pipette for dduting the blood 
1 in 20, in counting of white cells 

A drop of blood after dilution with a solution of 0 9 
per cent sodium chlonde is placed upon each of the 
glass platforms and a speaally made cover glass genllj 
apphed The space, filled with the dilutea blood, be 
tween the surface of the platforms and the cot er glass 
IS tV mm The scale is marked off in squares jfir sq 
mra in area. Larger squares, each containmg suctecn 
of the smaller squares, are marked off by heavier Imes 
The red cells m four large squares (on each platform) 
are counted under the low power of the microscope 
The total number of cells is divided by one hundred 
twenty eight (16 3 4x2) which gives the average num 
ber in one small square. Now, the depth of the fluid 
IS iV mm , so the volume uwn each small square is 
j 1 , average number of 

red c^^ m each square is 6, then since the dilubon was 
^ number per cu mm of blood is 6 X 4000 

X 200 « 4 800,000 fhe method of counting thVw^ 
^lls IS simflar in pnnaple, but the blood is dduted 1 in 
destroys the red cells and stains 
tte white cells The error in countmg the red cells, even 
by the most experienced, is around ±7 per ceivi 


been pointed out that the red cell count gives 
merelv an estimate of the proportion of cells to 
plasma There may, for instance, be undue reten- 
tion of water m the body, and the plasma or its 
watery constituents may tlicn be increased (hj - 
drcmia or hemodilution) The blood is diluted, and 
the number of red cells per unit of blood is reduced, 
yet there is no absolute decrease in the number of 
arculatmg cells Conversely, a loss of plasma or of 
merely the water of tlic blood (anbj drcmia or 
hcmoconcentration) will increase the red cell 
count, I e , the blood becomes more conccntntcd 
though the total number of red cells m the bodj is 
not altered Therefore in conditions associated 
with cvlremc dehydration (p 24) of the body the 
number of red cells per unit of blood is increased 

A practical point to be rcDiembercd when counting 
the red cells or in determining the packed cell \ olumc 
IS that their number ma> lie relatively mcrcased or 
decreased by purely local alterations in blood concen- 
tration Pronounced dilatation of the capillancs of the 
region of skin from which the sample lias been taken 
will cause a local slowing of the blood stream and con- 
gestion of the part. The loss of fluid from the vessel 
into the tissues and the dumping of corpusdes which 
may result from the greater capillary pressure will give 
a fabc cstunatc of the number of red cells On the other 
hand, pressure made upon tlie part by the examiner in 
order to hasten the flow of blood from a si in puncture 
may express fluid from tlie tissues which will dilute the 
red cells in the speamen Moreover, even under ordi- 
nary physiological conditions, the concentration of red 
cells may vary considerably In different parts of the 
arculation The proportion of red cells mthc capillaries 
is greater as a rule than in the heart and larger vessels, 
by around 12 par cent, but in certain states assoaated 
wath slowing of the panphcral circulation, concentration 
of red cells m the capillancs mav increase the dispanly 
Trapping of plasma in the pcnphcral vessels may occur 
m other conditions and will tend to reduce the concen 
tration of cells in the capillary areas below (hat m the 
general arculaUon These arc also important points to 
bear in mind in estimating the blood volume by the dye 
method (p 18) 

EsUmalion of red cells The concentrations of red (or 
white) cells may be ohtamed bv counting them directly 
after suitable dilution beneath the microscopic, as in 
the method of Thoma Zeiss The instrument used for 
this purpose is called a htmoe^lomeUr The reader is 
referred to texts on laboratory methods for details (sec 
also fig 2 6) Another method is by means of the hemoto- 
ent (fig 2 7) In this the plasma and corpuscles arc sepa- 
rated by centnfugal force The blood, rendered non 
coagulable, is drawn into a graduated capillary tube, 
placed in a centnfugc and revolved at a speed of 3000 
rcvoluUons per minute for from 30 to 60 minutes. At ihr 
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Fig 2 7 Hematoent (Daland) The graduated glass tubes are filled with blood and placed m the earner which 
IS then rotated on a centrifuge (see text) 


end of this time the onginal blood mil be found to have 
separated into a clear colorless column of plasma and a 
red column — the corpuscles The lengths of the tuo 
columns arc read off b}’ means of the graduations on the 
tube The normal proportions of plasma and corpuscles 
in human blood arc about 54 (53-56) and 46 (44-47) 
rcspcclncl) That is, the \olume of cells {packed cell 
volume) IS 46 per cent of the total volume of the speci- 
men of blood The average volume of the individual 
crjlhroc\tes is obtained by dividmg the packed cell 
\ olumc b^ the figure for the red-cell coimt 

Variations in Size, Share and Structure of 
THE Red Cells 

Under physiological conditions little change in 
shape of the red cell occurs, though a few frag- 
mented cells may be found m normal blood These 
are, as wall be seen later (p 73), simply remnants 
of senile cells which have undergone a natural 
disintegration in the blood stream A slight change 
in volume, about 7 5 per cent occurs, due to osmotic 
changes madent to the respiratory cycle (p 397) 
The red cells at birth and in early infancy are 
larger than m adult life This as well as the higher 
cell count is responsible for the high packed cell 
volume (54 per cent) of the infant’s blood 

In disease, the red cell is subject to many changes 
in size, shape and structure The examination of 
the blood and the identification of the various 
forms of abnormal cells is an important means em- 
ployed in diagnosis of the different anemias (p 80) 
Only the more outstanding abnormalities can be 
touched upon here The least pronounced depar- 
ture from the normal blood picture is an increase 
m the number of reticulocytes (see frontispiece) 
These young red cells resemble the ordinary cells 
in every way except that after supravital staining 
(alcoholic solution of brilliant ciysyl blue added 
to blood in the fresh state) a fine reticulum of 
basophilic material can be seen in the cytoplasm 
The reticular matenal is of cytoplasmic ongin, 
probably gamma-globulin, and does not represent 
nuclear remains A reticulum of simdar nature 
may sometimes be seen in cells in which the nucleus 


is still intact In normal human blood the reticu- 
locytes are from 0 to 2 (av 0 8) per cent of the 
total red cell count' They are increased after 
hemorrhage, at high altitudes (p 11), by exercise, 
in acholunc jaundice (p 80) and m permcious 
anemia, especially foUowmg specific treatment 
(p 84) of the latter condition and dunng the blood 
crises A rise in the reticulocyte count mdicates 
an increased activity of the blood formmg tissue — 
the bone marrow — ^which as a result of a specific 
stunulus turns out a larger number of young cells 
The maturation of the red cells, that is, the change 
from reticulocytes to erythrocjdes, has been esti- 
mated to take from 10 to 24 hours There is evi- 
dence that the thyroid gland liberates a pnnciple 
which hastens the maturation of reticulocytes 

The next stage m the life of the red cell is repre- 
sented by the normoblast, which appears m the 
blood in several different types of anemia This 
cell, as its name implies, is normal in size and shape, 
possesses the usual amount of hemoglobin, but 
contains a nucleus The bone marrow normally 
holds large numbers of these immature cells, but 
m health they do not reach the general circulation 
In pernicious anemia and other severe types of 
anemia large, pale, nucleated cells are seen resem- 
bling white cells (lymphocytes, p 92) They 
represent a very pnmitive stage m the develop- 
ment of the red cells, they are termed megaloblasis 
The megaloblast contams a small, sometimes a 
negligible amount of hemoglobm Its protoplasm 
also contams a diffuse or punctate arrangement 
of basophihc matenal Hemoglobin is aadophihc, 
so these cells may stam with acid as well as with 
basic dyes This phenomenon of dual staimng, 
which may also be shown by other abnormal 
cells, IS known as polychroviasm Other cells of 
various sizes and shapes may be seen m the ane- 
mias Shrinkage of the contents of the red cell 
with wrinkhng of its hmiting membrane, as may 

‘ These cells are more numerous m rabbit's biood, 
being from 3 to 3 5 per cent of the total red cell popula- 
tion The blood of certain other speaes, also shows a 
relatively high count 
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result from immersing the cells m a h 3 ’pertonic 
solution, IS termed crenalton In pemiaous anemia, 
m particular, the presence of cells of unequal 
sizes (aittsocylosis) and of deformed outline 
(jpotktlocylosts) IS common The poduloq'tes may 
assume the most bizarre forms, mulberry, flask or 
hammer shapes may appear Erythrocytes with a 
globular form (spJierocyles), or of an ehptoid or 
crescentic shape (eltpiocyles and sickle cdh) are 
found m certain t 3 q)es of anemia Such cells arc 
more fragile than normal and, owing to their being 
less prone to form rouleaux, the blood undergoes 
sedimentation (p 66) more slowly M acrocytes and 


microcytes are terms denoting cells of usual struc- 
ture and without nuclei, but larger and smaller 
respectively than the normal ciythroc} tc In ccr- 
tam conditions, e g , lead poisoning, fine dots of 
basophilic material, probably a porphyrin (ch 6) 
appear throughout the cell, giving it a stippled 
appearance This abnormality is knowm as punctate 
basophilia (see frontispiece) In certain types of 
anemia rings or twnsted strands of basophilic mate- 
rial may be seen near the penpherj' of the cell 
These are derived from the nucleus and are known 
as Cabot’s rings At other times small nuclear frag- 
ments — IloueU-Jolly bodies — arc present m the 
cj'toplasm 
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It lias already been pointed out that a red cell 
count IS merclj' an index of the relative proportions 
of cells to plasma and does not permit one to say 
whether tlie body’s total supply of erythrocytes 
IS increased or diminished The same is true, obvi- 
ously, for a hematocrit determination These two 
mctliods mdicate the concentration of the blood in 
er 3 'throcytes As a general rule, however, smee the 
volume of the blood tends, through changes m its 
fluid content, to regam its normal level after this 
has been reduced or increased, the concentration 
of red cells docs parallel the body’s total supply 
Yet It will be clear from the followmg examples 
that the pnnciple upon w'hich these methods are 
based does not imply any such relationship If an 
erjthrocjte count be made immediately after a 
sudden hemorrhage, it will be found to be prac- 
tically normal, since by this time little or no fluid 
has passed from the tissue spaces mto the blood 
vessels to replace the lost blood, that is, to dilute 
what remams in the vessels On the other hand, if 
a quantity of fluid be mjected into the veins of an 
animal the blood count will be reduced, yet no 
reduction in the total number of cells has occurred 
Had there been no previous knowledge of the con- 
ditions present in either of these instances, the red 
cell count w'ould have given quite erroneous infor- 
mation regarding the body’s total suppl> of eryth- 
rocytes This may all seem very obvious to the 
reader, yet before climcal methods had been de- 
vised for the measurement of the blood volume, 
many wrong conclusions had been draivn concern- 
ing certain types of anemia Blood volume estima- 
tions are of value m many chnical conditions asso- 
aated ivith a loss or gam of fluid by the body, or 
for the purpose of checking the results of corpus- 
cular and hemoglobm estimations It is also some- 
times of mterest to know, in experimental investi- 
gations and in metabolic studies m man, the total 
amounts of certam blood constituents e g , protein, 
calcium, sodium, etc , as well as their concentra- 
tions 

Methods eor the Estimation of Blood Volume 

DIRECT METHOD 

The first attempts to measure the total quantity of 
blood m the body were made upon animals by Welcker 


(1854) His method consisted m taking a small meas- 
ured quantity of the animal’s blood and diluting it to 
1 m 100 with normal sahne 

The animal was then bled, and after the blood had 
ceased to flow, its vessels were washed out and the 
muscles mmced and extracted with water Water was 
then added to the collected flmd — blood and washings 
— until its color matched preasely the tmt of the ong- 
mal diluted blood speamen The total collected flmd 
divided by 100 gave the blood volume 

This method was also employed upon decapitated 
criminals (Bischofi) m order to obtain a value for the 
blood volume of man By this method the total blood 
of the body was found to be about of the body weight 
— that IS, from 5 to 6 hters (9-11 pmts) m a man of 
average weight 

Obviously Welcker’s method is apphcable only to 
physiological problems of the laboratory Furthermore, 
It IS not free from serious errors (1) The colonng matter 
of the muscles mterferes with the calculations (2) The 
turbidity of the final solutions prevents exact color 
matching, and (3) the loss of blood pigment as a result 
of intravascular as well as extravascular clottmg is con- 
siderable and leads to further error 

rNDIRECT METHODS 
Carbon monoxide method 

For the determination of the blood volume durmg 
life one or other of two methods may be employed The 
first of these is the carbon monoxide method onginally 
devised by Grehant and Qmnquaud for animals, and 
modified by Haldane and Smith for man The prmaple 
of this method is based upon the following facts (a) 
carbon monoxide when it combines with the blood pig- 
ment (hemoglobin) gives a bright cherry red color to 
the blood, so that the amount of the compound formed 
may be estimated colonmetncally, (b) carbon monoxide 
displaces oxygen from hemoglobm volume for volume 

The method is earned out as follows — the oxygen 
capacity of the subject’s blood, that is, the maximum 
amount of oxygen which 100 cc of his blood will absorb 
— is first determmed The oxygen capaaty of normal 
blood IS around 20 cc Smee the volumes of CO and Oj 
that a given quantity of hemoglobm will take up arc 
equal this determmation gives the CO capaaty as well 
The subject is then instructed to breathe a known 
amount of CO (say 110 cc.) from a bag Subsequent 
color compansons of the blood with a standard color 
solution show that the absorption of this quantity of 
gas has satisfied the blood, say, to only 12 per cent of 
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its capaaty It is a simple matter of calculation to detcr- 
mne from this datum how much gas would be required 
to satuTate the blood to its toll capacity > and. so arrive 
at the total blood volume. Thus 

After the inhalaUon of 110 cc. of gas the blood is 
found to be 12 per cent saturated, therefore 110 X 
(100/12) •= 916 cc. of gas would be required to saturate 
It to full capaaty Inasmuch as each 20 cc of gas would 
represent 100 cc of blood if this were fully saturated 
(916/20) X 100 >=> 4580 cc total blood volume 
The carbon mononde m the blood may be estimated 
more accurately by gas analysis after the method of 
Van Slyke rather than colonmetncally The tcchmcal 
difficulties of the carbon monoade method of detcr- 
minmg blood volume are considerable cspeaally in 
persons nho are very ill 

The dye method 

This method was ongmally devised by E.eith, 
Rowntree and Geraghty and has largely supplanted 
the carbon monoxide method The degree of dilu- 
ton m the plasma of a known amount of dye in- 
jected into the circulation is employed as the basis 
of calculation The color of the stamed plasma is 
compared in a colorimeter with that of a standard 
dye solution of known concentration There arc 
several qualifications required of a dye before it 
can be considered suitable for blood volume meas- 
urements In the first place, of course, it must be 
innocuous It must not diffuse too rapidly from 
the blood stream, it must color only the plasma, 
and not be adsorbed by the cells of the blood nor 
by the walls of the blood vessels FviaUy, it must 
not change color itself after entering the blood, nor 
cause the liberation of pigment from the red cells 
(hemolysis) If it lacked these qualifications, the 
colonmetnc readmgs obviously would be unde- 
pendable 

The dye most commonly employed until recent 
years was bnlhant vital red The method has been 
improved by Gregeisen and his assoaates by the 
use of the blue dye T-1824 (Evans blue) Evans 
blue has the advantage that the error due to anv 
discoloration of the plasma by hemoglobin (he- 
molysis) IS minimized This dye is also ehmmated 
very slowly (4 8 per cent per hour) from the circu- 
lation The color determmations are made most 
satisfactorily with a photoelectnc colorimeter or 
a spectrophotometer In the method as modified 
by Crooke and Moms, the proteins of the plasma 
samples are precipitated and removed by filtration 
and the colonmetnc measurements made upon 
the filtrate The followmg is the tedmic employed 
by these authors. 


Six ml of blood arc drawn from a median anticubita) 
vein for making up a standard solution Five ml of a 

0 70 per cent stenlizcd Evans blue solution arc Injected 
through the same needle At intervals of 20, 40 and 60 
mm , 3 ml samples arc drawn from the opposite anti- 
cubital van All samples arc transferred to 15 ml cen 
Infugc tubes, which have been coated with paraffin wax, 
and which contain 30 mg of a 2 3 mixture of potassium 
and ammonium oxalates After mixing, the lubes are 
centnfuged for 10 mmutes at 2500 revolutions per 
minute The plasma is immcdmtcl> removed and kept 
in stoppered tubes for anal>-sis The proteins of the 
plasma samples arc prcapitatcd hy adding slovvlj 7 ml 
of the prcapitating reagent (1 vol concentrated HCl 
and 6 vol alcoholic phosphotungstjc aad) to 1 ml of 
plasma The samples arc centrifuged and the super- 
natant fluid removed for colonmetnc determinations 
A standard solution is made up by adding 0 10 ml of a 

1 in SO dilution of the injection solution to I ml of 
undyed plasma Of this mixture, 1 ml serves as a stand 
ard This quantity of the standard solution contains 
1/2S00 of the total amount of dye injected, such a dilu- 
Uon corresponds, therefore, to a "plasma volume" of 
25(KI ml A color measurement is then made on each 
sample.' 

The calculations arc made as follows U hen P is the 
plasma volume m millihtcrs, Vi the mean value of the 
photometnc or colonmetnc readings of the three 
plasma samples and Vj the value for the standard, then 

^ Vj X 2500 

p tat ■■ ' ■■■ 

V, 

In order to obtain the value for the total blood volume 
the proporpon of red cells to plasma must be deter* 
named by means of the hematoent If the packed cell 
volume IS say 45 per cent, the plasma volume is, there- 
fore, 55 per cent and the total plasma volume, as dctcr- 
imncd above, is, say (3000/55) X 100 ° 5454 cc. total 
blood volume. 

r/ie of radwactive tron to esttmalc the circulating 

rcd-ctlj volume 

In talculating the blood volume from the plasma 
volume and the hematoent reading it is necessarily 
assumed that the proportion of red cells to plasma is the 
same throughout all parts of the vascular system, but 
eipenmental evidence is strongly against such nn 
assumption In capillancs the proportion of red cells 
to plasma may be considerably loss or more than m the 

• There has been some question whether a single 
injection of T 1824 gives reliable results It has been 
stated that the dye vs taken up by the rcUculocndo- 
thelial cells and that it is necessary to "block” this 
system by a prehmmary injecUon, othervnsc the csti 
mat^ plasma volume would be too high On the other 
hand, a second mjection would not be taken out of 
ablation and would all be mixed with the plasma 
Tffiis blo^g effect was discovered m the cat ("cat 
effect ) but it cannot be demonstrated in man 
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larger vessels To eliminate the error of unequal distri- 
bution of red cells throughout the arculation, a method 
has been devised by Hahn and his assoaates to estimate 
the total arcuJatuig red cell volume by means of an iso- 
tope of iron This was later modified by Gibson and his 
colleagues 

Radioactive iron (Fc“ or Fe'^*) is mcorporated into 
feme ammomum atmte, which is mjected into a donor 
belongmg to group 0 (p 42) Newly formed cells take 
up the iron and appear m the circulation m 24 hours, 
reachmg a maximum m 21 days 

From 70 to 100 milhhters of the donor’s blood (30 
to 40 milhhters of red cells), havmg a radioactivity of 
from 2500 to 3000 counts per mmute per milhhter 
(determined by Geiger counter), are mjected mtra- 
venouslj or mtra-artenally mto the subject The quan- 
tity of donor’s blood injected will depend upon the 
volume of red cells which the recipient is expected to 
ha\c, but mjeebons between 70 and 100 milhhters 
cover a range of red cell volumes of from 1500 to 2500 
milliliters 

Between 10 to 20 rmnutes are allowed to pass after 
the injecbon, in order for thorough mixmg of donor’s 
and reapicnt’s cells to occur Samples of 15 ml of 
reapicnt’s blood arc then taken and arc followed at 10 
and 20 minute mtervals by two more samphngs Two 
ml of donor’s blood arc diluted to 100 ml , 10 ahguots 
are then prepared The reapient’s blood samples are 
centnfuged at 3000 r p m for 30 mmutes Donor and 
reapient samples are wet-ashe d and the iron deposited 
electrolj tically on copper The radioactive iron m the 
two samples is determmed by means of a Geiger counter, 
the calculation of the arculatmg red cell volume is 
made from the following equation 

CD X VaD 


where Vrr is the red cell volume, CD the number of 
milhhters of donor cells injected, VaD the radioactivity 
of the donor’s ceUs and VaR the radioactivity' of the 
reapient’s cells 

In order to determine the total blood volume, the 
plasma volume is measured by the dye method and 
the result added to the value for the arculatmg red- 
cell volume The blood volume estimated m this way 
agrees well wath the CO method but is lower than that 
amved at by the dye method 

This method is based on two assumptions — (a) that 
none of the radioactive iron escapes agam after bemg 
taken up by the erythrocytes, and (b) that all the la- 
belled cells became mixed with the reapient’s cells 
equally throughout the arculation Only the pnnaple 
of the method can be given here, for details the reader 
IS referred to the onginal papers 

All determmations of blood volume, whatever method 
IS used, are made with the patient recumbent and under 
basal conditions, some 12 to 14 hours after a meal The 


loss of dye into the tissues at the site of mjeebon must 
be avoided smee this of course will vitiate the results 
which, smee the plasma would be less deeply stamed, 
would be too high Care must also be exercised to pre- 
vent evaporation of fluid from the samples after they 
have been drawn Otherwise the concentration of dye 
m the plasma would be raised and the readings (which 
would mdicate a lower degree of dilution) would be too 
low Determmations by the dye method from time to 
tune on the same mdividual under comparable condi- 
tions give consistent results The absolute blood volume 
of course will never be known exactly, smee it cannot 
be measured directly in the hvmg subject But even m 
the dead subject there is no reason to beheve that the 
direct (Welcher’s) method is any more accurate than 
the dye method m the hvmg * 

Normal Valltes tor Plasma and Whole Blood 

VOLTTMES AS OBTAINED BY THE DyE 

Method 

The whole blood is about tV and the plasma jjV 
of the total body' weight, i e , 8 and 4 per cent 
respectively Expressed as volumes, the whole 
blood IS about 78 cc , the plasma volume about 
41 cc , and the red cell volume about 37 cc per 
kilogram The blood volume of a man of average 
weight (70 kg) IS therefore around 5500 cc 
Rowntree has demonstrated that the blood volume 
IS a function of the body’s surface area It amounts 
to about 3 hters per square meter (p 618) The 
blood volume per square meter is higher by about 
7 5 per cent m men than m women, the plasma 
volumes m the two sexes are, however, about the 
same That is, the larger volume m males is 
attnbuted to a greater number of red cells (see 
p 11) In infants and young children the blood 
volume IS somewhat less per kilogram of body 
weight and per square meter of body surface than 
m adults, but gradually increases throughout child- 
hood to reach the adult figure at around 16 years 
of age 

Body Water (see also ch 4) 

The blood volume and its vanations cannot be 
considered entirely apart from the fluid content of 
the body as a whole Blood volume regulation 
is largely a question of balance between the fluid 
withm the vessels and m the tissues When con- 
ditions arise which tend to lower or raise the volume 
of blood, counter forces (p 31) come mto play 

* The blood volume as estimated by the foregomg 
procedures gives the volume of arculatmg blood ana 
does not mdude the blood of the spleen (p 69) which 
plays the r61e of a reservoir 
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which restore the normal level When circulating 
fluid IS lost, the vessels replenish themselves from 
the eitravascular spaces On the other hand, any 
tendency for the blood volume to nse is met by 
a discharge of the excess fluid mto the tissues and 
later from the body in the urme. So, a balance is 
struck, and m health the blood volume is main- 
tamed remarkably constant For example, after 
the intravenous mjection of a large quantity of 
sahne, the volume of circulating fluid (though 
raised temporarily) is brought back to normal 
withm 30 mmutes or less On the other hand the 
loss of blood fluid, as by hemorrhage, immediately 
calls mto action processes which may, m a very 
short time, replenish the blood volume When an 
animal is bled to death, at a not too rapid rate, 
the blood which is withdrawn is found after a few 
mmutes of bleeding to have become diluted — 
clearly demonstratmg the promptness with which 
flmd (water and salts) has been absorbed mto the 
vessels 

The total volume of the water of the body vanes 
among speaes but m man has a mean value of 62 
(52 per cent for women)* per cent of the body 
weight (it IS about 65 per cent m the dog and 
about 73 per cent for gumea pigs and rabbits) 
The total volume of the body water can be deter- 
mmed by mjectmg mto the blood stream a known 
amount of heavy nater, DiO, or antipyrme which 
becomes uniformly distnbuted throughout the 
body fluids (mtracellular and extracellular), and 
then determmmg its concentration m a sample of 
serum 

The water content of various tissues, m average 
percentages, is given m the followmg table 


Muscle (stnated) 

fer (fill 

75 

Skm 

70 

Connective tissues 

60 

Adipose tissue 

20 

Bone (marrow-free) 

25-30 

Blood 


Plasma 

90 

Cells 

65 

Kidney 

80 

Liver 

70 

Nervous bssue 


Gray matter 

85 

BTute matter 

70 


The total body water is related to the mass of the 
lean tissues of the body rather than to the body weight, 
m an obe^ person it is a much lower percentage of the 
body Height than m one who is lean The values, there- 
tore, vary widely both between persons and diSerent 
speaes of animal m accordance with their fatness or 
leanness 


The exlracdlular flwd, which comprises the 
blood plasma, the tissue or interstitial fluid, lymph 
and the fluid in the serous cavities, amounts to 
about 20 per cent of the body weight, the plasma 
water constitutes only about 4 per cent of the 
body weight The fluid within the cells, the tnlra- 
cdlitlar fluid amounts to 45 per cent of the weight 
of the body, or over 2 times the extracellular fluid 
The skeletal muscles contam about half, the skm 
about i and whole blood only about yV of the total 
body water 

In general, the mtracellular fluid has a high 
concentration of potassium and a low concentra- 
tion of sodium, whereas the extracellular fluids 
contam relatively large amounts of sodium and 
small amounts of potassium * In most cells chlo- 
ride IS also m low concentration or is absent, the 
red blood cells and the cells of the gastric glands 
are notable exceptions Substances, such as sucrose, 
mannitol, mulm, thiocyanate and to a large extent 
chlonde, when mtroduced mto the body, become 
uniformly distnbuted throughout the extracellular 
fluids, but do not enter the cells m important 
amounts and, smee they are not metabolized and 
are excreted not too rapidly, can be employed to 
estimate the volume of the extracellular fluid m 
the living animal When, for example, a known 
amount of thiocyanate, is mjected mto the blood 
stream and suffiaent time allowed for equal 
distnbution to occur, the volume of the extra- 
cellular water can be calculated from the concen- 
tration of the solute m a sample of serum Radio- 
active sodium or chlonde may also be employed 
for such determmations, but smee these solutes 
are not excluded from all types of cells they are 
not as dependable as thiocj'anate or sucrose, 
espeaally if absolute values are sought The extra- 
cellular fluid IS visualized as occupymg a space of 
the determmed volume, and accordmg to the 
solute used m the estunation it is customary to 
speak of the thtocyanale , space, sucrose space, etc. 

The values for the total body water and the 

■* In the case of muscle at any rate, this distnbution of 
Na and K between intra- and eitxacellukr fluids may 
be altered m pathological states mvolvmg the excessive 
loss of potassium from the body, e g severe and pro- 
longed diarrhea, hyperactivity of the adrenal cortex or 
the admmistration of desoxycorticosterone (ch 59) 
when muscle potassium is largelj replaced by sodium 
Increased concentration of K m the senim and other 
extracellular fluids occurs in adrenal cortical insulEa 
ency, m ohguna or anuna, dunng tissue breakdown or 
MOTa, followmg major surgical operations, and m 
dehydration 
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extracellular water being knowTi, the intracellular 
w atcr IS got by subtraction (see table below ) 


Body ‘a'atcr 


1 

nOD\ WATER 

IXRCTKTACE or 
COD\ WEICKT 

A Extracellular 


plasma 

4 0 

interstitial 

15 0 

B Intracellular 

1 45 0 


The cliaractcristic distnbution of sodium and 
potassium between intracellular and extra vas- 
cular fluid makes it possible to determine the pro- 
portions of excreted water derived from intra- 
cellular and extracellular sources, respectively 
(see table 4) The Na and K contents of the water 
excreted in certain pathological states is therefore 
employed as a means of estimating the propor- 
tions denxed from extracellular and intracellular 
sources rcspecti\cly Thus, during the subsidence 
of nephritic edema, or of the subcutaneous accu- 
mulations in mxxcdcma following thyroid treat- 
ment, the excreted water contains a large excess 
of sodium over potassium Dunng the fluid loss 
which results from a diet of glucose and water, the 
loss of extracellular fluid as well as the shnnkage 
of the tissues causes an increased excretion of both 
Na and K (Byrom) In the early stages of a fast 
the excreted water has a high sodium content, 
after prolonged fasting its relatively high potassium 
content indicates an intracellular origin (eh 51) 
A loss of one-fourth of the body water is usually 
fatal 

TABLE 4 


Coucnitrahons of base tti the icaler of blood plasma and 
in the uatcr of muscle tissue 
(After Gamble, Ross and Tisdall) 



PER lOOCC 
plasua 

PTE 100 

CC PLASUA 
WATER 1 

PER 100 CC 
IfUSCLE 
TISSUE 

PER 100 CC 
mrsox 

WATER 


tnt 

CC 0 IN 

ms 

CC OlN 

Na+ 

330 

157 7 

80 

45 8 

K+ 

20 

5 6 

320 

108 0 

Ca++ 

10 

5 5 

8 

5 3 

Mg++ 

3 

2 7 

21 

23 0 

Total 


171 5 


182 1 


Water of blood plasma is taken as 91 per cent by 
volume and water of muscle tissue as 76 per cent of 
weight 


Under physiological conditions the interstitial 
fluids show the greatest changes, the volumes of 
plasma water and intracellular fluid remaining 
relatively constant In dehy'dration the proportion 
of the total water from extracellular and intra- 
cellular compartments vanes wath the manner in 
which the negative water balance is produced 
WTien, for example, the dehydration is caused by 
sucrose diuresis, about 85 per cent of the excreted 
water is denved from extracellular and 15 per cent 
from mtraccllular sources Whereas, in dehydra- 
tion resulting from water deprivation, the w'ater 
loss IS from 57 to 67 per cent intracellular (Painter 
and assoaates) As mentioned above, the source 
of the excreted water is indicated by its concen- 
tration in K or Na 

nyahtromc acid Though practically none of the 
extracellular water is chemically bound, that is to 
say', substances are dissolved m it readily, and it 
can be entirely separated from colloidal matenals 
by' ultrafiltration, and though free movement and 
rapid changes of distnbution are permitted, its 
physical state docs not appear to be that of a 
simple solution of dcctrolj tes and protein bathing 
the cells, it is held in the tissue spaces by' a gelating 
substance The latter has been identified chemi- 
cally as a mucopoly sacchande and called hyaluronic 
acid This substance also enters into the formation 
of tlic cement substance binding cells together, 
and into the production of other gel-like matenals, 
c g , vitreous body', jelly of the umbilical cord, etc 
The physiological significance of this material is 
dealt w'lth more fully in chapter 28 

Water Balance 

In health, except when new tissue is being 
formed, the body’s intake of water obx'iouslj' must 
balance the output ‘UTien the output exceeds the 
intake, the body’s water content is reduced and 
the body is then said to be m negative water bal- 
ance, dehydration results IVhen, as dunng grow'th, 
convalescence from an acute illness or m preg- 
nancy, new tissue is being formed, or for a time 
after a subject has been placed upon a reducing 
diet, the water balance is positive, the intake 
exceedmg the output, i e , w'ater is retained 

The antidiuretic pnnciple of the hypophysis, 
and probably also an antidiuretic substance de- 
nved from the hver, constitute part of the mech- 
anism regulating the volume of body water In 
dehydrated states, increased amounts of the pitui- 
tary hormone are excreted m the urme (ch 57) 
The hepatic matenal is vasodepressor as well as 
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antidiuretic in acUon It is knoira briefly as VDM 
and appears ui the blood of animals in the irrever- 
sible stage of hemorrhagic shock (pp 77 and 303) 
and m the circulation of patients suffering from 
cirrhosis of the bver, accompanied by inacascd 
plasma volume This prmciple, which has been 
prepared m purified form from beef liver, exerts a 
powerful antidiuretic effect when mjccled intra- 
venously into animals, mducmg water retention 
and increasing the susceptibility to water intoxica- 
tion (see Shorr and assoaates, and pp 27 and 77) 

THE WATER INTAKE 

Body water is replenished in two mam waj’s, 
(a) by the mgestion of liquids, scmisolid and 
"solid” food (cooked lean meat, for example, is 
from 65 to 70 per cent water), and (b) by the 
water formed m metabolism through the oxidation 
of the hydrogen of the food, or of the body tissues 
themselves The following table from Rowntrcc 
compiled from the data of Magnus Levy gnes the 
quantities of water produced by the metabolism, 
respectively, of the three mam food stuffs and of 
alcohol 

100 grams of fat yield 107 1 grams water 
100 grams of starch yield SS 1 grams water 
100 grams of protem yaeld 41 3 grams water 
100 grams of alcohol yaeld 117 4 grams water 

Water is also formed m the tissues through the 
polymerization or synthesis of various compounds, 

1 e , through a metabolic process the reverse of 
hydrolysis An ordinary mixed diet yields as a 
result of oxidative processes from 300 to 350 grams 
of water daily, or about 14 grams per 100 Caloncs 
When no food or drink is taken, the body materials 
themselves are uUhzed for this purpose, the gly- 
cogen, protein and fat supplying important quan- 
tiPes of water The camel's hump, for mstance, 
which IS largely composed of fat, is a resen oir for 
large amounts of water, and the dolhes moth kept 
m a desiccator and fed upon perfectly dry food 
lays eggs which are 80 per cent water 
For the adult, the amount of water from all 
sources and under ordmary arcumstances which 
must be mgested dafly is around 2500 cc. or about 
1 cc per Calorie of food intake This usually 
means that about 1000 cc of water as such or m 
beverages must be drunk m order to maintain the 
water balance Ordmarily, the volume of body 
water is held constant by varymg the mtake which 


IS regulated in turn bv the sense of thirst In ex- 
periments on dogs Robinson and Adolph found 
that when the animals Ind ready access to water 
they drank when they had lost water to the extent 
of 0 5 per cent of their body weight The amount of 
water drunk was just sufficient to replace that 
which had been lost It is hard to conceiie what 
signaled the cessation of drinl mg, for it occurred 
while the water was still m the stomach, that is 
before it had been absorbed 

The water intake under conditions of aitrage 
temperature, humidity and diet is summanred 
m the follow mg table 

solid and scmi solid food 1200 

oxidation of food 300 

dnnlj (water, mill, coffee, beer, etc) 1000 

THE WATER OUTPUT 

Water is lost from the bods in the feces, urine 
and sail! a, and by the evaporation of water from 
the skin and lungs Tlie dailv loss through these 
several channels is given in the following table for 
an a\cngcd-swcd man at light occupation in a. 
temperate climate 


Sim (at average temperature and k 
humidity) SOO 

Expired air (at average temperature and 
humidity) 350 

Unne 1500 

Feces 150 

Total 2500 


Under usual conditions of air temperature 
(23-2S°C ), humidity and diet, the heal lost from 
the lungs and the surface of the bodv bv the evap- 
oration of water amounts to about 24 per cent of 
the total heat production Tlie measurement of 
this visaistbk uatcr loss under standard condi 
Uons may therefore be employed os a basis for 
the determination of the basal metabolism (p 
617) 

The loss in the sahv a is negligible under ordinary 
circumstances but may be considerable in mouth 
breathmg (as a result of evaporation) and in those 
addicted to the spitting habit 

The w ater lost through the skin and lungs v ancs 
greatly wath the temperature and relative humid- 
ity of the atmosphere and with llic extent of the 
muscular exercise indulged in At ordmary tem- 
peratures slight secretion by the sweat glands is 
not perceived smcc the sw eat evaporates as quickly 
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as it IS formed This tnsomble perspiratum, as it 
IS called, mdudes the loss of a greater amount of 
water by evaporation from the moist tissues be- 
neath the sLm, this loss is qmte apart from the 
actual secretion of sweat (ch 53) The diffusion of 
water through the skin and evaporation from the 
surface under ordinary comfortable conditions of 
room temperature and humidity is around 1 mg 
per square cm of skm surface m a penod of 10 
rmnutes The rate of diffusion is httle different for 
hvmg or dead skm and whether sweat glands are 
present or absent The amount of the tuseusible 
perspiration has the average value given above but 
may be many times this value, when the air is hot 
or the body temperature raised, the rate of evapo- 
ration of water from the tissues beneath the skm 
IS much more rapid, the secretion of sweat is also 
likely to be more active, but owmg to the higher 
rate of evaporation a larger quantity of sweat 
IS secreted before it becomes evident. Relative 
humidity and air movement also influence the rate 
of evaporation So, m humid, still atmospheres 
sweat secretion is more evident though it may be 
no greater than m a dner atmosphere when evap- 
oration IS more rapid Large quantities of sweat are 
secreted as a result of muscular exercise or when, 
as m the tropics, the temperature is high In hot 
climates the daily secretion may amount to 3000 
cc. daily and m very torrid atmospheres it may be 
as much as 10 hters When heavy work is done 
m a hot environment, sweat may be secreted at 
the rate of 2 hters per hour This necessitates the 
dnnking of an equal quantity of flmd m order to 
mamtam the normal water content of the body, 
smce the mtake must equal the output 

At ordmary temperatures the mspired air con- 
tains neghgible quantities of water whereas the 
expired air is almost saturated with moisture Any 
condition which mcreases the pulmonary ventila- 
tion therefore increases the wateriest by this route 

The relahan of the electrolyte concentration and 
tissue changes to the volume of body water 

The isotomaty of the body flmd which depends 
mainly upon its concentration m sodium and 
chloride is mamtamed constant largely by the 
retention or elimmation of water, the kidneys 
playmg the primary role m this regulation A loss 
of salt IS accompanied by a loss of water and the 
mgestion of salt is followed by water retention 
Thus it IS possible to mcrease the volume of body 
water m normal persons to the pomt where edema 
occurs by the administration of large amounts of 


sodium bicarbonate and to cause the discharge of 
nephritic or cardiac edema by the reduebon or 
withdrawal of salt from the diet In the latter 
instance, only suffiaent sodium chlonde is avail- 
able for the produebon of a more limited amount 
of isotomc flmd 

Protem is laid down m the body with water 
(about 3 grams of water per gram of sohd) Dunng 
growth or convalescence from wasbng diseases, 
retenbon of water therefore occurs, i e , the mtake 
of water, mcludmg that denved from sohd food, 
exceeds the output Fat is laid down with a mmi- 
mal amount of water (only that m the protem of 
the connecbve tissue framework), the deposition 
of glycogen is accompamed by a small storage 
of water ^ Water retenbon therefore follows a sud- 
den change from a high fat to a high protem diet, 
and to a less degree from a fat diet to one high 
m carbohydrate A change from a diet high m car- 
bohydrate or protem to one high m fat is followed 
by the loss of water 

Reduebon of the calonc value of the diet below 
the energy requirement is accompamed for a tune 
by the retenbon of water Dunng the first week 
or so on a reduemg diet the subject’s weight may 
for this reason show httle or no change, the fat 
catabohzed bemg replaced by water In a pro- 
longed fast after the fat stores have been depleted, 
protein is also partly replaced by water, themusdes 
of animals dymg of starvabon showmg a marked 
reduebon m the proportion of protem 

BEHYDEATION 

When the output of water exceeds the intake, 
the body’s water content obviously will be reduced 
That IS, the body is m negafave water balance and 
the condibon known as dehydrabon results 

Causes of Dehydration 

Dehydrabon may result from 

1 Water depletion or primary dehydration (a) 
Simple deprivation of water from whatever cause 
shipwreck, desert bavel, dysphagia, extreme weak- 
ness, m mental patients who refuse to drink, etc. 
Under such circumstances, though there is an 
effort to conserve the stores of body water, through 
a reduebon m the amount excreted by the kidney, 
m the sweat and by other routes, some water is 
always lost though none be drunk Dehydration 

‘ Zimtz conduded from his expenments that 3 grams 
of water were laid down with each gram of carbohy- 
drate, but his results have been quesUoUed and are not 
now generally accepted 
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occurs more quickly m fever or if the environ- 
mental temperature is high 

(b) Excessive water loss may result from per- 
sistent vomiting (e g , pylonc or mtestinal obstruc- 
tion) prolonged diarrhea, or the excretion of large 
quantities of unne or sacat, espeaally when ac- 
companied by a restneted iiater and salt mtake 
In the acute diarrheas of mfants, dehydration and 
loss of weight may occur very rapidly 

In nater depletion the osmotic concentration 
of the extracellular fluid rises, water is drawn 
from the cells, and both extracellular and mtra- 
cellular compartments shrink Extreme thirst is 
experienced 

2 Reduction in the total quantity of electrolytes, 
salt depletion or secondary dehydration The elec- 
troljtic concentration of the bod}' fluids, both 
extracellular and intracellular, is mamtamed con- 
stant through the elimination or retention of water 
That IS, a reduction or mcrease m the total elec- 
trol>tcs, nhich comprise chiefly the basic radides 
Na (extracellular) and K (mtracellular) and the 
acid radides HCOj and Cl, is accompanied by a 
corresponding decrease or increase m the volume 
of body water The sum of the basic dements and 
aad dements of course must balance Loss of Cl 
can be made good by the retention of HjCOj and a 
nsc in plasma bicarbonate Exacted base, how- 
eicr, can be replaced only by basic substances 
supplied in the food The total concentration of 
dectrol} tes in the body fluids is therefore depend- 
ent upon the stores of total base For example, in 
p>loric or high intestmal obstruction (p 594) 
fluid IS scacted in large quantities mto the gastro- 
intestinal tracL The fluid may be vomited or may 
collect and remam in the dilated part of the canal 
abo\ c the obstruction (The latter occurrence 
IS the rule in the rabbit which cannot vomiL) 
In cither case the secretion of large quantities 
of gaslnc juice entails a loss of blood chlonde 
A similar chlonde loss is induced in animals by 
means of a gastnc fistula fashioned by sectiomng 
through the pjlorus, stitching the stomach open- 
ing to the abdommal wall and allowing the gastnc 
juice to drain to the extenor In the foregoing 
instances, the chlonde depletion causes at first no 
ill effects, the normal concentrations in electrolytes 
of the blood and tissue fluids bemg mamtamed for 
a time bj the retention of CO , and, as a conse- 
quence of this, an inaease in bicarbonate The 
compensation for the Cl loss leads however to 
alkalosis which is then countered by an inaeased 


exaction of base in the unne This of course is ac- 
companied by diuresis, marked dehydration results 

On the other hand, the contmued loss of pan- 
aeatic juice (p 529) to the extenor causes an un- 
mediate depleUon of base, plasma bicarbonate is 
reduced In the adjustment of the acid-base bal- 
ance the excess of acid radicles is excreted in the 
unne, this agam entails a loss of water Similarly, 
the mgestion of aad-produemg salts causes a deple- 
tion of base, which is used for the neutrahzation 
and exaction of the aad radicles Such salts there- 
fore act as diuretics and dehydrating agents 

In salt depletion the extracellular fluid is hypo- 
tonic, wata IS drawn mto the cells, so that the 
volume of mtracellular flmd is mamtamed, whereas 
the extracellular fluid (espeaally the mterstitial) 
IS reduced 

Clmically the failure to mgest sufiBaent salt or 
the leachmg of salt from the body of a senously 
lU patient by glucose infusions is a not uncommon 
cause of salt depletion 

3 The injedion of hypertonic solutions (p 37) 
mto the blood stream When a strong sugar or salt 
solution IS mjected, the temporary nse m the os- 
motic pressure of the blood causes a flow of fluid 
from the tissues mto the vascular system until 
equilibnum is re-established The blood volume is 
increased, but is soon returned to normal by the 
loss of the excess fluid mto the tissues and its 
eventual excretion via the kidney and bowels A 
net loss of body water results 

Effects of dehydration 

(a) Loss of weight due to the reduction m tissue 
water as well as to the actual breakdown of body 
substance which occurs m the effort to furnish 
water for the mamtenance of physiological proc- 
esses Fat and carbohydrate stores are first drawn 
upon for this purpose and later, protem (b) Dis- 
turbances in acid-base balance, usually toward the 
aad side The diminished quantity of circulatmg 
fluid (loss of plasma water, anhydremia) and the 
consequent depression of oxidative processes m 
the tissues is held responsible for the excessive pro- 
duction of aad metabohtes, e g , lactic The slow- 
mg of the renal arculation also leads to a reduced 
excretion of unne and the retention of aads (e g , 
phosphoric) which under normal circumstances are 
ehmmated (c) Rise in the non-protein nitrogen of 
the blood (d) Rise in plasma protein concentration 
and of chlonde though there is no absolute maease 


I 
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There is an absolute increase in blood sugar, espe- 
aally when the stage of exhaustion approaches 
(e) Rtsc tn body temperature as a result of the reduc- 
tion m circulating fluid (see ch 4) (f) Increased 
pulse rate and reduced cardiac output (g) Thirst 
This occurs in water depletion but not m salt 
depletion Under normal circumstances thirst serves 
as a signal that the water stores of the body require 
replenishment Any fall m the water content of 
the tissues is reflected m the glandular activities 
espeaally of the salivary glands Secretion is sup- 
pressed, the mouth and throat become dry and the 
sensation of thirst is aroused In dehydration 
thirst IS extreme and the mouth parched (h) Dry- 
ness, •wrinkling and looseness of skin and a pmched 
expression to the features result from the loss of 
subcutaneous fat and of water from the deeper 
layers of the skin Other manifestations are, re- 
duced intraocular tension and recession of the eye- 
ball and, in mfants, depression of the fontanelle 

(i) Exhaustion and collapse 

WATER INTOXICATION 

When an animal is given large quantities of water 
by stomach tube, especially if unnary secretion is 
reduced by the admmistration of pitressm, the 
tissues become “water-logged”, serious S5Tnptoms 
ensue, e g , depression of temperature, vomitmg, 
convulsions and coma, which shortly end m death 
Similar effects also follow m man if large quantities 
of water are given to a patient with nephritic 
edema or, if m a sub 3 ect of diabetes msipidus, 
pituitnn be adtmnistered while the water mtake 
is mamtamed at the usual level (see ch 57) The 
manifestations of water mtoxication are believed 
to be due to the dilution of electrolytes m the body 
fluids, and the damage caused thereby to the tissue 
cells ® 

Adrenalectomy reduces the renal response to 
water drinking, and thus increases the suscepti- 
bility to water mtoxication This susceptibility is 
reduced by the admmistration of desoxycorti- 
costerone, of 17-hydroxy-ll-dehydrocorticoster- 
one, or of thyroid hormone A similar protective 
action IS exerted by these pnnciples upon normal 
anunals Susceptibility of the latter to water intoxi- 
cation is enhanced by the admmistration of the 

' Excessive concentration of electrolytes m the tissue 
fluid with consequent hypertoiuaty, as occurs in ship- 
wrecked sailors if they drink sea water (which has a 
concentration in salts about three times that of serum) 
causes an equally deleterious effect upon the tissue 
cells This appears to be the cause of death 


antidiuretic substance prepared from liver (p 77) 
and the discharge of this substance mto the curcu- 
lation may be a factor m the development of the 
condition, hberation of the antidiuretic hormone 
from the pituitary does not appear, however, to 
play any part m this connection 

In water mtoxication, the protem and chlonde 
of the plasma are diminished and the extracellular 
water decreased The water retamed m the body 
enters the cells of blood and tissues which become 
swollen It IS not possible to account for the reduc- 
tion m plasma chlonde by mcreased renal excre- 
tion for both adrenalectomized and normal 
animals actually excrete less salt than usual, 
apparently the salt is diverted from extracellular to 
mtraceUular flmds 

There is no danger from excess fluid being re- 
tained m the body through water drinking, for the 
sense of thirst and its appeasement mcely control 
the quantity mgested, but the artificial admmis- 
tration of mordmate amounts of water in the form 
of glucose solution, especially after surgical opera- 
tions when there is some tendency toward anti- 
diuresis, may cause senous disturbances m water 
metabohsm The effects of an excess of body water 
mduced m this way can be corrected readily by 
the admmistration of hypertonic saline 

Alterations m Blood Volume 

REDUCTION OF THE BLOOD VOLUME 

This may result from 

(1) A loss of whole blood as m hemorrhage (p 27) 

(2) Reduction in the total number of red cells, 
as a result of mcreased destruction or diminished 
production (see anemia p 80) 

(3) Loss of plasma alone from the vessels as m 
extensive bums (p 305) or 

(4) Loss of blood water This is called anhy- 
dremia and is simply a part of a general dehydra- 
tion and so results from the same causes as the 
latter ^ 

In the reduction of blood volume resultmg from 
hemorrhage, the concentration of the blood m cells 
and protem is lowered, smee a wateiy fiuid is 
attracted mto the vessels from the surroundmg 
tissues 

"When the blood volume is lowered as a result 

Vanations in blood volume from time to time due 
to alterations in blood water may be detected from 
estimations of the hemoglobin or protein concentra- 
tions, or by means of the hematoent 
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of a loss of plasma, the red cell concentration is 
increased (bemoconcentration) but the protem of 
the plasma is little altered 
In anh>dremia both the protem concentration 
of the plasma and the red cell count are raised 
The concentration of plasma protem may mcrease 
bj SO per cent or more The viscosity of the blood 
13 therefore raised, the blood appears “syrupy” 
and flows sluggishlj from an opened ■v’em If the 
anhjdrcmia persists the red ceE count and the 
protein concentration tend to fall agam as a result 
of red cell and protem destruction Then an esti- 
mation of the blood concentration may fail to 
gi\ c a true mdev of the extent of the blood volume 
reduction 

Exposure to cold causes a moderate loss of water 
from the blood to the tissues (chiefly sLm muscle 
and probably li\ er), the total water content of the 
bod> remaining unaltered It is not altogether 
dear by what means this movement of water is 
brought about It is, bower er, an important factor 
in the regulation of body temperature (ch 54) 
The work of Barbour and others furnishes evidence 
of a nerrous element m the mechanism Ammak 
in which the cord had been divided m the upper 
thoraac region when placed m a cold bath did not 
respond m the normal fashion Concentration of 
the blood did not result and the temperature of the 
bod> fdl to that of the environment The control 
IS exercised cndcntly through vasomotor nerves 
Barbour and Hamilton have showm that cold 
applied locally after section of the splanclmic 
ncr% cs causes anhj dremia as a result of the transu- 
dation of water into the skm of the cooled area 
The) attribute the migration of water to constne- 
tion of the cutaneous artenoles and consequent 
slow mg of the capillary blood flow, which m turn, 
possiblj through oxjgen lack, increases the per- 
mcabilitt of the capillaty wall * It is probable 
therefore that exposure to cold mduces blood con- 
centration through both central and duect penph- 
cral effects 

Posture The blood \oIume of the human subject 
after 30 mmutes or so m the erect posture is some 
15 per cent less than that in recumbency A fluid 
o5 low protem concentraUon leaks from the vessds 
of iht lower limbs into the extracapillaty tissues, 
as n result apparcnflj of the mcreased hjdrostatic 
pressure in the capOlanes of these parts (ch 35) 

' In this cipenment, however, the cold was of such 
a degree that it maj have dirccUj damaged the capil- 
larj cpuhclmm “ 


INCREASE IN BLOOD VOLDIIE 

(1) High temperatures Two factors are con- 
cerned m the elevation of the blood volume which 
follows a nse m environmental temperature (a) 
contraction of the spleen whereby whole blood is 
discharged into the general circulation (p 70) and 
(b) dflution of the blood, water bemg drawn from 
the tissues to augment the circulatmg fluid This 
IS a reversal of the mechanism desenbed above as 
occumng at low temperatures Sweatmg, and 
mcreased evaporation from the body surface, if 
over a prolonged period, will tend to counteract 
these effects, the blood volume may then show a 
decrease, or one effect may balance the other and 
no change occur 

(2) Muscular exerase At the beginnmg of exer- 
cise the blood volume is mcreased as a result of the 
discbaige of blood from the spleen Inasmuch as 
the splenic blood is rdativdy nch m red cells, the 
blood of the general cmculation shows an mcreased 
cdlular concentration Later, as osmotically active 
substances (e g , lactic aad) are formed in the con- 
tractmg musdes, water is attracted from the ves- 
sds The protem concentration of the plasma, and 
the red cell count mcrease Sweatmg, when it en- 
sues, tends to mcrease the degree of anhydremia 
by causmg a reduction m the water content of the 
body as a whole. The early mcrease m blood volume 
which, m animals, results from the discharge of 
blood from the spleen is not seen, as a rule, m man 
In dogs, muscular trammg causes an mcrease m 
blood volume and of the erythrocyte count which 
persists for about a month after the termmation 
of the trammg penod 

(3) Emotional excitement in ammak and m man 
causes an increase m blood volume due to con- 
traction of the spleen (p 70) 

(4) Pregnancy Barcroft and his associates ob- 
served m sheep a pronounced mcrease m blood 
volume m the first and last thirds of pregnancy 
due to an mcrease m plasma The corpuscnilar 
volume showed a relative decrease. 

In pr^rnant women the plasma water as well as 
the mterstitial fluid is mcreased, the latter by as 
much as 3 liters There is an associated retention 
of sodium Restriction or the administration of 
salt reduces or mo'eases, respectively, the volume 
of extracellular fluid The mcrease m plasma vol- 
ume m pregnancy, combmed with the lower pro- 
tein concentration of the plasma which results 
from dilution and the consequent lowering m the 
plasma oncotic pressure, is responsible, m part at 
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least, for the edema of the lower limbs which com- 
monly occurs in tlic pregnant state 

(5) Congestive heart failure As a result of the 
retention of sodium and chlonde (see p 38), the 
plasma and interstitial fluids undergo a pro- 
nounced increase 

(6) The admvnstralion of dcsovycorhcostcroiic 
causes a retention of salt and, as a consequence, 
a rise in tlic volume of plasma and mterstitial fluid 

SUiOIAUV OF THE FATHOLOGICAL STATES 
ASSOCIATED 1\TTH ALTERATIONS IN 
BLOOD VOLDIIE 


\t)lum<3 rprmfti or ncrmovole mia 

3 Simple aonncwilcmla 

iMycythemic normovoleinla 

] OllgocylhcniJc normcwofemla 

Udume dccreoacd or hvruTJtlcm ltt 

I] Simple hypovolemia 

1 RJycythcmte hypovitenw. 




I Ollgocythemte hypovolemia 
hypci^lcmla 



1 piiqocythemlc 
1 nyperwicmia 

■■Cells CrO Plasma 

Fig 3 1 The nine possible combinations of nhole 
blood, plasma and red cell volumes (after Ronntree) 


Reduction 

(a) Eemorrhage Ooss of whole blood), (b) hums 
Ooss of plasma), (c) dehydration (loss of water), 
(d) pernicious anemia (reduction m red cells, wuth 
a moderate increase in plasma), (e) certain chrome 
anemias other than those of the pernicious type In 
these the total volume of red cells is only slightly 
or moderatclj* reduced and this is to a large extent 
compensated for by an increase m plasma above the 
normal standard The total blood volume is there- 
fore, as a rule, not greatly below normal as calcu- 
lated upon the basis of weight or of surface area 
(f) Obesity The blood volume per kilogram of body 
weight IS much reduced but is normal when con- 
sidered m relation to the body surface (g) ^fyxc- 
dema (reduction of both red cells and plasma but 
mamly of the former) 

Increase 

(a) Polycythemia vera (increase mainly of red 
cells but also of plasma), (b) cirrhosis of the liver 
(increase of plasma, sec p 22), (c) leukemia (in- 
crease in white cells and plasma), (d) splenomegaly 
with anemia — Banti’s disease (mcrcase m plasma), 
(c) hyperthyroidism (equal increases both m red 
cells and plasma) 

It should be pointed out that the proportions 
of red cells and plasma may vary from the normal 
though the total blood volume remams unaltered 
With regard to the blood volume and the propor- 
tion of cells to plasma there are therefore nme 
possible blood states Rowntree has mtroduced 
the following descnptive terminology A normal 
blood volume he terms normovolemia If the ratio 
of cells to plasma is normal as well, he calls tlie 
condition simple normovolemia, but a decrease or in- 
crease in the number of cells in relation to plasma is 
termed oligocythemic or polycythemic normovolemia 


respectively Hypovolemia and hypervolemia are 
corresponding terms for reduced and mcreased 
blood volumes, each of these is divisible into simple, 
polj’cythemic and oligocythemic forms (see fig 3 1) 

THE EFFECTS OF HEMORRHAGE 

WTicn more than 30 per cent of the blood volume 
IS lost rapidly, the body is usually unable to repair 
the loss unaided and, unless transfusion is resorted 
to, death results In a healthy man the loss of 30 
per cent or less of his blood calls readjustmg mech- 
anisms into play w’hich may bnng the blood vol- 
ume back to the normal level within a remarkably 
short time, 500 cc or so of blood draivn for trans- 
fusion purposes are said to be replaced wuthm an 
hour or so The restoration of the blood to its pre- 
vious concentration m er>’throcytes, however, 
takes about seven weeks on the average This tune 
may be shortened considerably by the admmis- 
tration of iron and a diet containing a liberal quan- 
tity of high quabty protem Fowler and Barer 
found m a study of 200 blood donors that, after 
the removal of 550 cc of blood, the average fall 
in hemoglobin was 2 3 grams per 100 cc Regenera- 
tion of hemoglobm occurred at the rate of 0 049 
gram per cent for men and 0 040 gram per cent for 
women per day 

The protective mechanisms which automatically 
come into action after hemorrhage are several and 
may be divided into two groups — immediate or 
early and delayed 

Immediate or early ejects 

If the loss of blood is large, especially if it is of 
sudden occurrence and from an artery, there is a 
prompt fall m blood pressure as a result simply of 
the reduction in circulating fluid (p 148) If not 
too great, the fall in pressure is salutary, since it 
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lidps to prevent further bleeding A moderate loss 
of blood, 10 per cent of the total amount, produces 
little or no drop m pressure This is espeaally true 
if the blood is lost gradually and if it comes from 
a vem, i e , beyond the penpheral resistance 
Under these cucumstances compensatory mech- 
anisms easfly mamtam the pressure of blood at its 
normal height 

CloUtng of the blood (ch 12) which occurs withm 
a few minutes serves to close the openmg m the 
blood vessel The blood tends to clot more rapidly 
than usual after a severe hemorrhage The imtial 
drop m pressure, when such occurs, aids the for- 
mation of the clot Stanching of the bleedmg is also 
fiuthered m the case of an artery by the retraction 
and contraction of the middle fibro-muscular coat 
of the vessel, as well as by the curlmg up and 
aenation of its endothelial hnmg In the clottmg 
process masses of agglutinated platelets appear, 
upon dismtegration they liberate a vasconstnetor 
matenal which is a material aid m hemostasis 
(ch 12) These factors, together with the fall m 
blood pressure, may be sufBcient to stanch the 
flow of blood from an artery as large even as the 
popliteal In small vessels the opposed endothehal 
surfaces become sticky and coherent 
Increase tn the heart rate This is almost mvan- 
ably an accompaniment of a severe hemorrhage 
and is one of the most valuable signs of concealed, 

1 e , mtemal, bleeding, this sign is not seen, as a 
rule, m moderate blood losses or m slow bleed- 
ing It is brought about through carotid smus 
and aortic reflexes (pp 245 and 282) mitiated by 
the fall m blood pressure Reduction m blood 
flow through the vessels of the medulla with the 
consequent anoxemia of the cardiac centers may 
be an additional factor Adrenaline liberation (ch 
59) may possibly play a part The mcrease m 
heart rate might under the circumstances appear 
to be of advantage — an attempt on the piart of the 
heart to mcrease the rate of blood flow and so com- 
pensate for the reduced volume of blood by havmg 
It cany an oxygen load from lungs to tissues more 
frequently It seems dear, however, from the work 
of several mvestigators (p 252) that simple m- 
crease m the cardiac rate does not mcrease the 
output of the heart when diastohc fillin g is m- 
adequate 

Contraction of the spleen and the discharge mto 
the circulation of a large quantity of blood nch 
m red cells (p 70) 

Increased respiration The anoxia of the chemo- 
receptors of the carotid and aortic bodies caused 


by the reduced blood flow (p 405) is probably 
responsible for the increased rate and depth of 
breathmg When the blood loss is more profound, 
and consequently the oxygen want more urgent, 
long deeply drawn mspirations, and expirations of 
a sighing character ensue (air hunger), or pcnodic 
breathing of a Cheyne-Stokes type may develop 
(p 413) Gaspmg respirations precede death 
Redudtan in capacity of the vascular bed and re- 
dtstribulion of the blood AWien the flow of blood has 
been stanched or considerably lessened by a com- 
plete or partial closure of the wound in the vessel, 
the blood pressure, if this had fallen, nscs agam 
This IS the result mamly of a readjustment of the 
capacity of the vascular system whereby it is 
made to conform more nearly to the lessened 
volume of blood It is this reduction in the vascular 
capacity which prevents the initial fall m pressure 
when the loss of blood is gradual It is effected by 
the reflex narrowmg of innumerable small vessels 
(vasoconstnction) m regions such as the skin, 
mucous membranes, mtestine and other parts not 
immediately essential to life The vascular response 
IS called mto play by the underfilled state of the 
artencs and large veins feeding the heart (see vas- 
cular reflexes, chaps 25 and 27) 

The vasoconstnction is not confined to the small 
artenes and arterioles but extends to the capillaries, 
precapUlanes and metartcnolcs (eg, of muscles, 
mesentery and skin), which show increased re- 
activity to mechanical stimulation and to ad- 
renalme (Zweifach and associates) This phase is 
assoaated with the appearance in the arculation 
of a vaso-excitor matenal (VEM) denved from 
the kidney The discharge of adrenaline or nor- 
adrenahne probably also plays a part in the vaso- 
constnction These measures whereby the blood 
remainmg m the vascular system is confined to 
a smaller space are of the utmost importance, 
they enable the essential centers m the medulla 
to be supplied with blood under adequate pres- 
sure to sustam their vitabty Also a greater quan- 
tity of blood than would otherwise be possible 
IS brought to the heart to supply its muscle, fill its 
cavities and mamtam the arculation The with- 
drawal of blood from the less important parts of the 
body 13 respionsible, however, for some of the char- 
acteristic manifestations of hemorrhage, notably 
the pallor of the skm and mucous membranes, and 
the coldness of the body surface The cerebral 
anemia causes sensations of giddmess or faintness, 
flashes of light or nngmg m the ears (tinnitus) 

The nse in blood pressure at this stage is con- 
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duave to fresh bleeding There is danger of the 
dot becoming dislodged 

In very severe hemorrhage, the hypemormal 
phase of capillary reactivity gives place to one of 
reduced capiUarj'^ responses as the irreversible 
stage of hemorrhagic shock supervenes The 
minute vessels tend toward dilation and become 
unresponsive, though the larger vessds still re- 
main constricted This phase is associated with the 
presence in the circulation of an hepatic vaso- 
depressor substance (pp 77 and 304) 

Delayed effects 


OSMOTIC FEESSUBE 

Osmotic pressure may be simply defined for our 
purpose here as the “attractive” or “drawing” 
force which sodium chlonde, cane sugar and many 
other substances m solution exert upon the water 
molecules when water and a solution of one or 
other of these substances are separated by a mem- 
brane which allows the molecules of water to pass, 
but IS qmte or rdatively impermeable to the mole- 
cules of the dissolved substance Such a membrane 
is spoken of as “scnit-permeable” An example will 
make this dear 


Replacement of the lost fluid This, it has already 
been mentioned, commences almost upon the 
mstant that the blood is lost (p 17), but takes a 
vanablc length of time, dependmg upon the ex- 
tent of the blood loss, to become complete Fluid 
IS “drawn” from the tissues into the vessels and di- 
lutes the blood The corpuscular concentration is 
therefore reduced The protein concentration of 
the tissue fluid is relatively low so that for a 
short time after hemorrhage the protem content 
of the plasma is markedly depressed Very soon, 
however, the concentration of protem m the plasma 
shows a nse again as a result of the mobilization 
of protem stores Calvm found, for example, that 
m dogs SO per cent of the plasma protem removed 
by bleedmg was restored withm 4 hours The ex- 
treme thirst w'hich the subject of acute hemorrhage 
suffers is the call of the tissues for fluid and mdi- 
cates that their own stores are being drami into 
the under-filled vessels The administration of 
water wall therefore aid the body m recovering its 
water balance and replenishmg the blood volume 

Replacement of the hlood cells finally occurs 
through the mcreased activity of the blood-form- 
mg organs This takes several days or weeks, 
the rapidity of the process dependmg to a large 
extent upon the nutntion and recuperative power 
of the mdividual and upon the diet (pp 27 and 
75) While the repaur process is m progress reticu- 
lated cells are found m mcreased numbers m the 
blood (p 16) 

The Factors Governing the Interchange 

OF Fluid Betwieen the Tissues and the 
Vessels 

The physical factors which determme the flow 
of fluid from the tissues mto the blood stream as 
well as m the reverse direction — from the vessels 
to tissue spaces — are the osmotic and hydrostatic 
pressures of the fluids m the two situations 


If an aqueous solution of cane sugar be placed in a 
vessel and a layer of water poured gently upon its sur- 
face, the two hquids will remam separate for a tune. 
Gradually, however, sugar molecules will diffuse upi- 
wards and intermingle with the water molecules, while 
many of the latter will pass downwards mto the sugar 
solution The diffusion process, which is qmte mde- 
pendent of gravity or convection currents, will con- 
tmue slowly until the concentrations of the two types 
of molecules become equal thoughout all parts of the 
hquid If now instead of allowing free diffusion between 
the two solutions to take place, they be separated by 
a membrane which will permit the molecules of water 
to pass through it, but will offer a bamer to the migra- 
tion of the dissolved substance, equal and free diffusion 
cannot occur Smee the water is able to pass mto one 
compartment while the sugar molecules cannot pass 
out, the volume m this latter compartment obviously 
must increase, the pressure will nse The pressure which 
is developed may amount to several atmospheres This 
IS the osmotic pressure, and it may be measured by the 
apparatus shown in fig 3 2 A As the osmotic pressure 
wathm the mner chamber mcreases the mercury column 
IS raised, that is, work is performed In order to dnve 
water through the membrane mto the outer chamber 
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the osmotic force must he overcome In fig 3 2 B is 
illustrated a cylmder fitted with a piston and dosed at 
its lower end by a semipermeable membrane, A force 
greater the osmotic pressure developed withm the 
cylinder would be required m order to filter water 
through the membrane An instrument which measures 
osmotic pressure is known as an osmometer An indirect 
method may be employed, e g , measurement of the 
freczmg pomt or the vapor pressure. 

It IS seen therefore from the foregomg that what was 
spoken of as an ‘‘attractive force" is simply the usual 
diffusion of water molecules mto a solution of sugar 
nhich, owmg to the intervention of a semipermeable 
membrane, cannot diffuse m the opposite direction 
The actual pressure developed may be supposed to 
result from the bombardment of the walls of the con- 
taimng vessel by the imprisoned molecules of the dis 
solved substance.* The osmotic pressure of any solution 
aill then necessarily depend upon the number of the 
bombarding molecules, i e , upon them concentrations 
in the solutions The pressure of a gas also depends 
upon the number of gas molecules per umt volume, and 
indeed it has been proved that the gas laws can be 
apphed to the behavior of dilute solutions of cane sugar 
and other substances which exert osmotic pressure. 

In other words, substances «« dilute solutions behave 
almost precisely as though they were tn a gaseous state 
For instance, an amount of any gaseous substance equal 
to Its molecular weight m grams (gram molecule) at 
standard temperature and pressure has a volume of 
22 4 hters That is, 32 grams of oxygen at 0°C and 760 
mm Hg occupy the same volume (22 4 hters) as 2 
grams of hydrogen under the same condibons Also, 
accordmg to Avogadro’s hypothesis, equal volumes of 
gases at the same temperature and pressure contam 
equal numbers of molecules, i e , their molecular con- 
centrations are identical The molecular weight of cane 
sugar IS 342 grams Therefore, accordmg to Avogadro’s 
law 342 grams of cane sugar if m the gaseous state 
would have a volume, at standard temperature and 
pressure, of 22 4 hters Conversely, 342 grains of cane 
sugar if confined to a volume of 22 4 hters by dissolving 
it m that amount of water will, if the gas laws apply, 
hai e a pressure of 760 mm Hg at O’C Agam, accordmg 
to Bo} le’s law the pressure of a gas is mversely propor- 
tional to the volume at constant temperature. If there- 
fore the same amount of cane sugar be dissolved m half 
the amount of water (11 2 hters) the osmotic pressure 
will be doubled On the other hand, if the concentration 
of the molecules of sugar be reduced by dissolving them 
m double the quantity of water (44 8 hters) the osmoUc 
pressure of the solution will be halved Also, as m the 
case of a gas, the osmotic pressure of a substance m 
solution IS proportional to the absolute temperature 

* Several theories, of which this is the simplest, have 
been advanced to account for the phenomenon of 
osmotic pressure 


The gas laws apply with remarkable preasion to 
dilute solutions, but m the case of concentrated ones, 
though there is a general agreement with the behavior of 
gases, other factors enter m which make the applica- 
Uons less perfect Also substances generally classed as 
electrolytes (p 126), sodium chlonde for instance, exert 
osmotic pressures which are much higher than those of 
non-electrolytes, such as cane sugar or glucose This ap- 
parent departure from the general pnnaples is due to 
the fact that each molecule of the electrolyte is spht into 
two parts (ions) and each of these acts as a separate 
particle and exerts its pressure effect. A sodium chlo- 
nde solution, therefore, as a result of this dissoaation 
has twice as many active particles as a cane sugar solu- 
tion even though the number of molecules m a given 
volume (molecular concentration) of each be the same 

The senupenneability of the membrane, it must 
be emphasized, is an essential factor m the develop- 
ment of osmotic pressure A solution may possess 
a very high osmotic pressure when separated from 
water by a membrane which does not allow the 
dissolved molecules to pass, but will exhibit no 
osmotic pressure when separated from water by 
a membrane perfectly permeable to the substance 
m solution Certam membranes, for example the 
envelope of the red cell, are impermeable to potas- 
sium, sodium and calaum, but permeable to water 
Others — such as the capillary wall — offer little 
hmdrance to the passage of crystalloids In the 
former case, osmotic pressure changes can be 
brought about withm the cell bv altenng the con- 
centration of sodium chlonde m the plasma (p 63) 
But m the latter case sodium chlonde and other 
crystalloids, e g , glucose, urea, bicarbonate, etc , 
though m the concentration m which they exist m 
plasma are capable when placed m an osmometer 
of developmg a pressure of several atmospheres, 
exert a negligible effective osmotic pressure within 
the capiUary smce the membrane of the latter is 
freely permeable to them The colloid osmotic 
pressure of the plasma is less than 1 per cent of the 
total osmotic pressure, i e , of the osmotic pressure 
as measured m an osmometer 

Osmotic pressure is one of the fundamental forces 
underlymg many physiological processes m both animal 
and plant hfe, e g , the excretion of unne, the inter- 
change of materials between the intenors of the blood 
cells or tissue cells and their surroundmgs, the flow of 

“It should be mentioned however that sudden 
chMges m concentration of these substances (as by 
intravenous mjecbon) will result m temporary dis- 
turbances of osmobc relationships while they are dif- 
fusmg to re establish eouihbnum 
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sap in plants, as -well as the regulation of the blood 
volume The fluids of the body contain various electro- 
lytes and organic matenals m solution Semipcrmeable 
membranes of vanous tj'pcs possessmg different selec- 
tive penncabihbes, such as the cell rvall, the vascular 
endothelium, the renal epithelium, and the membranes 
hmng the serous catties and the alimentary tract, are 
interposed between fluids capable of developmg differ- 
ent osmotic pressures The osmotic pressures are how- 
ever not constant, but vary from time to time as a 
result of metabohe processes and the changes in con- 
centration of vanous constituents of the intracellular 
and extracellular fluids madent thereto Furthermore, 
the permeability of hving membranes is not fixed and 
unalterable but is modified by several factors Sodium 
and potassium chlondes, for example, mcrease mem- 
brane permcabihty to water, the chlondes of calaum 
and magnesium decrease it, permcabihty also probably 
IS mereased by a nsc m temperature, and the eggs of 
vanous manne forms {Echtnoderm, Arbacta etc) be- 
come more permeable after fertilization Narcotics, on 
the other hand, m non-toxic doses decrease the per- 
meability of the cell to water 

ISOTONIC, HYPERTONIC AND HYPOTONIC 
SOLUTIONS 

WTien two solutions are placed one on either 
side of a semipermeable membrane and the molec- 
ular concentrations of the dissolved substance are 
such that no osmotic pressure is developed, the 
solutions are said to be tsolomc That is, the pres- 
sures on the two sides of the membrane preasdy 
balance one another When one solution has a 
higher osmotic pressure than the other it is said 
to be hypertomc, the solution of lower osmotic 
pressure is termed hypotonic 

HYDROSTATIC PRESSURE 

The other important factor m the mterchange 
of fluid between the blood and the general body 
fluids IS the hydrostatic pressure withm the capil- 
lanes, i e , the blood pressure, and its relation to 
that of the extravascular fluids 

THE RELATION OP OSMOTIC TO PTYDROSTATIC 
PRESSURE IN THE INTERCHANGE OF FLUID 
ACROSS THE CAPILLARY MEMBRANE 

It has already been mentioned that the sub- 
stances m true solution in the plasma, such as 
glucose, morganic salts, etc , exert httle or no 
eS'ective osmotic pressure withm the capillanes 
Their molecules are of such a size that they pass 
relatively freely through the “pores” of the mem- 


brane Obviously this must be so, otherwise essen- 
tial nutntive matenals could not reach the tissue 
cells and waste products could not enter the blood 
stream to be excreted It is otherwise with th® 
plasma proteins which, owmg to the very large 
size of their molecules, cannot pass readily through 
the normal capillary wall The latter is not, how 
ever, quite as impermeable to the plasma colloids 
as has been thought — they “leak” mto the extra- 
vascular spaces — so, the osmotic pressure which 
they exert m the vessel is somewhat less than the 
value obtained m the laboratory Since the albu- 
min has the smallest molecule of the three plasma 
proteins, it escapes through the vessel m relatively 
greater amounts than the globuhn and fibnnogen 
fractions 

The manner m which these two pressures — 
osmotic and hydrostatic — act in regulatmg the 
mterchange of fluids between the tissues and the 
muscles may now be seen The blood at the arterial 
end of a capillary has a pressure, let us say, of 30 
mm Hg This is a force driving the water and the 
dissolved crystalloids through the capillary mem- 
brane But the hydrostatic pressure of the tissue 
fluid on the outer side of the membrane offsets, m 
part, that withm The pressure of fluid m the tissue 
spaces is difiBcult to determme but it is considerably 
less than that m the capillanes It probably vanes 
considerably m different regions, bemg low m those 
contammg much loose areolar tissue For purposes 
of illustration let it be assumed to be 10 mm Hg 
The hydrostatic pressure, therefore, which is 
effective m foremg fluid out of the vessel (filtra- 
tion pressure) is only the difference between the 
pressure withm and that on the outside of the 
vessel, that is, 20 mm Hg The osmotic (protem 
or oncotic) pressures of the plasma and tissue 
fluids must be taken mto account, however In the 
plasma it amounts to about 25 mm Hg The tissue 
fluids have a lower protem content and conse- 
quently a lower osmotic pressure The latter 
amounts to about 15 mm Hg The difference, i e , 
10 mm m favor of the plasma will act as an attrac- 
tive force to hold flmd within the vessels and so 
should be subtracted from the value of the effective 
hydrostatic pressure of 20 mm as calculated above 
The net result of these opposmg forces will be the 
filtration of flmd through the vessels under a 
pressure of (20 — 10) =■ 10 mm Hg 

The osmotic pressure of the plasma tends to 
rise as the blood flows through the capiUary as a 
result of the passage of water outwards and the 
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consequent nse m the concentration of protein 
That IS, the force holding fluid within the vessel is 
increased The hydrostatic pressure, on the other 
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hand, falls gradually from the artenal to the venous 
end of the capillary Near the artenal end, the 
blood pressure being greater than the osmotic 
pressure, a filtration of flmd with a low concen- 
tration of protem will result (see fig 3 3) Near the 
venous end, the hydrostatic pressure falls below 
the osmotic pressure and a flow of dflute fluid 
(aater and salts) from the tissue spaces into the 
blood takes place Transudation of a dilute plasma 
and reabsorption of a saline fluid, respectively, are 
continually going on m these two regions of the 
capillary bed 

Metabolic processes in the tissues bring about 
changes thereby larger molecules are bemg broken 
down mto smaller ones, other molecules are re- 
moved or built up mto larger ones In this way 
alterations in molecular concentrations and in the 
diffusibility of the constituents of the tissue fluids 


" It has been reported by McMaster and Rous tha 
a>e rarbdes ^pe more readily from the venom 
end of the capillary They conclude that the capillan 
permeabihty incr^ progressively from the artena 
to the \enou3 end Tbs imphes ^at a steady fall u 
Mmolic pressure nould result as the venous end na' 
approached since more protem would leak out If thu 
conclusion is correct, it is difficult to see how filtra 
tion and absorption could occur m different parts ol 
ferine capi Ian and ,t would be nec^^ty'Con' 



Fig 3 3 IHustratine the relation of hydrostatic and 
osmotic pressures m the regulation ol the interchange 
of fluid between the vessels and the tissue spaces 

with consequent vanations m osmotic relation- 
ships are occurring ceaselessly 
Under any arcumstance m which the blood 
volume is mcreased or diminished, either the 
hydrostatic pressure or the osmotic pressure or 
both are altered, and it is through such changes 
that the blood flmd is restored automatically to 
Its previous level After hemorrhage, for example, 
the hydrostatic pressure is lowered in the capillary 
area but the osmotic pressure is unchanged Fluid 
will therefore be absorbed from the tissue spaces 
Moreover, constriction of the capiUanes tends to 
reduce, dilatation to increase the capillary pressure 
Therefore, the capillary constriction which follows 
a severe hemorrhage will slow the filtration rate 
at the artenal end of the capillary and increase 
absorption of mterstitial fluid at the venous end 
Again, when water is drawn from the blood, in 
consequence of excessive loss of fluid b> the kid- 
ney, sweat glands or bowels, concentration of the 
plasma proteins will result The mcreased osmotic 
pressure of the plasma will then hasten the rate of 
absorption from the tissues The intravenous in- 
jection of large quantities of isotonic sahnc, on 
the other hand, will have the twofold effect of 
diluting the colloids and temporarily increasing 
the hydrostatic pressure The excess fluid in con- 
sequence IS rapidly eliminated from the blood 
stream mto the tissues and later through the kid- 
ney and bowels 
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Structxjbe ot the Lymphatic System 

The lymphatic system commences penpherally 
as a meshwork of dehcate vessels (lymph capil- 
lanes) which dram the tissue spaces By the con- 
fluence of small vessels larger ones are formed 
which, receivmg tnbutanes along their course, 
gradually swell m size, and finally form the nght 
lymphatic and thoraac ducts These pour then:' 
lymph mto the blood stream by way of the nght 
and left subclavian vems, respectively The sys- 
tem IS a closed one, its vessels possessmg complete 
walls formed of endothehal cells ^ But their walls 
as compared with those of the blood capiUanes are 
extremely permeable, a dye such as T-1824 (Evans 
blue), which escapes very slowly from the blood 
stream, passes rapidly from the lymphatic vessels 
Small nodes (l3Tnph nodes or glands) are mteiposed 
m the course of the larger lymph channels These 
vessels, upon reachmg the gland, break up mto 
finer channels which, plungmg mto the node, 
open into the smuses of its cortex After passmg 
through the gland the lymph is collected agam on 
the other side by fine vessels which soon re-form 
mto a few larger trunks The glands are placed at 
strategic pomts along the lymph routes, e g , the 
elbow and axilla, knee and grom m the case of the 
upper and lower hmbs, and at pomts m the abdo- 

* It IS very widely though not universally beheved 
that the lymphatic vessels have not an mdependent 
ongm but are developed from the endothehum of the 
vems, appeanng m the embryo as offshoots or “buds” 
from the internal jugular, abdommal and ihac veins 
(fig 4 1) The lymph vessels grow and extend by the 
proliferation of the endothehal cells composing the 
walls of these onginal sprouts Such reservoirs of fluid 
as the subarachnoid spaces, the anterior chamber of the 
eye, the spaces of the internal ear (scala vestibuh and 
tympam) and the serous cavities (pentoneal and 
pleural) may be looked upon as belongmg to the system 
of tissue spaces and as havmg developed from the dila- 
tation and coalescence of smaller preexistmg spaces m 
the mesenchyme The fluid m the spaces of the central 
nervous system differs however from lymph and is 
drained, not by lymphatics, but by speaal absorbmg 
structures — the arachnoid vilh Nor is the anterior 
chamber of the eye related to the lymphatics, but is 
drained through spaces m the pectinate hgament, and 
the aqueous humor differs m composition from lymph 
Flmd IS absorbed from the pentoneal cavity mainly via 
the blood capiUanes Soho particles (e g , granules), 
on the other hand, are picked up by large phagocytic 
cells and conveyed mto the lymph system, espeaally 
those of the diaphragm 


men, thorax and neck where several lyinph vesseb 
jom Lymph vessels are situated m skm, m sub- 
cutaneous tissue, m the fasaal planes of muscles, 
m the linmgs of the respiratory, gastro-intestmal 
and gemto-urmary tracts, and m the capsule and 
septa of the hver Those in the mtestinal viUi 
are known as lacteals 

In the walls of the abdommal cavity the lym- 
phatics are most abundant on the under surface of 
the diaphragm, where the greatest lymphatic 
absorption of colloidal material and mmute par- 
tides takes place The respiratory movements 
hasten absorption from the abdommal cavity, 
probably by varymg rhythmically the mtra- 
abdommal pressure Absorption also takes place 
mto lymphatics of the omentum Phagocytes 
play an important role m absorption through both 
the diaphragm and omentum Absorption through 
the panetal pentoneum is shght and is mainly 
through the blood capiUanes, which absorb only 
crystalloid solutions The l}Tnphatic system of the 
heart consists of mtercommvmicatmg plexuses 
lymg beneath the epicardium and endocardium, 
and withm the myocardium Lymphatics are also 
present m the areolar tissue underlymg the peri- 
toneum and pleurae They are absent from the 
central nervous system In the lung the lymphatics 
extend no further than the respiratory bronchioles, 
the alveoh bemg quite devoid of lymph capiUanes 
Very active proliferation of the lymph capiUanes 
occurs m an inflamed region 

The skm is supphed nchly with lymph capil- 
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lanes The IjTnph vessels m the deeper layers of 
the skin are so abundant, according to McMaster, 
that the skin cannot be punctured anyvfhere 
without tearing them, and smce the flow of lymph 
along these vessels is relatively rapid, foreign 
material mjected mto the s kin soon reaches the 
regional lymph nodes An mjection mto the skm 
IS, therefore, an mjection mto the lymphatic 
system The penneabflity of the lymph capiUanes 
IS inaeased by many agenaes, e g , sunhght, 
warmth, and by mechamcal or chemical stimula- 
tion, histamine is particularly effective. Their 
walls may become so piermeable that they can 
scarcely be considered as channels walled off from 
the surroundmg tissue spaces 

The Nodes as Deeense Bahriers 

The l 5 Tnph nodes must be looked upon as im- 
portant structures for the defense of the blood 
against the invasion of bacteria or other mjunous 
agents travelhng by the lymph paths When an 
infection of a part — a finger for instance — Ivmg 
distal to a gland occurs, the latter becomes m- 
flamed as a result of the localization therem of 
some of the bacteria or their toxins earned m the 
Ijunph The gland swarms with motile cells (pha- 
gocytes) which attack and destroy the mvadmg 
otgamsms In this way a banner is raised against 
the passage of deletenous agents, particularly bac- 
teria, mto the blood stream In the case of the 
lunbs at any rate it appears that no material can 
pass from the tissues to the blood stream via the 
lymph mthout filtermg through the lymph nodes 
The effectiveness of the nodes as filters has been 
dearly demonstrated by Drinker and his associates 
The popliteal and iliac lymph nodes of dogs were 
perfused with solubons containmg virulent strep- 
tococci (250,000,000 colomes per cc.) After per- 
fusion lasting for over an hour the fluid collected 
from the thoracic duct was found to be sterile 
After the node itself has been attacked by the 
microorganisms it may then serve as a source 
from which the blood stream becomes mfected 
Though highly e£6aent as filters for bactena the 
nodes appear to offer but slight hmdrance to the 
passage of viruses There is evidence that the Ijunph 
nodes contnbute towards the body’s defense m 
another way, namely, by the production of anti- 
bodies (p 95) 

Barnes and Trueta have shown that bactena 
pass from the tissues to the blood solely by the 
13 'mph stream, and that even toxins and venoms of 


large molecular weight (over 20,000) are not ear- 
ned mto the blood if the lymph vessels have been 
blocked. These observations m part explam the 
success which has followed the immobilization of 
mfected parts m plaster, this procedure might be 
expected to reduce to a minimum the lymph flow 
from the inflamed region and thus to confine the 
infective process 

The Composition oe Lymph 

The lymph of the small penpheral lymph vessels 
and the flmd of the tissue spaces are closely similar 
m composition, and both resemble theblood plasma 
They have, however, a protem content which is 
much lower than that of the blood fluid Dnnker 
found the protem content to vary under different 
conditions from 0 3 to 40 per cent in mammak 
The higher figure, however, is unusual, concentra- 
tions between 0 5 and 0 7 per cent were found for 
human leg lymph 

The proteins of the tissue fluid (and conse- 
quently of the l)nnph) are denved, as w'e have 
seen, from the plasma proteins and are iden- 
tical with the latter, the three fractions alpha, 
beta and gamma bemg separable by electro- 
phoresis But the proportion of albumin to glob- 
ulm IS greater (2 to 1) m lymph than m plasma, 
owing to the freer passage of the smaller al- 
bumm molecule The protem concentration is 
not constant, however, throughout the lymphatic 
system In the thoraac lymph it is as a rule con- 
siderably higher than m penpheral lymph, being 
about half that in plasma, and m lymph from the 
hver its concentration closely approaches that of 
plasma, bemg only about 16 per cent less The 
fibnnogen concentration of lymph, generally, is 
very low Lymph also contains prothrombm (p 
113) It clots slowly Lymph contams large num- 
bers of white cells, mostly lymphocytes, but rela- 
tively few red cells The number of leucocytes 
vanes from 1000 to 20,000 per cubic millimeter m 
thoracic duct lymph of the dog and averages 550 
per cubic millimeter m penpheral lymph In 
penpheral lymph there are from 300 to 13,000 
erythrocytes per cubic millimeter The lymph 
flowing from the thoraac duct, since it comes 
largely from the mtestme and hver, wnll vary m 
composition m accordance with the digestive 
processes Its protem content is under ordinary 
arcumstances from 2 to 4 5 per cent Withm 1 or 
2 hours after a meal containmg much fat the 
thoraac duct lymph appears milky The lacteak 
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TABLE 5 


Chemical composition of peripheral lymph (cervical) and blood plasma from the dog 

(From Heim, 1933) 
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and the fine Ijnnphatics of the mesentery, being 
loaded \Mth globules of absorbed fat, are seen as 
glistening white streaks 

The composition of plasma and penpheral lymph 
(i c , lymph m the subcutaneous vessels of the 
limbs or neck) arc compared in table 5 

It will be noted that calcium and total phos- 
phorus, which are in part bound with protein, are 
m lower concentration *han in plasma, the other 
constituents with the exception of protem and 
ammo aads arc in higher concentration The 
inequality m distribution of these electrolytes is 
explamed satisfactorily by the Gibbs-Donnan Law 

The Formation, Pressure and Flow of Lymph 

After what has been said with regard to the 
forces concerned m the regulation of the fluid 
interchange between the capillaries and the tissues 
httle need be added m explanation of l 3 Tnph for- 
mation The two processes are mter-related and 
similar m nature Any condition which mcreascs 
the outpounng of fluid from the capiUanes into the 
tissues will tend to mcrease the flow of lymph The 
l 3 Tnph capiUanes are much more permeable than 
the blood capillaries, and though the tissue spaces, 
1 e , the clefts between groups of tissue cells, are 
separated from the l 3 miphatic system m an ana- 
tomical sense, the walls of the latter vessels are so 
permeable that they offer httle impediment to the 
movement of cither protem or crystalloids It has 
been already stated that of the fluid which tran- 
sudes from the blood at the arterial end of the 


capillary much of the water is reabsorbed from the 
venous end The protem, however, passes into the 
lymph The lymph capillary is therefore the special 
channel whereby protem is returned (m a round 
about way) to the blood It is also concerned with 
the absorption of other colloids, or of particulate 
matter which may be introduced mto the tissue 
spaces It IS an interestmg fact that m the frog, in 
which the blood capiUanes are much more per- 
meable to protem than those of mammals, the 
entire protem of the plasma passes from the blood 
and back agam to blood via the lymph system, 
some 50 times m 24 hours (fig 3 3) 

Under ordmary conditions the pressure of the 
thoracic duct lymph is very low but if the duct is 
obstructed m the dog, a pressure of 15 cm of 
water develops The rate of flow along the human 
thoracic duct (as measured in cases of duct fis- 
tulae) is from 1 to 1 5 cc. per mmute Cam and 
his associates found an average flow of 0 46 cc 
per mmute m the thoracic duct, of which more 
than half, about 0 26 cc , was contnbuted by the 
lymph vessels of the hver 
The pressures m the penpheral lymph vessels 
durmg rest run from 0 to 6 cm of water accordmg 
to different observers usmg vanous species of am- 
mals In inflammatory states and durmg activity 
the pressure m the larger lymph vessels of the part 
rises considerably above the restmg value Also 
when a lymph vessel becomes obstructed, the 
pressure on the distal side (i e , toward the finer 
vessels) of the obstruction mcreases, the vessel 
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becomes distended on this side and collapsed on 
the proximal side. The IjTnph pressures decrease 
from the periphery toward the more central chan- 
nds, and are higher on the distal side ol a IjTnph 
node (mesenteric) than on the proximal side In 
the Iranph capillaries of the mouse’s ear pressures 
up to 2 7 cm of water were found by Mchlaster, 
the latter figure exceeds that usually found bj 
most obsen'ers m the larger Ijunph trunks of other 
rnimals 

Obliteration of the lumen of the finer hinph 
\ essels b\ a high pressure m the tissues is prowdcd 
against hr the fastenmg of the walls of the \ essels 
br fibnllae to the surroundmg tissue cells llTien 
edema fluid collects and the tissue pressure nses, 
the fine hinphatics do not collapse, but, on the 
contran , their l iimin a become wider (McMaster) 

The mechamsm go\ emmg the passage of tissue 
fluid into the IjTnph \ essels is obscure, though the 
action of the pulse m the blood ^ essels of the part 
appears to plaj a part McMaster and his asso- 



Fig 4,2 Showing rates of filtration produced dunni 
^ mmutK by % enous pressures between 20 and 80 cm 
water (after Landis and Gibbon) 


ciates have demonstrated the importance of a 
pulsatile flow m the vessels of the perfused rabbit’s 
ear, m the spread of vital dj cs through the tissues 
and m the formation and flov. of lymph 

cosninovs which in crease the lyhph now 

(1) Increase xn Capillarv Presslre as a 
Resdlt or Venous OBSxRUCnoN Landis and 
Gibbon found that in man filtration from the 
capillanes showed a definite increase when the 
venous pressure rose above 12 or 15 cm of water 
The rate of filtration from the capillanes was 
directly proportional to the increase m venous 
pressure (fig 42) At a giv cn v enous pressure the 
filtrabon rate mcrcased rapidl> at first but gradu- 
allv slowed and finallj ceased This falling off in 
the filtrabon rate is asenbed to the nse in extra- 
capillarv’ pressure, due to the fluid accumulation, 
which opposes the hjdrostabc pressure within the 
capillary The accumulabon of extracellular fluid 
IS therefore greater m regions which arc loose m 
texture and where the skin is readily stretched 
In persons with firm, resistant skin, edema, for the 
same reasons, is later m making its appearance and 
IS less pronounced than in those wnth loose, flabby 
skins, as when weight has been lost rapidlv 

Increased pressure m the v ems of the portal area, 
as may be produced by obstructing the portal v cm 
or the hepabc veins, causes increased filtration 
mto the tissues of the abdormnal viscera and a 
great increase m the volume of lymph flowing 
along the thoracic duct 

Increase m arterial pressure, on the other hand, 
does not increase filtrabon m animals until the 
pressure reaches around 300 mm Hg 

(2) IeCREASED PERlIZABIUri OF THE CAPa- 
LARS Wall, (a) A rise tn tcmpcralurc increases 
capillary' pcrmeabDity, raises the filtrabon rate 
and the flow of lymph 

(b) Capillary poisons Peptone increases the 
flow of lymph from the thoraac duct probablv as 
a result of its mjunous effect upon the abdominal 
capillaries The increased flow occurs after removal 
of the hver so myury to the hepabc v cssds is not 
essential as was once beheved for this acbon of 
peptone (Markowitz and Mann) Other substances 
which mcrease lymph flow m this way are extracts 
of strawbemes, cray-fish, mussels and leeches, 
histamme and foragn protems Such matenals are 
referred to by Heidenham, as lymphagogues of the 
jitsl doss Heidenham hdd the view which is held 
no longer that the endothehum of the capillary 
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possessed a true secretory function and that it was 
stimulated to activity by Ijunphagogic agents 

(c) Reduced oxygen supply to the tissues (oxygen 
want), probably through damage to the capillary 
endothelium 

(3) HypERTONic Solutions The mtravenous 
mjection of a concentrated solution of glucose, 
sodium sulphate or sodium chlonde causes an 
increased flow of lymph from the thoraac duct 
m the followmg manner These substances m con- 
centrated solution, though they permeate the capil- 
lary wall, exert an osmotic pressure until equilib- 
num between the extravascular and mtravascular 
fluids IS re-established Flmd is "attracted” from 
the tissue spaces, particularly of the muscles and 
subcutaneous tissues of the limbs, which m conse- 
quence show a fall m volume, the bram shrinks 
The removal of fluid may actually extend to the 
fluids withm the cells which undergo shnnkage, 
and general desiccation of the tissues results (p 23) 
The blood volume for the time is greatly aug- 
mented, the excess fluid for the most part bemg 
accommodated m the capaaous capillary and 
venous areas of the abdomen The ’viscera — ^hver, 
kidneys, spleen and mtestmes — mcrease m volume, 
due to the distension of then vascular beds, and 
a great outpourmg of fluid occurs, which swells 
the volume of lymph m the thoraac duct In this 
way these substances produce a redistnbution of 
fluid Smee the water-logged tissues eventually 
give up the extra fluid for excretion the body suffers 
a net loss 

The mjection of isotomc salme will also mcrease 
the l)Tnph flow smee the plasma colloids are diluted 
thereby and the filtration through the capillary 
is mcreased Substances which maease the flow 
of lymph m the matmer described m this section 
are sometimes spoken of as lymphagogties of the 
second class 

The efiect which hypertonic solutions have upon the 
movement of tissue fluids had extensive apphcation 
dunng the first World War SirA E Wnght mtroduced 
the practice of packing woimds with salt crystals or 
imgatmg them with a hypertomc salt solution This 
causes an outward flow of lymph and tissue fluid, which 
results m the mechamcal removal of the bactena and 
their toxins from the tissues bordermg the wound 

(4) Increased Fdncitonaz Aenvny When a 
gland or muscle enters mto activity an mcrease m 
lymph flow occurs which starts a httle after the 
commencement of the seaetory or contractile 
response, but is nearly synchronous with the m- 


creased metabolism resultmg from the activity 
The mcreased flow is asenbed to (a) formation of 
metabolites which mcrease the osmotic pressure 
of the tissue fluids and so “attract” more fluid 
from the vessels (b) vasodilation and mcreased 
capillary pressure 

Dunng rest the flow along the lymph vessels of 
the muscles and subcutaneous tissues is slight, and 
the protem content of the lymph is high Dunng 
activity the protem concentrations fall smee less 
transuded water undergoes reabsorption mto the 
blood and more is earned away by the lymph 
channels The contractmg muscles exert a pump- 
mg effect upon the lymph, dnvmg it along the 
vessels The rhjithrmcal movements of the m- 
testmal wall exert a similar effect m promotmg 
the flow m the fine lymphatics of the submucosa 

(5) Massage and Passive Movement act to 
a certam extent hke muscular activity They aug- 
ment the blood flow and capillary pressure and 
so mcrease lymph formation The mampulations 
and movements of the muscles serve to propel the 
lymph along the lymphatic channels 

edema (see also p 474) 

Edema is the term apphed to an excessive accu- 
mulation of fluids m the tissue spaces, and is due 
to a disturbance m the mechanisms of flmd mter- 
change, which have been considered m the pre- 
cedmg pages * Instead of there bemg a perfect 
balance struck between the mward and outward 
flow of flmd through the capillary membrane 
absorption is exceeded by transudation The par- 
ticular factor or factors of the mechanism that are 

* When the subcutaneous tissues are involved these 
appear swollen, and leave the impnnt of the thumb 
when It IS pressed mto the skin (pitting) Dropsy 
(hydrops) is an old-fashioned term which is applied 
to edema as defined above or to a free collection of 
flmd withm one of the body cavities, e g , the thorax 
or the abdomen Hydrothwax is also apphed to the 
former of these conditions and asettes to the latter 
Anasarca is a more or less generalized edema mvolving 
the subcutaneous tissues 

It IS important to remember that the term edema 
apphes to a gross collection of extravascular fluid 
The bulk of tissue flmd fluctuates widely m health, and 
m pathological states may be very considerably m- 
creased before the mcrease is evident clmicaUy When, 
for example, a normal person stands for a time the 
extravascular fluid of the legs mcreases, and the immer- 
sion of a limb m a hot bath hastens the rate at which 
flmd transudes from the vessels — the hmb volume nses 
as a result, largely, of flmd accumulation m the tissues 
Drury and Jones foimd that edema appeared when the 
mcrease m flmd mcreased the volume of the leg by 8 
per cent. 
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disordered are not always clear, and a satisfactory 
explanation of all forms of edema cannot be given 
But from prevoous discussions it is evident that 
the followmg factors will tend to mcrease the v ol- 
ume of mtersUtial flmd (1) Reducbon m the 
osmotic pressure of the plasma, i-e., m protein 
concentration. Edema commences when the 
albumm fracbon has fallen to between 25 and 3 
per cent (2) A general or a local nse m capillary 
blood pressure (3) Increased permeabilitv of the 
rapillaiyr membrane (4) Increase m the filtenng 
surface as when the capiUanes dilate (S) Obstruc- 
bon of the lymph charmels 
There is a tendency for edema to reach a certain 
degree and then to become stationary- prondcd the 
condibons producmg it remam constant, for as 
we hav e seen, when the tissue fluid pressure reaches 
a cnbcal level its opposibon to the force dnvmg 
flmd from the vessels prevents further transuda- 
bon 

Smee edema is only a symptom of some pnmarv 
condibon it may hav e a v anety of causes, accord 
mg to the parbcular disease mth which it is asso- 
ciated 

(1) Cardiac edema The edema of congesbve 
heart failure has been generally attributed to an 
elevabon of pressure m the venous and capillary 
systems combined with mcreased capillarv per- 
meabflity due to the anona resulbng from slowing 
of the peripheral blood flow The mcrease in v cnous 
pressure seen m congesbve heart failure seemed to 
accord well with this vnew, for the edema is most 
pronounced m dependent parts, e g , about the 
ankles m the standing posibon, where distension of 
the capiUanes and the capillary pressure would be 
greatest In some cases of congesbv e heart failure 
the plasma protein concentrabon is reduced, and 
this was looked upon as a contributory cause of 
the edema 

These explanations, vnewed more cnbcally', hav-e 
prov ed inadequate Warren and Stead have shown 
that in congesbv e heart failvire an mcrease in the 
volume of extraceUular flmd (plasma and mter- 
sbtial) precedes any nse m venous pressure and 
that edema may commence with a normal venous 
pressure and plasma protem concentrabon hlore- 
over, an enormous mcrease m venous pressure 
follows hgabon of the mfenor v ena cava, v et only 
a shght and temporary edema m the limbs occurs 
Failure of the kidney to excrete the normal quan- 
bbes of sodium chlonde and water, which leads m 
turn to an mcrease m the volumes of mtersbbal 
flmd and plasma appears to be the fundamental 


cause of the edema m congestiv e heart failure A 
rise m the volume and pressure of intcrstibal 
fluid, according to Warren and Stead, precedes 
the enlargement of the plasma volume which is 
then followed bv the elevation of venous pressure 
The renal disability, in the opinion of many , is 
due mainly to a reduced cardiac output rather 
than to a “back pressure” effect through the 
venous system mth engorgement of the vessels 
of the kidney (see p 260) 

IMien hypoprotancmia exists it is not, as a rule, 
a prominent feature, and can act merely as a sub- 
sidiarv factor m the production of this type of 
edema Increased manufacture of plasma protein 
usualK goes hand m hand with the nse in plasma 
volume so that the colloid concentrabon of the 
plasma remains, as a rule, unaltered and the total 
quanbty of protem is increased 

It 15 questionable whether the capiUanes arc 
rendered more permeable as a result of anoxic 
damage to the endothelial wall The existence of 
this factor in the production of cardiac edema has 
not been proved, but the observation that the 
edema fluid has a low concentration of protein 
argues strongly against it Once a high venous 
pressure has developed, the filtration rate through 
the capillary membrane must ncccssanlv be in- 
creased and the production of edema fluid facili- 
tated In addition to this the drainage of IvTnph 
from the edematous tissues appears to be at a 
standstill, for it has been observed by McMastcr 
that though the lymph vessels arc vvidch dilated 
they are fiUed wnih stagnant lymph This phenom- 
enon, which has not been accounted for and is not 
observed m other tvpes of edema, must undoubt- 
edly serve as an aggravating factor (Sec table 
bdow) 

Summary of factors leading to He production of edema 
find in congestire I eart failure 

A Mam factors m the order of their occurrence 

(a) Reduced cardiac output (“forward failure”), 
or mcreased renal venous pressure ("back- 
ward failure”) 

(b) Reduced renal blood flow 

(c) Retention of sodium chlonde and water 

(d) Rise in volume of extracellular fluid 

(e) Increase m plasma volume. 

(f) Elevabon of venous pressure. 

(g) Failure of lymphabc drainage 

B Subsidiary factors which may be present 

(a) Low plasma protem, sometimes 

(b) Anonc damage to capillary wall Quesbon 

abh.. 
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The mechanism of sodium retention is still a 
controversial question 

Merrill has investigated the factors mvolved in 
the retention of salt m congestive heart failure 
and has found that the renal plasma flow (ch 35) 
as measured by hippuratc, was reduced by from 
50 to 75 per cent or more of the normal, and the 
filtration rate, as measured by the inulin clearance 
metliod, by 25 to 50 per cent The reabsorption of 
salt by the tubules was not mcreased, the reten- 
tion of both sodium and chlonde being due solely 
to the reduction m filtration rate, which was the 
result in turn of the reduced renal blood flow This 
latter was diminished to a greater degree than was 
the cardiac output, w’hich indicates a diversion of 
blood from the renal circulation 

There are other instances of cardiac edema which 
cannot be explained by a reduction m the glomeru- 
lar filtration rate, this may be of normal value 
Increased reabsorption of sodium by the renal 
tubules then appears to be the dominant factor 
Hov. this IS brought about remains obscure, 
though it IS suspected that some alteration in 
intracranial hemodynamics and fluid pressure is 
responsible Sodium retention, for example, is 
less in the recumbent than m the sittmg position, 
but raising the volume of the extracellular fluid 
wnthm the cranium, by compression of the veins 
of the neck, increases the excretion of salt in the 
sitting position comparable with that m recum- 
bency (Harrison) The rise m pressure m the renal 
veins in the upright position also tends tonard a 
reduction m salt excretion How reduction m 
intracranial extracellular fluid volume enhances 
the tubular reabsorption of sodium is quite un- 
known The possibdity has been suggested that 
it is of hormonal nature, through the suppression 
of the antidiuretic prmaple, or to increased ac- 
tivity of the adrenotrophic hormone upon the 
adrenal cortex Increased excretion of adrenal 
steroids in cases of congestive heart failure have 
been reported 

As mentioned elsewhere, fluid m order to be 
held in the tissues must be isotonic, salt retention 
is, therefore, followed inevitably by an mcrease m 
body water It is dear then that the volume of 
extracellular fluid can be reduced by restnction of 
the salt intake, or by the admmistration of diuretics 
which remove both water and salt Also, para- 


as by administering dig 
suitable drug 

(2) Mechanical obslrt 
mam vems leading Iron 
new growth, fibrous tis 
liver, thrombosis, etc , 
fluid occurs This is due 
capillary pressure but 
capillary wall is also in 
unpaired blood supply 
growth, probably to thi 
stances as well In the 
cirrhosis, in which asq 
an additional factor ^ 
the hver of an antifliui 

(3) Edema due to i 
glomerulonephritis and 
due to the reduction u 
plasma protems and so 
the blood (see p 474) I 
lai>' wall IS damaged and 
protem escapes m ex( 
tissues, so the edema i 
protem concentration 

(4) Inflammatory edt 
factors combme to prod 
the tissues Increased 
due to dilatation of thf 
of the blood stream (p 
bosis and obstruction o 
lymphatics for a vanabi 
matory area are obstrm 
walls arc also senously 
toxm or other mjunous 
a high protem content 
The edema is locahzed t 
surrounding the mjurei 
eg, aspum, morphine 
duce the edema of sim] 

(5) Giant edema This 
tory edema which comes 
involves the loose areolar 
hands, face, external gemt 
runs in famihes Little is ki 
mode of its production 
hberated at the site of t 
immediate cause (ch 28) 
IS frequently a foreign pi 
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anaphylactoid nature and constitute one t) pc of nllcrg> 
This t>’pc, also termed agwiteiirolic edema, is allied 
to the very localized edemas which constitute the con 
dition known as urticaria and which as suggested h> 
Lewis are due to the liberation of a histamine like sub 
stance in the skm 

(6) Edema due lo malnutnhon or to toxic substances 
Edema may occur in the anemias or in conditions in 
which the general nutnUon of the bodj suffers WTien 
the diet is deCaent m Mtamins, or there is loo lilllc fat 
or protein m the diet edema ma) occur, as in ben ben, 
scurvj, “war edema** or in the fault} nutrition of in 
fants In animals edematous conditions ha\e acfuall} 
been induced by general underfeeding, or b} a diet dcfi 
aent m fat and in fat soluble \ntamins, or b} one dcfi 
aent in protan alone The factors responsible for tlic 
increased transudation in these cases arc not alwn}s 
dear, but in others there is a marked lowenng of plasma 
protein which alone is sufTiaent to account for the 
edema In man} inslances, on the other hand, hiTio 
protanemia does not occur In such cases the lact of 
some essential animo-aad ma} be the determining fac 
tor A simple explanation lias liecn offered bi Ifenscliel 
and his colleagues, namcl}, that owing to the loss of lis 
sue on the famine diet the extracellular fluids (plasma 
and interstitial fluid) show an apparent increa'o that is, 
though not showing an absolute increase, tlic} arc 
greater than normal m relation to bod} weight Hen 
schel and his colleagues m cxiienmcnts upon a group of 
normal }oung men on a semi starvation diet found that, 
while the 0650(1116 volume of extracellular fluid remained 
fairl} constant at the value observed liefore the subjects 
were put upon the expenmenlal diet, it increased grad 
uall} to about 40 per cent above normal when con'id 
ered in relation to bod} weight, edema aiipcarcd when 
the relative mcrcasc in volume reached from 8 to 10 
per cent abov e normal, which is approximatclv the same 
as the mcrcase in volume of interstitial fluid at which 
other types of edema appear (sec footnote, p 37) 
Increased capillary pcrmeabilif} due to impaired nu 
tntion of the vnscular walls was the mam cause of the 
starvaUon edema in the Netherlands during the last 
war In some cases of nutritional edema, excretion of nn 
antidiuretic substance has been reported 


Certain chemical substances such ns arsenic, «alts 
of heavy metals, and the toxins of certain infectious 
diseases, such ns diphtheria, acute nephritis, etc, arc 
known to act ns capillary iioi'nns and niiiiarcnll) cause 
edema in this way An interesting lyfie of a toxic cdcnia 
IS that which may lie proiluccd m animals by tlic injee 
tion of hcmatoporjihv rin (ji (lO) fins subvtnnie ap 
pears to sensitize the tissues towards light rav», and 
the edema occurs only after expo ure flistamint c lusers 
local edema at the fioiiil of injection bv inducing capil 
lary dilatation and inacascii iiermcalnlity of the mem 
branc 

( 7 ) JJema due lo l^mfhshe ct struetton 01 e<truclinn 

to the outflov of Ivmph from the ti'vue paces tiiav 
cause iironounccd lahma, even though the venous 
channels ami the capillirv ves'els arc unaficetrd 
1 dtma of tins nature is readily Jirreluccd in fr'i„ !>} 
comjirc'sion of the lymph channel'' aloae ft is more 
difllcull to prmliicc crlema in this V av 111 hirher anmiab 
but if the obstruction is complete tilenia in 

them al o 1 dema of tins nature is 'een 1 1 infecto iia 
vvilli the filanal paras Ic which finds it' v ay into the 
lymph ves cK of the limbs and blocl the r lumma v illi 
tbe [iroduction of the condition 1 no v n ns rVjd antia < 
The pleural cav itics deiiend for the ab' orji i m of a flui 1 
ujMjn the lymjih cliannel and arnirruhtn a* of ilui 1 
mav occur here ns a result of Ivniphatie ob trucliotv 
file cilcma a <ociatc<l with carcinoma 1 due rbicllv to 
tbe filling nf the lymjdntir chani e! with of cart 
ccr Cells as v ell as to venous ob'Injrlif'O cau e,) 1 v tl e 
jiicssuic of the gro -lb The ‘mill leg" r f llic (i rt 
penum is m part due to lymjihalic o1 vtruet on H e 
li'suc fluid in these Ivjies of edema has a rthiiveU lujli 
conrcntralion of jirolrm 

(8) Jleit edr" a Die rilect id leal 
pcmualjilit) Ik-ih nicnliontil (p 3^} I 

lirat mi) ncluilK lrn<I to t^jfm in rnn ll o-curs jn 
the tropics an'l t)cn 5 ionall> in '-o cnllril tctrj.<Tatc 
durmf: nn mtcii'c lucre *i r m 

\oIumc, cnlirpcmcnl of ilir lilirnnr urfirc n*; a rr ull 
of the opening; Up of frr>Ii cipiirinr* nufl the n't m 
cijiillarj prr^.'^urc uimJcnt to the (IihtTtion of cap llanca 
prcMou'l) jinlcnt, nrc ol^o ficlnM m the p tKliictmn of 
this Ijpc of cilcnru 
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The materials employed for restormg the blood 
volume to normal are, (1) Whole blood, (2) plasma 
or scrum, (3) soluhous of colloids, e g , gum acacia, 
isinglass etc , (4) soluhous of crystalloids, e g , 
saline or glucose solutions 

(1) Whole Blood* 

Theoretically, whole human blood is, of course, 
the ideal transfusion fluid The improvements and 
simplification of technique in recent years and the 
advance m knowledge of blood mcompatibilities 
have made blood transfusion immeasurably safer, 
and rendered it available under circumstances 
which hitherto would have been msuperable It is 
used not only m cases of emergency such as 
severe hemorrhage or w ound shock, but m several 
other conditions Below are listed some of the 
conditions m which it is employed 

Hemorrhage 

Anemias, espeaally, aplastic anemia and hemolybe 
disease of the newborn, agranulocytosis and hem- 
orrhagic diseases, e,g, hemophiha and purpura 
hemorrhagica 

Shock (wounds, bums) 

Malnutntion in infants, marasmus, acute mtonca- 
tions 

Septic conditions, septicemias 

The red cells of the transfused blood survive and 
carry out their functions for several weeks (around 
80 days on the average) after their mjection On 
this account whole blood is greatly superior to any 
other transfusion fluid m any condition m which 
the respiratory area of the blood has been greatly 
reduced, e g , very severe hemorrhage or hemor- 

* Within recent years stored blood (or plasma) is 
being used to an ever increasmg extent Blood collected 
from the dead has been emploj ed in Russia, but cada- 
ver blood for obvious reasons has not found general 
favor Placental blood or blood removed by venesec- 
tion from cases of congestive heart failure has also been 
used, but the blood of healthy donors is preferable 
The blood is prcser\ed at a temperature of around l^C 
after dilution inth a atrate-dextrose mixture m the 
proportions of 5 parts of blood, 1 part of 3 2% atrate 
solution and 6 5 parts of 5 4% dextrose solution Kept 
in this way blood remains suitable for transfusion for 
about twenty days These so-called blood banks have 
the advantage that a quantity of blood alread> prepared 
for transfusion can be obtained at a moment’s notice 
But there is also the great disadvantage that any blood 
not used withm ten days or so must be discarded 


rhage m an anemic person, CO poisonmg, etc It 
IS also more effective m traumatic shock than 
plasma, serum or other blood substitutes The use 
of blood as a transfusion fluid, nevertheless, is 
hedged about by hazards both to the recipient and 
to some extent to the donor On this account it is 
a suitable method only when adequate facihties 
for guardmg agamst these dangers are available, 
otherwise some blood substitute will have to be 
resorted to The safeguards which must be taken 
are 

(a) The donor must be healthy m every way 
Several cases have been reported of disease having 
been transmitted by transfused blood Syphilis, 
malaria and acute diseases have been reported to 
have followed blood transfusion In some mstances 
the transmission m the transfused blood of a par- 
ticular foreign protein of dietary ongm, to which 
the recipient but not the donor is sensitive, has 
caused an allergic reaction 

A very senous hazard today is the transmission 
m the donor’s blood of a dangerous type of mfec- 
tious hepatitis This disease, when contracted 
through blood transfusion, is called homologous 
serum jaundice or hepqhti^ It closely resembles 
and may be due to the same agent, apparently a 
filtrable virus, which is responsible for the infec- 
tious hepatitis, seen m both sporadic and epidemic 
forms 

(b) A too rapid transfusion of blood is danger- 
ous, especially m children or undersized persons, 
for the sudden mcrease m curculatmg fluid may 
cause serious embarrassment to the nght side of 
the heart In an adult, the usual transfusion rate 
is from 100 to 200 cc per hour, which causes little 
cardiovascular effect, even though the blood vol- 
ume IS considerably mcreased At high rates of 
transfusion the venous pressure may nse unduly, 
the cardiac output be mcreased sharply, and the 
heart be called upon for the performance of an 
excessive amount of work Rapid infusions of 
fluid into animals causes death from cardiac fail- 
ure, preceded by an mordmate nse m venous pres- 
sure and pulmonary edema The total quantity 
injected vanes according to circumstances and the 
size of the patient, from about 500 to 1500 cc or 
more 
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(c) One of the unpleasant and disturbing hut 
rarel) dangerous effects of transfusion is the nse 
in temperature which follows a short time after 
injection, unless great precaution is exercised in 
preparing the blood and apparatus This pjarogemc 
acUon which has been a more promment feature 
of transfusions with materials other than whole 
blood IS due to substances {pyrogens) of unknown 
nature, but probabl} protem, formed in the dis- 
tilled water used m the preparation of the blood 
substitute, m the material itself or contaminatmg 
the transfusion apparatus They are thou^t to 
be m most instances of bacterial or smis ongm 
Therefore, though ei-eiy possible care has been 
taken m then preparation, all artificial transfusion 
materials must be submitted to a rehable test 
upon rabbits for pj.TOgemc action before the> 
can be accepted for chmeal use 

(d) kn e\er present potential danger m the 
use of whole blood is mcompatibihtr The donor’s 
blood must alwaj-s be tested for its compatibihU 
with the blood of the reapienk Normal plasma 
contains substances which hare the power to 
cause the clumpmg together (agglutmation) and 
subsequent dismtegration (hemolj'sis) of the 
foreign corpuscles of another speaes Agglutina- 
tion also results when blood of two persons be- 
longmg to certam blood groups are mued The 


TABLE 6 

Landslana’s dcusificatton of Mood groups 
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+ means agglutination, — means no agglutination. 
Group 0 The scrum which agglutinates the cor- 
puscles of the other three groups. The corpuscles of 
this group are not agglutinated bj anj seium 
Group A The scrum agglutinates the corpuscles 
of Groups B and AB, but not those of Groups O and 
A The corpuscles are agglutinated bj the serum of 
Groups 0 or B, but not bj that of Groups A and AB 
Group B The scrum agglutinates the alls of Groups 
A and AB, but not thc« of Groups 0 and B The 
corpuscles are agglutinated hj the serum of Groups 
0 or A, but not b> that of Groups B and AB 
Group AB The serum of this group does not agglu- 
tinate an\ corpuscles. The corpusdes are agglutinated 
b} the serum of all other groups 


bloods are then said to be mcompatible and trans- 
fusion under such circumstances will lead to \cr> 
serious if not fatal raults (p 44) 

the blood groups 

As a result of the work of seteral miestigators 
m the earl> years of this century, notably that of 
Landstemer, it has been established that the blood 
of any person falls mto one or other of four well 
defined groups, accordmg to its agglutinating 
reactions These groups were ongmally designated 
by the Roman numerals I, II, HI and IV, re- 
specti%'ely , but are now referred to by the letters 
O, A, B and AB (sec p 44) * The groups exhibit 
the reactions shown m table 6 
About 45 per cent of all mdinduals of European 
stock belong to Group 0 and 42 per cent to Group 
A Ten per cent and 3 per cent belong to Groups 
B and AB, rcspccUvely ’ 

Consultation with the table will show that the 
scrum of Group AB (\ ertical row on extreme nght) 
IS compatible with the corpuscles of all the other 
groups, 1 e., no agglutmation of the corpuscles of 
any donor should occur when the rcapicnt belongs 
to this group It wfl] be noted howcicr, that the 
cells of Group AB (lowest hormontal row) arc 
agglulmated b^ the sera of all the other groups 
when tested outside the body It might therefore 
be thought that this reaction would occur in the 
blood of the recipient, but as a matter of fact, 
when a patient belonging to Group AB is trans- 
fused with the blood of an\ other group, agglutina- 
tion of his (patient’s) corpuscles docs not usually 
occur The reason for this is not dear, unless it is 
that the serum of the injected blood is so highlv 
diluted b\ the patient's serum It is said how c\ cr, 
that if the donor’s serum be diluted to the same 
degree as occurs when it is transfused and is then 
mixed with the cells of group AB outside the bod\ , 
agglutination docs occur WTiatcicr the explana- 
tion, the fact remains that the reaction of the 

’The termmologj now adopted obviates the confu- 
sion caused by two classifications which were in current 
usage, one mtroduced b\ Janskv and followed mainly 
m Amenca, the other by Moss, used m England In 
both classifications the groups were designated by 
Roman numerals l-IA’, but group I of the Moss classi 
ficalion corresponded to Jansky’s group IV and his 
group IV to Jansky's group 1 Groups 11 and TTI were 
the same m both 

’ These are general figures, they are drawn from a 
number of survevs by several mvesligators The figures 
for other races have a wide range from 22 to 100 per 
cent for group O, 0 to 55 per cent for group A, 0 to 36 
per cent for group B and 0 to 18 per cent for group AB 
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donor’s corpuscles to the serum of the reapient is 
the most important factor to consider, and that the 
agglutmatmg property' of the donor’s serum is not 
generally e\ndent On this account members of 
Group AB are sometimes spoken of as “jintvcrsal 
reapioits” 

It will be seen from the table that the corpuscles 
of a person of Group 0 (uppermost horizontal row) 
are not agglutinated by anj"^ serum, though his un- 
diluted serum will agglutinate cells of aU other 
groups (first vertical row on left of table) Mem- ^ 
bers of this group are therefore called "umversal ^ 
donors” smee agglutmation does not, as a rule, g 
occur when this blood is transfused into a member g 
of any of the other groups ^ 

The terms “universal donor” and "umversal 
recipient” though in general use are dangerously ^ 
misleadmg Severe and even fatal reactions may § 
occasionally result from the transfusion of blood 
of group 0 mto a subject of one of the other groups 
The untow'ard reaction, when it occurs, may be 
due to an unusually high agglutimn titer of the 
donor serum, which is then capable of causmg 
agglutination of the patient’s cells, to subgroup 
mcompatibility or to the Rh factor (see pp 45 
and 46) 

Similarly, it cannot be taken for granted that 
a subject of group AB can be transfused with 
impunity wath the blood from any of the other 
groups Such procedures are espeaally hazardous 
m the case of children, probably for the reason 
that they are transfused wath relatively larger 
quanbties of blood than are adults, the donor’s 
blood, m consequence, is m relatively high concen- 
tration in the recipient’s blood stream Therefore, 
the blood of the donor should always be matched 
directly with the patient’s blood (p 44) 

Delcrmivahon of the group to which a particular 
blood sample belongs 

In order to determine the particular group to 
which a given sample of blood belongs, it is not 
necessary to have sera of each group, but only of 
Groups A and B Sealed tubes contammg high 
titer sera of these two groups are kept on hand for 
testmg purposes Reference to tables 6 and 7 and 
to figure 5 1 will show the reason for this If a di- 
luted specimen of the unknown blood is agglu- 
tmated neither by Group A nor Group B serum, it 
must belong to Group O If it reacts to Group B 
serum but not to Group A, it must belong to Group 
A, and similarly, if it reacts to Group A but not to 
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Fig S 1 Showing the effects of the sera of groups A 
and B upon the corpuscles of the several blood groups 

Group B, it belongs to Group B If it is agglu- 
tmated by both test sera, it belongs to Group AB 
To perform the test a drop each of Group A and 
Group B sera are placed side bj"^ side upon a white 
opal glass tile which has been shghtly warmed A 
speamen of blood from the person whose blood 
group is bemg detenmned is centrifuged and the 
cells mixed with a 0 9 per cent solution of sodium 
chlonde to make a 2 to 5 dilution A drop of the 
suspension is added to each sample of test serum 
Agglutmation, if it occurs, is usually visible 
under the microscope withm a few mmutes or may 
be seen wuth the naked ej'e, the clumped corpuscles 


TABLE 7 

Reaction of red cells of unknown 
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-J- = agglutination, — = no agglutination. 
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appearing like grams of cayenne pepper upon a dear 
fluid The reaction, however, may be delayed for 
as long as 20 nimutes In the absence of agglutina- 
tion the fluid remains uniformly pink Lists of 
donors, dassified m respect to the groups to which 
they belong, are usually kept in large dmics so that 
the appropriate blood can be obtained quickly m 
an emergencj'^ Cross or direct matching should also 
be earned out as an additional check A diluted 
specimen of the recipient’s blood is mixed with a 
sample of the donor’s serum, and a simflar sample 
of the donor’s blood with the patient’s serum The 
mixtures are observed microscopically for agglu- 
tination 

The ejects of the tranjuston of tncompaltble Mood 

The most urgent sjnnptoms develop Among these 
are tmglmg pains shooting through the body, severe 
lumbar pain, precordial distress, cyanosis, rapid thready 
pulse and other manifestations of severe collapse which 
frequently end fatally S3’mptoms are due, m part at 
least, to the mechamcal effect of the agglutinated cor- 
puscles, uhich cause the blockage of small vessels in 
vital regions Later, hemolj'sis of the agglutinated cells 
occurs Hemoglobmuna, followed by renal failure with 
anuna, commonly occurs The suppression of unne has 
been thought to be due to tubular damage caused by the 
excreted hemoglobin preapitated in the tubular lumen 
by the aad imne It was, therefore, considered wise m 
such cases to alkahnize the urine But experimental evi 
dence is against this supposed role of the hberated he- 
moglobin, for Yuile and assoaates have shown that 
large amounts of hemoglobm can be excreted bj' dogs 
(after a transfusion with incompatible dog blood) with 
out renal damage, and have suggested that anuna oc- 
curs m such transfusion acadents only when there has 
been some previous tubular damage or when comadent 
renal mjurj'' has been caused by some condition assoo 
ated with that for which the transfusion had been un- 
dertaken 


TABLE 8 

Shoimig the presence tn the oanotts groups of 
agglultfiogens and agglutinins 
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CEliS CONTAtH 


ClODP 

iso-Acoi^ni 

BEIOU CONtAINl 


KOOCKS 

ito-AoaitniNiNs 

0 

0 (neither) 

Of and /S 

A 

A 

(anU A and anti-B) 

B 


(anti-B) 

B ! 

a 

AB 


(anti A) 

A and B j 

a (neither) 


Theory of Mood grouping 

Landstemer postulated the existence of two 
specific substances in serum which he called tso- 
aggluhtntis, and two substances in the corpuscles 
which he termed tso-agglutinogens The former 
may be represented by the Greek letters a and jS, 
the latter by the capitals A and B A given serum 
might contam one, both or neither iso-agglutinm 
SunDarly the corpuscles may contain one, both or 
neither iso-agglutmogen (table 8) In order for 
agglutination to occur w'hen two bloods are mixed 
a must be present with A (Aa) or /3 with B (B^) 
Obviously, no such combmation exists naturally 
m any blood, for auto-agglutmation would result 
The mcompatibflity of two types of blood is 
dependent essentially on an immunity or antigen- 
antibody reaction comparable to the agglutmation 
of bactena by an antibody contamed m immune 
serum In the reaction of two types of blood the 
iso-agglutmogen is the antigen and the iso agglu- 
tmm the antibody (anti-A or anti-B) The antigen, 
however, is not mtroduced from without and no 
process of immunization is requned for the pro- 
duction of the antibody, each is an inherent con- 
stituent of a certam type of blood 
If 0 be used to represent the absence of the two 
iso-agglutinins and O the absence of the two iso- 
agglutinogens then the four groups may be desig- 
nated as follows 

Group 0 The corpuscles have no iso-aggluUnogcn 
(0), the serum has a and p iso-agglutimns The full 
designation of this group is, therefore, group Oa^ Its 
corpuscles obviously cannot be agglutmatcd by any 
serum but its serum will agglulmate anj corpuscles con 
tainmg A or B, i e , the corpuscles of anj of the other 
groups 

Group A Coqiusdes have A, serum has /3 The full 
serological characters of this group would be represented 
by letters Afi Its corpuscles axe agglutinated b> any 
serum contammg a, its serum agglutinates corpuscles 
containing B 

Group B Corpuscles have B and serum has ct The 
Complete designation of this group is Ba The corpuscles 
ate agglutinated by a serum contammg /Sand the senun 
agglutmates corpuscles contammg A 
Group AB Corpuscles have A and B but senim has 
no iso-agglutinms The group is fully represented by the 
letters ABo Obviously the corpuscles are agglutinated 
by any of the other sera, but the serum of this group will 
not agglutinate the corpuscles of any other group 
It is owing to the confusion which has arisen from the 
ewtence of two classifications, Jansky and Moss, that 
thB system has been adopted whereby the blood groups 
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are referred to by the letters indicating then: serological 
characteristics, namely Oa/3, AB|9, etc , or simply by 
letters showing the characteristics of the corpuscles, 
that is, 0, A, B and AB 

The liter of a particular sample of scrum, i e the 
agglutinin potency, is determined by titrating graded 
dilubons (i, i, {, and so on) with a suspension 

of sensitive red cells contaming the correspondmg 
agglutinogen The titer is expressed as the reaprocal 
of the highest dilution at which agglubnation is ob- 
sciwed Thus, if the highest dilution at which the serum 
IS effective is 1 to 32, the titer is 32 

A, B and AB specific substances of Witebsky Sub- 
stances of a carbohydrate-like nature, havmg A, B, or 
AB group acti\aty, are present m high concentration 
m certain tissues and secretions of the body, e g sahva 
and gastnc jmee They are also present m ammotic 
flmd but have not been demonstrated m the red cells 
These substances, when mjected m rmnute amounts 
mto the blood stream, mduce iso-immunization, in- 
creasing the titers of the correspondmg agglutinins 
several fold When added to blood tn vitro, they reduce 
the activity of the corresponding agglutmin A and 
AB specific substances are most readily available, B 
substance is difficult to obtam m the pure state These 
substances have been employed to reduce the agglu- 
tmm titer of 0 group (“universal donor”) blood which, 
as mentioned on page 43, may possess a dangerously 
high titer of anti-A and anti-B agglutinins The addi- 
tion of A and AB speafic substances to such blood re- 
duces the agglutinins by from 75 to 95 per cent The 
speafic substances have other practical apphcations 
In sera used in testing for the Rh-factor, the actions of 
isoagglutinms anti-A and anti-B must first be annulled 
This can be done by the addition of the speafic sub- 
stances to the test serum Also, these substances are 
used m small amounts to produce anti-A and anti-B 
test sera of high titer for, as mentioned above, they 
stimulate the production of these iso-agglutinins The 
reader is referred to papers by Witebsky and his asso- 
aates for full accounts of these substances 

Subgroups A i and At Some years after the four 
blood groups were discovered and desenbed by 
Landstemer, it was found (Dungem and Hersz- 
feld, 1911) that group A was made up of groups 
Ai and A» That is to say the agglutmogen A is of 
two kinds— Ai and At Smee either of these might 
be inhented with B, there are also two subgroups 
of AB, namely AiB and AjB About 80 per cent of 
persons belongmg to group A are mduded m sub- 
group Ai and about 20 per cent m subgroup Aj 
In rare instances, the agglutmin az is present m the 
plasmas of subgroups Ai and AiB and agglutmm 
ai m the plasmas of subgroups At and AjB The 
serum of the mam group O (“umversal donor”) 
may also, though very rarely, contam ai agglu- 


tmm See table below Should the plasma of a 
donor contam a\ agglutmm (anti-Ai) m high titer 
and the reapient belong to subgroup Ai or AiB a 
reaction wiU occur 

cti agglutmm reacts strongly with the cells of 
subgroups Ai and AiB and less strongly with the 
cells of subgroups Ai and AjB at serum agglu- 
tinates Ai and AiB cells, but reacts very weakly, 
or not at all, with cells of subgroups Aj and AiB 
at also reacts strongly with cells of group O For 
this reason a fatal reaction may result from the 
transfusion of blood from a so-called umversal 
donor 

These relationships are shown m the accompany- 
mg scheme and table 

Group 

ofl 03- - -0 



Groups Ai and AiB Groups Aj and AjB 
Modified from Fnedennch 


The double lines represent a strong reaction, the 
single lines a weaker one, and the broken fine a very 
weak reaction or none at all 


BLOOD CEOOTS 

AOGLBTIKOGENS 

(in aXLS) 

AccLtncmiKs (in plasua) 

0 

None 

a and /3 (rarely ai) 

A jAi 

Ai 

p (rarely at) 

[At 

A, 

^(rarely ai) 

B 

B 

a 

AB /Ai 

Ai and B 

None (rarely on) 

lA, 

Aland B 

None (rarely at) 


M, N, and P antigens (agglutinogens) Other ag- 
glutmogens, designated M, N, and P have been dis- 
covered more recently (1928) by Landstemer and 
Levme Approximately 50 per cent of white persons 
have both M and N (designated MN) Of the remamder 
about 28 per cent have M alone and 22 per cent have N 
alone The plasma only very rarely contams antibodies 
(agglutinms) for these factors, but an anti-M or an 
anb-N agglutmm may develop m the blood of the reap- 
ient if he has been transfused repeatedly with blood 
from a donor belongmg to the other subgroup A reac- 
tion 15 not likely to Occur, however, smee the agglutmm 
IS rarely, if ever, of sufiSaently high titer to cause ag- 
gluUnation * 

* Each of the M, N and MN groups has been sub- 
divided by Sanger and Race by tests with a rare agglu- 
tmm discovered by Walsh and Montgomery Serum 
contammg this agglutmm agglutinates 30 per cent of 
MN blood, 19 per cent of M and 8 per cent of N group 
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THE RH (EHESDS) EACTOR, AGGLUi'iNOGEN OR 
AJmCEN 

For a number of years fatal acadents had been 
reported following transfusions with blood which, 
m so far as the A-B-0 and M, N and P groups were 
concerned, should have been compatible. In 1939 
Levme and Stetson reported on a patient suffering 
a nearly fatal reaction from a first transfusion 
following her deh\ try of a dead fetus They attri- 
buted the reaction to iso immunization of the 
mother to an antigen denved from the fetus The 
serum of the patient agglutinated the red cells of 
the gfeat majonty of white persons tested 
The first experimental work leadmg to the dis- 
coiery of an antigen other than those already 
known was that of Landstemer and Wiener m 
1940 They found that when blood of the rhesus 
monkey (Alacaca mulatta) was mjected mto a 
rabbit or gumea pig an antibody (agglutinin) was 
formed m the rodent’s blood, which agglutinated 
not only rhesus red cells but the corpuscles of 
human blood, as well A agglutimn sumlar to that 
produced by rhesus blood was discovered by 
Wiener and Peters m piatients who had suffered 
severe transfusion reactions, though they had 
received blood which was apparently compatible. 
This antibody was shown to be mdependent of 
the A B 0, M and N and P systems Serum from 
these patients agglutinated the cells of over 80 
per cent of white persons mvestigated Wiener 
and Peters made a survej of similar transfusion 
acadents, and piomted out that m nearly all m- 
stances the patient had either received at least 
one transfusion some time before the one which 
had caused the reaction, or was a woman who was 
pregnant, or but recently dehvered 
The simQanty of the agglutmogen m human 
blood to that m rhesus blood, and the detection of 
the antigen by the use of a serum active against 
rhesus red-cells, led to its bemg named the rhesus 
or Rh factor by Wiener and Landstemer 
The Rh factor is contamed m the blood of 83 to 
86 per cent of white persons, they are called Rh- 
positive (Rh-f-) The remammg 14 to 17 per cent 
are called Rh negative (Rh— ) An antibody 
(anti-Rh agglutinm) is produced m the blood of an 
Rh-negatue subject (as m the blood of a rabbit 
which has been mjected with rhesus blood), if be 
should receu e a transfusion of Rh positive blood 
This process of iso immunization takes about 12 
daj's Should he receu e a second transfusion after 
this time a seiere, perhaps a fatal reacbon results, 


the transfused cells undergomg agglutmabon and 
hemolysis But, as mdicated above, a pregnant 
woman may become immunized by the blood of 
an Rh -f fetus if she herself be Rh - (see Hemolytic 
Disease of the New-born, p 49), and suffer a dan- 
gerous reacbon if transfused with Rhposibve 
blood 

This field has been greatly comphcated by the 
later discovery of other Rh factors There are now 
eight Rh anbgens Only six of these are at all com- 
mon m the erythrocytes of Europeans, and over 
95 per cent of all dangerous Rh reactions, and of 
cases of hemolytic disease of the new-born are due 
to the anbbody of the one first discovered, it being 
the most powerfully anbgenic. Follow mg the nota- 
bon of Fisher, this first-known Rh antigen is 
called D, and its anbbody (produced by an Rh- 
negative person who has received a transfusion of 
Rh-posib\e blood) is known as anti-D The other 
anbgens are also designated by letters, and their 
anbbodies bj the letter preceded by the prefix 
anU- Thus the six antigens are called C, c, D, d, E 
and e, the respective anbbodies arc knowm as 
anti-C, anb-c, anb-D, anti-d, anti-E and anti-c 
If the red cells contam the antigens C, D and E, or 
any of them, the blood is Rh positn e, but C or E 
IS rarely present without D Rh-negabve blood is 
ladang m C, D and E antigens but contains the 
other three, c, d and e These latter are but slightly 
anbgemc, only c, except in rare instances, is capa- 
ble of causmg the produebon of an antibody m an 
Rh-posibve person, and so of causmg a reacbon 
See also The mhertlance of RJi factors on page 48 ‘ 

In order to be classed as Rh negative, all Rh 
factors must be absent from the blood Nearlj 100 
per cent of other races contam the Rh factor either 
alone or in combmation, i e about 100 per cent 
are Rh positive 


Blockwg anltbodies, ghUintns, untralail antibodies 
Anbbodies, which, through not causing demonstrable 
agglutination of Rh-positi\e cells suspended in salme, 
umle nevertheless with such cells and thus prev ent their 


To those who are not engaged m research m this 
field, or not m constant touch with laboratory proced- 
ures resjiectmg it, the different tenmnologies have 
caused much confusion The CDE-cde sj-stem of Fisher 
and Rice has been used here, since it is perhaps easier 
to remember But Wiener’s method of notabon is us^ 
by mam ^ this sj-stera the six antigens are named, 
E),hr'(>= c),Hro(- d), 
hr e) The reversal of letters (Rh to Hr) indicates, 
as do the capital and small letters of the CDE-cde sj-s- 
tem, the reaprocal relabonship of the antigens so 
designated 
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union witi the agglutinating antibodies, are called 
“blocking” or “incomplete” antibodies, they are some- 
times also quahfied by the terms, “mhibiting”, “non- 
agglutmatmg”, “conglutmatmg”, “late”, or "mature” 
antibodies If, however, the Rh-positive cells are sus- 
pended in serum, a solution of beef albunun (2 per cent 
cells m 20 per cent albunun), acacia or gelatm, agglu- 
tination occurs A test for blocking antibodies consists, 
therefore, of placmg a sample of the unknown serum m 
each of two tubes and addmg a sahne suspension of 
Rh-positive red cells to one and a suspension of cells 
suspended m beef albunun to the other Clumpmg of 
the cells occurs m the second tube, but not m the first 
Another test is to mix the unknown serum with a 
sahne suspension of Rh-F cells and, if no agglutmation 
occurs, to add a potent anti-Rh serum, the absence of 
agglutmation mdicates the presence of bloclung anti- 
bodies m the unknown serum, which have prevented 
the action of the agglutmatmg antibodies m the second 
sample of serum 

Blocking antibodies appear later m life than the ordi- 
nary agglutinins, but they are more powerful than the 
latter and persist m the blood for many years once 
they have been formed 

In order to explam the acbon of blockmg antibodies, 
Wiener and colleagues have offered the theory that of 
the two types the blocking antibody is of smaller mo- 
lecular sixe than the agglutmatmg, and possesses only 
one side-cham or haptene, he therefore calls them um- 
valent The larger molecule of the agglutmatmg anti- 
body IS bivalent, possessmg two haptenes, and can 
therefore unite with two red cells and cause clumpmg, 
whereas the molecule of the blockmg antibody can umte 
with the antigen of but a smgle cell, but m domg so it 
blocks the action of the agglutmatmg antibody 

A suggestion which helps to explam the mabdity of 
the blockmg antibody to cause agglutination of cells 
suspended m sahne, but not of cells suspended in albu- 
min, IS that the sahne alters the surface contours of the 
red cell, which can then become attached to only one 
haptene of a bivalent antibody — there bemg necessanly 
no difference in the molecules of the two types of anti- 
body On the other hand, there is some evidence that 
a blockmg antibody is an agglutmatmg molecule al- 
tered m some way by the action of the sahne 

At any rate it seems clear that m the body, smce the 
cells are suspended m serum, the so-called blocking 
antibodies do cause agglutination It is only when tests 
are made with sahne as the suspendmg medium that 
they do not appear and thus mask an agglutmatmg 
reaction 

Deteciion of the Rh factor tn blood 

The Rh factor is detected by means of anti-Rh serum 
The human anti-Rh serum most easdy obtamed is anti- 
D, which reacts with about 85 per cent of the bloods of 
white persons and is generally employed This serum 


contams anti-D and usually anti-C as well It is an 
advantage if anti-c is present, otherwise blood con- 
taimngc antigen alone would bethought to be Rh-nega- 
tive As mentioned elsewhere, e is rare The only source 
of human anti-Rh serum is the blood of a n oman who 
has recently given birth to an erythroblastotic child 
(p 49), and m many such women the agglutmm titer is 
too low to be satisfactory The anti-A and anti-B ag- 
glutmms must of course first be neutralized This is 
done by adding Witebskys specific substance (p 45) 
AB to the serum, or by addmg cells of A or B group, 
the anti-A or anti-B agglutmm being taken up by the 
added cells leavmg the Rh antibody Diamond and 
Denton’s method of determmmg the Rh factor is briefly 
as follows 

The imknown cells, after bemg twice washed m 
sahne, are mixed m a 20 per cent solution of beef albu- 
mm (to reveal the presence of blockmg antibodies) to 
make a 2 per cent suspension of cells Two drops of this 
suspension and 1 drop of the test serum are mixed m a 
small tube, the mixture is mcubated at 37“C Clump- 
mg of the ceUs, which is usually apparent m from 5 to 
10 mmutes, mdicates the presence of the Rh factor An 
alternative method usmg rmcroscope shdes as in A-B-0 
testmg may be employed 

HEKEDrrAIt.V TRANSMISSION OR THE BLOOD GROXJPS 

It IS sometimes thought that dose rdatives 
must have compatible bloods, and that conse- 
quently a child could be transfused wnthout harm 
with the mother’s blood But there is no gross 
mixmg of fetal and maternal bloods, each retains 
its especial serological characteristics It is true, 
on the other hand, that the iso-agglutinms are 
established much later after birth than the iso- 
agglutinogens, and may be m very low concentra- 
tion m the new-born (whose blood would thus 
correspond to Group AB) It has therefore been 
suggested that the mother’s blood no matter to 
what group it bdonged would not undergo agglu- 
tmation when transfused mto the baby, but this 
IS a deadedly dangerous assumption, for iso- 
agglutmins are not always m low concentration at 
birth 

The blood once established m its group remains 
unchanged throughout life Even after a large num- 
ber of transfusions, blood retains its onginal sero- 
logical characteristics 

Inheritance of the main groups, A-B-0 Accordmg to 
Bemstem’s triple allelomorph theory, the mhentauce 
of the mam blood groups is by three pairs of allelo- 
morphic genes A, B and O, for which only one locus is 
provided on each chromosome of the chromosome pair 
A and B represent the correspondmg agglutmogens A 
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and B, 0 represents tie absence of A and B Smce only 
one gene at a tune can be situated on a locus, there arc 
onl> 6 possible combinations or genotypes. Three geno- 
types are homozygous and three heterozy’gous A and B 
are Mendehan dominants, 0 is recessive 

When O, which represents a recessive character, is 
transmitted both bv the father and mother, then the 
child must have the genot 3 pe 00 and be of group 0 
For A or B to be inherited at least one parent must 
possess and transmit an A or a B gene, respecUvely 
If the child receives A from each parent (AA), or A 
from one and 0 from the other (AO), it will belong to 
group A Similarly, if B is transmitted bj each parent 
(BB), or B from one and 0 from the other (BO), it will 
belong to group B The mhentance of A from one parent 
and B from the other (AB) will produce the blood group 
AB It IS evident then that a child cannot belong to 
group O if either parent belongs to group AB, for the 
child must receive at least one dominant gene A or B 
Nor can a child be of any group but 0 (genotype 00) 
if both parents are of that group, for neither has an A 
or a B gene to transmit Agam, if only one parent be- 
longs to group O, the child must belong to group A 
(genotype AO) or to group B (genotype BO) and cannot 
possibly be of group AB (see table 9) 

The inheritance of Rh antigens The theory of Fisher 
postulates three Rh genes C, D and E or their allelo- 
morphs, c, d, e, closel> assoaated or linked in the chro- 
mosomes C, D and E are Mendehan dommants, c, d 
and e are recessive The single Rh chromosome in the 
sex cell of the parent or m each chromosome of the pair 
m a bod) cell has three positions or loo, each of which 
can be occupied by a C or c gene, but not by both to- 
gether, and similarly for D and d, or for E and e The 

TABLE 9 

Summary of published studies on the heredity of the Hood 
groups 

(From \Yener, after v Dungem and Hirszfeld) 

PAIINTAI. 

COUBIHATIONS 


0X0 
O X A 
A X A 
OXB 
B X B 
AXB 
0 X AB 
A X AB 
B X AB 
AB X AB 

Exceptions to the rule are shown m parentheses, 
irobably illegitimates. 


KoiiflEa or CBnnarN 

, KOTIBEa IM XACE BLOOD OKODP 

I OP 

1 TAuiurs 1 1 1 

O A B AB 


1563 3772 (14) 

2903 2707 3749 

1385 556 2538 

1456 1418 (7) 

554 203 (1) 

1400 60S 957 

530 (8) 633 

455 0 533 

323 (2) 183 

59 0 28 


(9) 0 

( 10 ) ( 1 ) 
0 ( 2 ) 
1831 (1) 

1009 0 

771 848 

646 (3) 

247 312 
406 232 
36 65 


gene combmation is known as the genot)pe of the indi 
vidual Upon the genotypes of the parents will depend, 
of course, the combination of genes that the child wiU 
inherit For example, if each chromosome of the pair of 
Rh chromosomes m the body cells of the father carries 
a D gene, then m respect to his Rh constitution (dis- 
regardmg C and E) he may be designated DD (homo- 
zygous), and the Rh chromosomes of all his sex cells 
will contain a D gene, which he will transmit to his off- 
spring If the father’s Rh constitution is Dd (hetero- 
zygous) half of his sex cells will have a D gene and half 
a d The child may receive either Similarly in the case 
of the mother, who, dependmg upon her Rh consUtu 
tion,will transmit any of the antigenic genes Therefore, 

It 13 mathematically possible for a child to have one of a 
number (36) of genetic combmations All but five are 
very rare These may be expressed as follows, CDe/cde, 
CDe/CDe, cdc/cde, CDe/cDE, cDE/cde The child 
would be Rh positive if he had any one of these geno- 
types except the third (cde/cde) which would make biro 
Rh negative. 

Race and his assoaates found that in a survey of the 
bloods of some 2000 Enghsh persons the genotype CDe/- 
cde was the most common (32 7 per cent) CDc/CDe 
came next m frequency (17 7 per cent) and (he other 
three in descendmg order as given (15 1,119 and 11 0 
per cent) These five genotypes, therefore, account foi 
nearly 90 per cent of the total 
The CDE-cde notation is rather cumbersome, so an 
abbreviated, shorthand terminology, based upon that 
mentioned m foot note, p 46, is usually employed, ihu 
with CDE-cde equivalents is shown below 
CDe/cde >= Rjr 
CDe/CDe => RiRi 
cde/cde “ rr 
CDe/cDE ” RiRo 
cDE/cde = R r 

lusher and Race formulated their theory when only 
one Hr (H") antigen was known, the other two, which 
were discovered shortly afterwards, were predicted by 
the theory ^ 

The genetic relationships of the Rh Hr factors as 
well as of the A-B-O and M N groups are of great im- 
portance m certam phases of forensic mediane, e g , 
disputed paternity, and the identification of blood 
stains m cases of murder Knowledge of the A B 0, Rh 
and other serological characteristics of different peoples 
IS also of value m ethnological studies The greater the 
number of serological types into which the population 
can be divided the finer will be the discnimnation which 
can be made between two blood specimens Thus, 
should both patents be Rh-negativ e (genotype HTm* , 
ede), the child cannot receive an Rh factor, so must 
also be Rh negative, or if a parent is homozygous for 
any Rh factor, at least one such factor must be trans- 
mitted to the child who cannot therefore be homozy gous 
for the reaprocal H factor 
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The mhentance of the M and N factors is of a smu- 
lar character (two sets of closely linked allelomorphs) 
to that of Rh-Hr There are but three possible combma- 
bons, genotypes MjM, MN and NN, correspondmg, 
respectively, to the phenotypes M, MN and N It 
follows that a parent with an M type (MM) cannot 
have an N type child and, vice versa, an N type parent 
cannot have a child with blood of the M type 

HEMOLYTIC DISEASE OF THE I^EW-BORN 

(erythroblastosis foetaus) 

Hemolytic disease of the new-born or Erylhro- 
blaslosts foetalis is a blood disorder which, if severe 
and untrea ted, ends fa tally, d eath of the fetus 
may occur in the uterus it is us uallydue, as first 
suggested” by Levme and his assoaates, to iso- 
immunization of an Rh-negative mother by a Rh- 
positive letiis. theletal blood characteristic havmg 
been inEerlted from the ^fath er ^ Surv eys of the 
serological characteristics in this diseas e”have r e- 
pealed t hat m approxunatelv ner~ rent of cases 
t he mother wasR l ^negatiye and the infant Rh - 
positiye ^ The Rh-ant ibody p roduced m the mater - 
nal blo od cr osses the placenteT and destro^ the 
fetal cells The disease is charactenzed by laimdi^e 
{I cterus graois neonatonmf , a progressiye hemolytic 
anemia w ith large numbers of prumtiy e. eorthra- 
blasts in the fetal blood, enlarge paent of the hyer, 
^d hnquently massiye edema oTthe entire body 
with asgtes Uivdrobf' In some instances 
degenerative changes with the deposition of bile 
pigment are found m the basal nuclei of the brain 
{kernictenis) which are beheved to be due to 
thrombi m the mmute vessels m the neighborhood 

Of the 7 Tier rent of cases of hemolytic dis ease 
of 'the new^-bom which cannot be accounted for by 
m rompatihihtv with regard to the Rh factor, som e 
afe'^lieved to be due to mcompatibihty betwegn 
mothe r and fetus with regard to the mam groups 
A. or B_, Incompatibility with respect to the A-B-Q 
system may also be responsi ble for some cases of 
'H abitual abortion 

It ^evident that transfusion of a mother either 
before or after she has giyen birth to an Rh-positive 
infant will be attended by the gravest danger 
unless precautions are taken to ensure that the 
donor’s blood is compatible, not only with regard 
to the A-B-0 groups, but also with respect to the 
Rh factors After isoimmunization, a high titer 

' The univalent (blocking) antibodies rather than the 
bivalent are mamly responsible since they cross the 
placental membrane much more readily 


of the Rh-antibody persists m the body for a con- 
siderable time, perhaps for hfe 

All Rh-positive children bom of Rh-negative 
mothers are not eiythroblastotic The mcidence 
of the disease m the white population is about 0 5 
per cent of births, whereas the matmgs of Rh- 
positive men wnth Rh-negative women is 13 per 
cent There are several reasons for the relatively 
low madence of the disease The first of these is 
the tendency toward small families combmed with 
the fact that the disease is rare m a first child, 
unless an Rh-negative woman has been artificially 
immunized by havmg had a transfusion of Rh- 
positive blood for any reason previously, whether 
pregnant or not Isoimmunization becomes more 
effective mth each succeedmg pregnancy Sec- 
ondly, a large proportion of Rh-mothers (95 per 
cent) seem mcapable of developmg a high titer of 
Rh-antibody FmaUy, the Rh-positive father, if 
heterozygous for the Rh antigen, will not have 
chfldren who are aU Rh-positive, half will be Rh- 
negabve The mcidence of the disease m certam 
races, e g Japanese, Chmese, Negroes^^ and Ameri- 
can Indians is very rare, smce they are nearly all 
(99-100%) of one group with respect to the Rh 
factor, namely, Rh-positive 

The manner in which isoimmunization is ejected 
Some difficulty has beeen encountered m attemptmg 
to explam how isoimmunization is brought about 
for the reason that, like other agglutmogens, the 
Rh factor is attached to the red cell, and it has been 
generally beheved that the placenta offered a per- 
fect bamer to prevent any mmng of fetal and 
maternal bloods Yet to explam isoimmunization 
of the mother, it must be assumed that red cells 
or fragments of red cells pass from fetus to the 
maternal circulation It appears that isounmum- 
zation commences m the second half of pregnancy 
when the chonomc vilh become mtimately related 
to the maternal blood smuses, a sjuicytium con- 
sistmg of a smgle layer of cells alone separatmg the 
two circulatory systems It is easily conceived how 
small breaks m this system would be sufficient to 
permit small fragments of Rh-positive cells to 
pass to the mother’s blood The extremely small 
quantities of an antigen which are reqmred for 
antibody production is well known, and mmute 
amounts of Rh antigen entenng the maternal or- 
culation over a penod of weeks would be qmte 

^The madence in American Negroes is approxld 
mately 91 per cent, but this relatively low figure isj 
probably due to an admixture of blood of the white! 
race ^ 
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effective m inducmg isoinirnumzation • Since it is 
in solution, there is no difficulty m accounting for 
the transference of the anti-Rh agglutinin formed 
m the mother’s blood across the placenta 
The treatment of hemolytic disease of the new- 
born consists m bleedmg the infant and at the 
same time replacmg its blood with Rh-negative 
blood (exchange or exsanguittalton Iransftiston) If 
Rh-positive blood is employed, the red cells arc 
rapidly destroyed by the antibodies m the in- 
fant’s blood or attached to the tissue cells It is 
now very widely agreed that Rh-negativc blood 
IS preferable for transfusion, though it is still 
argued by some that by the use of Rh-positive 
blood and thereby fixmg the destructive antibodies 
these are more quickly elumnated from the body 
Attention should agam be called to the fact that 
anti-Rh agglutinins are not ordinarily present, 
m any human serum, that is, without a prenous 
active isoimmunization That being so, danger of 
a reaction can only arise in an Rh negative man 
who has previously received a transfusion of Rh 
positive blood, or m an Rh-negative woman who 
has had a transfusion of such blood or has given 
birth to an Rh positive child It is also said that 
only from 2 to 4 per cent of Rh-ncgati\c persons 
become immunized after receiving a transfusion 
of Rh-positive blood This accounts for the fact 
that there were not more transfusion fatalities in 
the years before the discovery of the Rh factor 

Cold hemo-agghhnatwn This is the agglutina- 
tion whidi occurs outside the body between red 
cells and their own serum, or any other human 
serum, when the temperature is reduced much 
below 25'’C It is due to a non specific antibody 
called a “cold agglutinm’’ This agglutinin is 
present m low bter m 95 per cent of normal per- 
sons The phenomenon, sometimes also called 
autoagglutmation, differs from exaggerated rou- 
leaux formation (pseudoagglutmation) in that 
cold IS the essential precipitatmg factor Cold 
agglutination is a feature m a number of diseases, 
the agglutmm bemg present m high titer Such 
diseases are bronchopneumoma, atypical pneu- 
moma, influenza and other acute respiratory infec- 
tions, Ra 3 maud’s disease, hemolytic anemias, 
paroxysmal hemoglobmuna, acute bactenal infec- 
tions, cirrhosis of the hver and a number of other 
pathological states Occumng tn vtvo it may lead 

• Levine has calculated from expenments on rabbits 
that no more than 0 067 cc, of packed Rh positive 
cells would be required to pass from the fetus to the 
maternal arculation to cause isoimmunization 


to gangrene of the tips of the fingers and toes The 
agglutination is reversible, the cells becoming 
separated agam when the suspension of red cells 
and serum is warmed The antibodies responsible 
for cold agglutination arc unrelated to the A-B-0, 
M-N or Rh systems or to rouleaux formation 

The importance of cold agglutination lies in the 
confusion which may arise m testing for incom- 
patibility between two blood samples— isoagglu- 
tination 

(2) HuiiAV Serum avd Plasma 

Many of the drawbacks inherent in the use of 
whole blood for transfusion arc obviated bv sub- 
stituting human scrum or plasma Tlicse blood 
dcnvativcs when pooled from a number of donors 
can be transfused indiscnminatclj without regard 
for the blood groups Purtheimore, liquid plasma 
or scrum if collected under stnctlj sterile condi- 
tions can be stored under refrigeration for an in- 
definite penod Plasma kept m the frozen state is 
highly recommended b\ Strumia and McGraw as 
bemg safer than storage in liquid form Plasma or 
serum dned %n vacuo from the frozen state b\ the 
datvac process of Plosdorf, Stokes and Mudd is 
the preparation par excellence, cspccialU for use in 
the armed services It can be stored w ilhout refng- 
eration, is easily transported and the dangers of 
bacterial contamination or of dctcnoration arc at 
a minimum But like whole blood it maa transmit 
the virus of homologous serum jaundice Ik’hcn 
required for use, distilled water, equal m \olumc 
to that which had been removed m the drjing 
process, is added to the desiccated matcnal 

(3) Solutions of Colloids 

The limited avadabilitj of whole human blood 
or of its denvativ es, plasma or scrum, has inspired 
a search for a blood substitute which would re- 
semble as closely as possible the physical proper- 
ties of plasma The requirements of an artificial 
transfusion matcnal arc several (a) The molecules 
(or partidcs) of the substance must be of sudi a 
size that its solubon will not leave the arculation 
too fredy (b) The solubon must have an osmobc 
pressure and a viscosity approaching as dosdy as 
possible these properbes of whole blood, such 
qualificabons depend upon molecular size and 
shape, (c) It should be isotonic with the contents 
of the corpusdes (d) It must, of course, be non- 
toxic and innocuous in every’ respect (c) It should 
not hinder normal plasma protein production In 
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addition, the material should be readily available 
m large quantities, preferably cheap, capable of 
being sterilized by simple means, and of being 
quickly prepared for use Provided a matenal is 
suitable for transfusion in the forcgomg respects 
there appears to be no valid objection to the use of 
some fluid oilier than blood or its derivatives to 
fill the vessels after hemorrhage The properties 
vhidi render a fluid suitable for transfusion arc 
ph>sical rather than chemical Serum or plasma 
apparently possesses no ad\antage by Mrlue of 
any biochemical diaractcnstics vhich it possesses 
^^^lolc blood IS superior to cither of these in severe 
traumatic or hemorrhagic shock 

Gum acacta m a 6 per cent solution in saline was 
introduced by Sir William Bajliss as a transfusion 
fluid during the first World War and proved highly 
succcs'^ful The osmotic pressure and \iscosity of 
this solution dosclj resemble tliosc of plasma The 
molecules of gum acaaa aggregate into partidcs 
comparable in size to tliosc of the plasma proteins 
and do not escape frcclj through the capillary 
membrane 

Howe\cr, experience since tlie first World War 
has rc\calcd some undesirable features of gum 
acaaa Gum acacia is a pol> saccharide which the 
body cannot metabolize It, like other foreign 
materials which cannot b e disposed of in other 
ways, is taken up b}*^ the reticulo-cndothclial ele - 
ments ^ the 1 w er and clscw her e In animals, sw ell- 
mg and vacuolization of the hepatic cells have 
been obsen'cd following the transfusion of this 
material The Incr may become grcatlj enlarged 
after repeated transfusions with gum acacia and 
sometimes shows areas of necrosis The hepatic 
function of producing plasma protein is seriously 
depressed, the concentration of protein in the 
plasma is lowered following large transfusions of 
gum acacia and may remain below normal for a 
considerable time after this blood substitute has 
been administered 

Istnglass (collagen prepared from the swim- 
bladders of certain species of fish, e g , sturgeon, 
hake, etc) has been advocated by Taylor and 
Waters, in a concentration of 6 per cent m physio- 
logical salme, as a blood substitute Isinglass as 
now prepared is free from anaph 3 dactic or pyro- 
gemc action It has been used clinicallv and found 
to be effective and quite safe It has been shoivn 
both m patients and m animals to raise the blood 
pressure to normal after severe hemorrhage and to 
maintam it at this level for several hours After 


Its mjection the blood shows progressive dilution 
mdicatmg that not only is it retained within the 
circulation but exerts an osmotic effect which 
"draws” interstitial fluid mto the vessels It does 
not appear to have any depressmg effect upon 
plasma protem production by the hver and has a 
technical advantage over animal gelatin m being 
perfectly fluid at room temperature The molecular 
weight of isinglass, after autoclaving, is between 
18,000 and 30,000 

Animal gclatm, which is closely similar to ism- 
glass chemically, or dcxlran, a polysaccharide with 
a large molecule, have been used climcally with 
satisfactory results 

Among other colloid transfusion materials is 
hcmoglohtn-Rmgcr solution which is imder mvesti- 
gation mainly by Amberson and his colleagues 

The albumin fraction of human serum as devel- 
oped by Cohn, Janeway and their assoaates is, 
except for its cost, an ideal transfusion matenal 
when only a cell-free fluid is required It may be 
given in concentrated solution or m the same con- 
centration as in normal plasma Bovine plasma, if it 
could be rendered quite safe yet stiU retain its 
other qualifications for a transfusion matenal, 
would solve the problem of a physiological and 
relatively cheap blood substitute for those emer- 
gcnacs in which it is not necessary to furnish red- 
cells The blood proteins of another species are, of 
course, intensely anaphylactogemc, and several 
attempts have been made to remove this property 
{dcspccialton) from bovine plasma or albumin 
Masson has described a method mvolvmg the use 
of formaldehyde and heat to despeciate calf 
plasma But such procedures which denature the 
proteins tend at the same time to reduce their 
osmotic pressure to a degree which greatly lessens 
their value for transfusion 

Solutions of Crystalloids 

The small molecules of salt or of glucose pass 
freely through the capillary w^all They exert a 
negligible osmotic effect, the injected fluid is there- 
fore not retained in the circulation For this reason 
such fluids though capable of raismg the blood 
pressure temporarily are quite unable to mamtam 
it for any considerable length of time Indeed they 
may do senous harm, for the transfused fluid as it 
leaks into the tissues carries plasma protem with 
it This is particularly likely to occur in the case of 
salme Transudation of fluid mto the tissue of the 
lung — pulmonary edema — may result. When, on 
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the other hand, dehydration of the tissues and loss 
of blood water, as shown by the concentration of 
the plasma proteins, are prominent features, then 
the subcutaneous or mtravenous injection of salme 
(with the addition of glucose) or water b> mouth, 
would appear, from phj'siological pnnaples, to be 
a logical procedure In the deh\dration resultmg 


from chlonde depletion (p 24) sodium chloride is 
clearl> mdicated A solution of this salt scn.es not 
only to supply fluid but to replenish the base the 
loss of which IS such an important factor in the 
development of the deh) drated state It is also of 
great value m corrcctmg the hcmoconccntration 
which results from citcnsi\c bums 
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HEMOGLOBIN 


Sec also Regeneration of Blood, eh 8 

Hemoglobin is the coloring matter of the cryth- 
rocj tes, and the chief function of the red cell is to 
store this pigment and carry it around the circula- 
lon About 10 grams of hemoglobin pass through 
the lungs per second It takes up a comparatively 
large load of oxj'gen which it carries to the tissues 
One hundred cubic centimeters of water at the 
temperature of the body and exposed to an oxygen 
pressure of 100 mm Hg absorbs a third of a cubic 
centimeter of the gas One hundred cubic centi- 
meters of blood, on the other hand, at the same 
temperature and pressure will take up about 20 0 
cc — that IS, 60 times more The difference is due 
to the hemoglobin The total amount of blood m 
the human body will hold approximately 1200 cc 
of oxj'gen (200 cc per liter of blood) This quantity 
of oxj’gcn is used by the tissues m 5 minutes or so 
dunng rest and m a fraction of a mmute dunng 
muscular exertion In the absence of hemoglobin, 
the entire duty for the carnage of oxygen would 
have to be performed by the plasma, and in order 
that this should be able to absorb the necessary 
amount of gas, it would have to be mcreased at 
least 60 times in amount As pomted out by 
Barcroft, the circulating fluid, instead of being 
about 6 liters or -fr of the body weight, would then 
need to be over 350 liters That is, more than five 
times the bulk of the solid tissues 

Besides serving as a earner of oxygen, hemo- 
globin plays an important r61e in regulating the 
acid-basc balance of the blood (ch 13), and in 
the carnage of carbon dioxide (ch 32) 

The Chemical Constitution of Hemoglobin 
‘ The “Stones” from Which Its 
Molecule Is Built 

Hemoglobin is a conjugated protem consisting 
of an iron-containing pigment portion combined 
with a protein of the histone class called globin 
The hemoglobin complex, when its globm is m the 
natural state, forms a loose combmation with 
oxygen (oxygenation) — the iron being m the 
ferrous state (Fe"*^) Under certain abnormal con- 
ditions it forms a stable compound with oxygen 
(oxidation, i e , the production of a true oxide) 


the iron being in the feme state (Fe+++) A more 
detailed consideration of hemoglobm structure 
follows 

Porphyrins are pigments which, either alone or 
as the basis of more complex compounds, are found 
throughout plant and animal life from the highest 
to the lowest forms A porphyrm is the pigment 
basis of chlorophyll — the green colonng matter 
of plants One is found as a brown pigment m the 
shells of many eggs, and also m the dark Ime 
running doivn the back of the earthworm On 
the other hand, when conjugated with other sub- 
stances porphyrins are the basis of the blood and 
tissue pigments of vanous animals 
The basic nucleus or framework upon which all 
porphynm are built consists of 4 pyrrole nngs 

HC CH 

HC CH 

\n/ Pyrrole 

H 

linked together m a larger nng-like structure by 4 
methene couplings This parent structure is called 
porphin and is shown below — 


H H 



By substitution of its eight hydrogen atoms by 
vanous groups — ethyl, methyl, vinyl or propionyl 
— the several porphyrms in nature are produced 
In the animal body it is believed that synthesis 
occurs m two stages First, substances composed of 
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times by Dobrmcr, Watson and other workers m 
this field 

In health, Tj^pe I porphyrin and sometimes 
Tj^pe m are excreted m mmute amounts m the 
unne after being converted to coproporphyrtn 
(p 60) Coproporphjmn I, but not Type III, is 
excreted through the bile Uroporphyrin is not 
found in normal unne but is excreted m the unne 
in congenital porphjnna 

Mciallo-porphynus Porphynns are capable of 
forming compounds with vanous metals A pig- 
ment found m the feathers of a certain South 
Afncan bird (turaco), for example, and known as 
iuracxn, is a porphynn combined with copper. 
Other metalloporphynns have been prepared, 
namely, those of cobalt, nickel, silver, manganese, 
tin, zmc, etc.- Protoporphynn combined i\nth iron 
forms the metallo-porphynn of the blood pigment. 
For mstancc, if an Fe atom be attached to proto- 
porphynn i\e get the iron-porphyrm compound of 
hemoglobm This is called home (CwHjiN^O^Fe) 
As we shall presently see, however, heme is not 
pecuhar to hemoglobin but is a constituent of 
other respiratory substances 

The atom of iron, m the ferrous state, is believed 
to be attached to the porphynn group m the 
manner represented below 




Oxj'genated hemoglobin (oxyhemoglobin) 

* In chlorophyll the porphynn is combmed with 
magnesium 


In the hemoglobm molecule four heme molecules 
are attached to the globm molecule 

Heme is capable of combimng with vanous pro- 
tems or mtrogenous substances, e g , albumm, 
ammonia, pyndme, nicotme, etc Such compounds 
are called hemochramogens When globm is the pro- 
tem ivith which heme is combmed the resultmg 
hemochromogen is that formmg the basis of the 
blood pigment of vertebrate life Hemoglobm is, 
therefore, an iron -f porphynn -f globm 
compound 

The Hemocheomogen oe Hemoglobin When 
hemoglobm is treated ivith alkali, its characters 
are changed Its spectrum differs from that of 
hemoglobin It still is capable of combinmg with 
oxygen, but unlike hemoglobm it does not readily 
release the gas agam For many years this modified 
hemoglobm, to which the term hemochromogen was 
first applied, was thought to contain only the pig- 
ment fraction (porphynn + iron) of the hemo- 
globm molecule, the globm supposedly had been 
“sheared” off The work of Anson and Musky how- 
ever, has shown that this assumption is mcorrect 
No separation of globm from the pigment fraction 
occurs Hemochromogen is a porphynn -h iron -f 
globm compound, jUst as is hemoglobm The 
globm, however, has been denatured by the action 
of the reagents and to this denaturation the prop- 
erties of hemochromogen whereby it differs from 
hemoglobm are asenbed The iron is m the ferrous 
state (Fe++) Hemochromogen consists therefore 
of denatured globm combmed with the pigment 
complex Ci 4 HKN 40 «Fe (heme) 

When hemochromogen is exposed to oxygen a 
true oxide is formed This is called cathemoglobin 
The heme is oxidized — oxidized heme — the iron 
bemg m the feme state (Fe"'^) Cathemoglobm 
IS therefore oxidized heme (CjiHKNiO^FeOH) 
united to de-natured globm ’ Methemoglobin is 
oxidized heme combmed with native globm 

Hemin (CnILjNiO^FeCl) is the hydrochlonde 
of heme and is prepared by heatmg oxyhemoglobm 
with glacial acetic acid and a minimal amount of 
sodium chlonde Upon coolmg, reddish brown 
prismatic crystals of hemin separate out The 
detection of these, which are frequently referred to 
as Teichmann’s crystals after their discoverer, is 
used as a test for blood m suspected stains When 
hemm is treated with caustic soda oxidized heme 
is obtamed When the latter is treated with a 

* Oxidized heme is called hemalin by some and heme 
IS referred to as reduced heme by Anson and Mirsky 
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weak acid the iron is split off and protoporphyrin 
remains Hemm or blo^ itself when treated with 
concentrated mineral acids m the presence of 
oxygen jields hematoporphj’nn (p 60) 

The DisTEmunov of Hf.uk in Natore 

Heme is almost unnersally distnbuted through- 
out the animal and vegetable kingdoms Respira- 
tor) pigments wth this porphj nn iron compound 
as their common basis are found in the lowest 
forms of plant life as u ell as m the highest species 
of animals 

Cstochroue is a heme compound which is 
wdelj distributed m the tissues of plants and 
animals It is present m certam aerobic bacteria, 
in jeast ccUs, in the omon, m worms, molluscs, 
Crustacea, m the muscles of the bee’s wmg and m 
man) other insects and their larvae It is present 
in the muscles and other tissues of the large number 
of \crtcbrate species which have been exanuned 
Cj tochrome plays an important part m the oxida- 
tion system m the tissues (p 380) It undergoes 
alternate oxidation and reduction but unlike hemo- 
globin IS not autoxidiaable or only slightly so (due 
to component b, see bclou) In order to take up 
OX) gen it requires the aid of tissue oxidase (m- 
dophenol oxidase), m order to undergo reduction it 
requires the presence of dehydrogenases These 
actuate the hydrogen of organic molecules m the 
tissue cells which become hydrogen donators The 
c) tochrome acts as a hydrogen acceptor In this 
way c) tochrome, it is suggested, serves as an m- 
termcdiai) m the transference of oxygen, hberated 
from hemoglobin, to the oxidizable matenals m 
the tissue cells It may also through component b 
serv c for the direct transference of oxygen In the 
presence of c)'amdes, carbon monoxide (m the 
dark) or sulphides which poison the oxidase, the 
oxidation of cj'tochrome is inhibited On the other 
hand, anesthetics which depress the action of 
dehydrogenases prevent its reduction In either 
case the link in the cham of oxygen usage by the 
cells IS broken 

C) tochrome is a mixture of three hemochromogens, 
the) art referred to b) Keihn as a, b and c. Of these 
onh b IS autondizablc The heme components of the 
hemochromogens arc not all the same, there being 
two x-anetics One of these is identical with that in 
hemoglobin, the other resembles that w chlorocruotin, 
cec below The nitrogenous compounds with which 
the hemes arc combined are unknown C) tochrome 
is identified in hwng Ussucs b) its characteristic ab 


sorption spectrum The cytochrome of bees’ wmg 
muscle shows four absorption bands at 6046, 5665, 
5502 and 5210, Angstrom umts (see p 59), respecPvely 
Its oxidation and reduction can be followed m the 
hvmg cell by means of the microspectroscope, the 
bands becommg distmct when reduePon occurs but 
almost disappearing when the substance is oxidized 

Heme m the free state, that is, uncombmed 
with a mtrogen compound, has been discovered m 
many substances such as wheat flour and oatmeal 
where its presence had never been suspected The 
fact that heme is m one way or another of such 
universal occurrence has prompted Barcroft to 
remark, “mankmd has for countless centunes been 
eatmg, all unknownngly, the outstanding constit- 
uent of his blood ” It has been frequently sug- 
gested in the past that chlorophyll which also is 
constituted of pyrrol rings, was the primitive pig- 
ment and that animals probably derived the pyrrol 
groupmg for the manufacture of the pigment of 
their bloods from this green coloring matter m 
their diet It is now seen, however, that heme is a 
much more anaeut pigment since it is found m the 
most elemental forms of plant life m which chloro- 
phyll does not exist It is pointed out, however, on 
page 74, that there is little evidence that either 
of these pigments in the diet serves as a basis for 
hemoglobin synthesis 

Hemoglobm itself is by no means so widely 
distnbuted as is heme and the heme compound 
cytochrome, for it is confined to the animal king- 
dom It IS found in the blood of all vertebrates and 
of several mvertebrates, e g , worms, a certain 
snail, m the larvae of some but not m the body 
fluids of any adult insect The blood pigments of 
different vertebrate species vary m their properties, 
the hemoglobm of the frog, for example, possesses a 
spectrum and oxygen dissociation curve different 
from that of mammals The vanabihty is due to 
minor differences m the globins to which the heme 
is jomed and not to different hemes, which are the 
same throughout the vertebrate phylum 

Though many different porphynns exist, only one 
differing from protoporphyrin has been discovered in 
nature as fomung part of a hemoglobm-hke substance, 
i e., one in which the nitrogenous fraction is probably 
a globiD A hemoglobin hke pigment, greenish m 
color, IS found m certain worms and is called cWoro- 
cTuonu It contains this other porphynn of unknown 
structure combmed with iron Heliconibtn is a respira- 
tory pigment found m the gut and hver of the snail 
It contains the same heme as hemoglobm as shown 
by the fact that if its non pigmented fraefaon is re- 
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placed by pyndine the pyndine-hemochromogen so 
formed shows a spectrum identical with that of the 
pyndme-hemochromogen derived from hemoglobm 
Chlorocruonn, however, smee its heme is different, 
when treated similarly shows a different spectrum 
The mtrogenous part of hehcorubin is unknown but 
presumably it is not globm 

Hemocyanm is a respiratory pigment which in cer- 
tam Crustacea and molluscs (kmg crab, octopus and 
snail) takes the place of hemoglobm It is dissolved 
m the circulatmg flmd and not confined withm cells 
This substance contams copper instead of iron but 
the metal is not combined with a porphynn as was 
beheved at one time This pigment is blue when oxidized 
and colorless when reduced 

Summary of Hemoglobin and Myoglobin 
Synthesis, and of Certain Comrounds 
OF Hemoglobin and Heme 

Pyrrole X 2 = pyrrovieihene {Type I or III) 
Pyrromeiheue X 2 = porphyrin, types I and III 
(proloporphynn) 

Protoporphyrin + divalent iron (Fe"*^ = heine 
Heme {iron in ferrous state [Fe'*^]) + various nitrog- 
ous substances == hemochromogens of various 
respiratory pigments, e g , cytochrome, hdKorubin, 
etc 

Heme iron til ferrous slale[Fe^]) + glabtn = hemo- 
globin (see also scheme on p 61) 

Heme (iron in ferrous state [Fe"^]) + denatured 
globm = henwchromogen of hemoglobin 
Oxidized heme {iron in ferric state [Fe"^]) + de- 
natured globm = calhemoglobin 
Oxidized heme {iron in ferric stale [Fe''~*~*^]) + globm 
«= meihemoglobin {p 58) 

The Molecular Weight of Hemoglobin 

The pigment proper (heme) constitutes about 
4 per cent, and the globm about 96 per cent of the 
hemoglobm molecule The small but relatively 
heavy porphyrm-iron portion is floated, as it were, 
by the large protem fraction If hemoglobm con' 
tamed only 1 atom of iron which has a molecular 
weight of 56, then smee the percentage of the 
metal m hemoglobm is 0 334,^ as determmed by 
direct analyses, the minimum molecular weight 
of hemoglobm would be (56/0 334) X 100 >= 16,800 

‘This IS Hupfner’s figure, but other mvesbgators 
have obtamed lower, others higher values, namely from 
0^05 to 0 338 per cent The average of vmues obtained 
by Bemhart and Skeggs in a number of analyses of 
hemoglobm crystallized from the pooled blood of twenty 
human subjects nas 0 340 Usmg thiS figure m the 
calculations, a minimal molecular weight of 16,400 
and an oxygen capaaty of 1 36 ml per gram of Hb are 
obtained 


approximately Hufner obtamed m fact a figure 
of 16,800 from osmotic pressure measurements 

Adair, however, from a study of the osmotic pres- 
sure of hemoglobm finds the molecular weight to be 
approximately four times greater, namely, 68,000 The 
molecule contams 4 atoms of iron Usmg an entirely 
different but most mgemous physical method, namely, 
ultracentnfugation, Svedberg obtamed a value almost 
identical with Adair’s Solutions of hemoglobin were 
centrifuged at great speeds for several hours so as to 
force the sedimentaPon of the hemoglobin molecule, 
which under ordmary circumstances of course does not 
separate from solution When a solution is subjected 
to a centnfugal force 200,000 times that of gravity, a 
conflict between two opposing forces occurs Centnfugal 
force tends to throw the particles down out of the 
solution, diffusion, on the other hand, tends to prevent 
their sedimentation At certam detemunable values of 
these two forces equihbnum will become estabhshed 
and the molecular weight calculated ® 

Northrop and Anson also obtamed a figure of around 
68,000 from calculations based upon the rate of diffusion 
of hemoglobm through discs of alundum Hemo- 
chromogen is probably a depolymenzed form of hemo- 
globm with a molecular weight of 16,700, or double 
this value 

The hemoglobm is thought to be disposed near 
the surface of the red-cell, the molecules being 
cylmdneal m shape, dosely packed but not so 
mtunately as to prevent free rotatory movement 

Human blood contains about 15 grams (14 to 
16 grams) of hemoglobm per 100 cc Smee the 
proportion of iron m hemoglobin is 0 334 per cent, 
the quantity of the metal m 100 cc of blood is 
about 50 mg and m the total blood of the human 
body about 4-5 grams The blood contams a small 
proportion of iron m addition to that combmed 
with hemoglobm (p 76) 

The Estimation of ELemoglobin in Blood 
Several methods are available for deterrmnmg the 
hemoglobm concentration of blood But whatever the 
method used, the fundamental mformation sought is 
the oxygen capaaty of the blood This may be found 
directly by means of the Van Slyke apparatus, or 
the apparatus of Barcroft or of Warburg Or, since the 

^ Since the sedimentation equilibnum depends upon 
both sedimentation and diffusion, the molecular weight 
can be obtamed from these detemnnations and 
culation from the foUowmg formula given by Svedberg 

2 RT log (C,/Ci) 

(1 - Vp) or* (Xh - X^i) 

Where M is the molecular waght, R the gas constant, 

T the absolute temperature, V the partial speafic 
volume of solute, p the density of solution, Ci and C 2 
the concentrations at the distances Xi and Xs, and 
oj IS the angular veloaty 
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hemoglobai molecule contains 0J34 per cent of iron, 
the hemoglolaa in grams per 100 cc. can be calculated 
from an anals'sis of the blood for its iron content.* 
Thus, if the blood contains 50 mg of iron per 100 cc, 
Its banoglobm concentration is (50/0JSi) X 100 “ 

15 grains (approi.) per 100 cc and the oxi'gen capaciti 
(15 X 1.54 “) 20 cc (approx.) per 100 cc 
The most convenient method for chemical use is one 
based upon matching a sample of dilnted blood mth 
one of a senes of permanent color standards The best 
knoiva methoda of this tj^pe are the Eeldare-Gosers, 
in which the hemoglobin is first conserted to carboi>- 
hemoglobin, the Ctrstrs, in which the blood sample 
after dfinbon and full oij'genation is matched colon- 
metncalls with a picrocanrune standard, and the 
SoEt method, which iniolves the conversion of the 
hemoglobin m the diluted sample to aad hematm. 

The Sahh method as modified Haskins will be 
described. Dilute HCl (0.2 X) is placed m a small 
graduated glass tube up to the mark 10 0 02 cc of the 
blood under erammation is dehi'ered mto the aad with 
a Sahh pipette wbch is nnsed bj drawing the and 
b'ood mixture mto it twice and blowing out each tunc. 
The tube is kept at a temperature of about OO^C for 
7 minutes. ViTien the full reddish brown color of the 
aad hematm (hetmn) which is formed has fulJi de- 
veloped, the tube is placed m a comparator alongside 
a standard color solution and carefulli diluted with 
water untQ the two colors exactly match. The hemo- 
globm percentage is gn-ea bj the figure on the tube at 
the lei el of the mixture. The temperature of the 
standard should be k^t at around 20'C. while the 
color comparison is being made. Blood containmg 13 
grams of hemoglohm per 100 cc gii-es a readmg of 100 
per cent. The blood of the average health\ person 
would therefore give a readmg of 110 per cent. In the 
Ha l dane-Gowtrs method the color scale of the appara- 
tus IS also set too low, 100 per cent on the scale repre- 
sentmg a hemoglohm concentration of onlj 13 8 grains 
per 100 cc instead of the mean normal of approii- 
matelv 15 grams. 

Phillips Pan Slj-ke and their associates have dewsed 
a method whereby the hemoglobin concentration 
be determined from the specific gravities of blood and 
plasma- The calculatiori is made from the following 
equahon- — 

Gi» ”” G 

HbmgiamsperlOOccofblood««33 9X ^ 

1 09 1 0 ~ Gp 

335 IS the presumed mean figure for grains of hemo- 
globin m 100 cc of red cells, Ge is the ohseriTd 
specific gravity of the blood sample, Gp the obseiwed 
specific grasotj of the plasma, 1 0970 is the presumed 
mean value fo- specific gravi^ of centrifuged red cells 
of no-mal blood. 


* “bmabon of hemogjohm bj iron analysis is 
hj King and his associates to be the most 
reliah e method, though even this method is not without 
emo’-, lor a certam small pimwrbon of the iron m blood 
IS not m combmabon with funcbonmg hemo^obm. 


Myoglobin or trusch haroglohn (mol wt. 16 700, 

1 atom of iron) the pigment of muscle, resembles 
blood hemoglohm m its function It acts as an 
OX) gen reservoir within the muscle fiber which 
serv es to tide the musde over from one contraction 
to the next It has a higher o^gen affinity than 
has blood hemoglohm and can combme with ox)- 
gen and dissociate from it with great rapidit) Qcss 
than 1/100 second) M)oglobm starts to give up 
Its OX) gen at the instant that the musde contracts 
Its OX) gen store is replenished during the resting 
state 

CouBtsATiONS or Hesjoglobd. with Gases 
Oxygen {see also chapler 32) 

Hemoglohm combmes with ox)gen b) nrtue of 
the iron which it contains The two elements 
combine accordmg to the law of definite propor- 
tions, two atoms of oxvgen uniting with each 
atom of iron m the hemoglobin complex Thus 

Hb, -}- 40j ■= Hb,Oi 

The combination of oxygen wnth hemoglobin is a 
most unstable one T\’hen the orvgen pressure of 
the atmosphere m contact with hemoglohm is 
raised, oxx-gen is taken up but no true oxide is 
formed The iron remains m the ferrous stale. It is 
the globm which endows the iron-pigmcnt part of 
hemoglohm with the umque propert) of formmg a 
loose combination with oxygen this property is 
lost once denaturation of the protein occurs Hemo- 
globm oxygenated (not oisdiud) m this wa) is 
known as oxyl etroglohn The term reduced letro- 
globtn impbes that the pigment has gi\ cn up a part 
of Its OX) gen store 

The capaat) of the blood for absorbmg ox)gen 
— the oxygen capaaty as it is called— is proportional 
to the hemoglohm concentration The orvgen 
capaat) of a gram of hemoglohm is 1 cc. So 
the OX) gen capaat) of 100 cc. of normal human 
blood (15 grams Hb) is (15 X 1 =) 20 ca The 
union of OX) gen with hemoglohm will be dealt 
with more full) m the section on respiration 

Hemoglohm also combmes with carbon dioxide 
(ch 32) 

Mdhemoglobin {Jemkaroglohn) 
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Fig 6 2 Absorption spectra of hemoglobin and some of its denvatives (after Peterson, Haines and Webster, 
Legal Medtetue and Toxicology) 


This IS a true oxide One atom of oxj'gen com- 
bmes with one of iron, and the gas cannot be re- 
moved by exposmg the blood to a vacuum, it can 
be removed only by chemical reagents Methemo- 
globin is, therefore, a compound of oxidized heme 
(i e , heme containmg feme iron) with native 
globm and thus differs chemically from cathemo- 
globm which is ferric heme plus denatured globm, 
and from hemochromogen in which the globm is 
denatured but the iron is m the ferrous state 
When potassium ferncyanide is added to oxyhemo- 
globin, as m the Haldane method of determining 
the oxj'gen content of a sample of blood (p 370), 
the two loosely bound atoms of oxygen are easily 
displaced but the iron is oxidized by the reagent 
and methemoglobm formed ’’ In poisonmg by 

’’ The change is explained m the following way 
The ferncyanide oxidizes the reduced hemoglobm 
which IS in eqmhbnum with the oxyhemoglobin 

Hbi HbiOa 

The equilibrium is re-established by the passage of 
oxyhemoglobm mto the reduced state, i e, the oxy- 
hemoglobm gives up its oxygen wnth the result that a 
loose compound of oxygen with hemoglobin is replaced 
by a true oxide of hepaoglobm, i e , methemoglobm 


certam drugs, e g , mtntes, chlorates, sulphates, 
acetanihd, bismuth submtrate, mtrobenzme com- 
pounds, sulphanilamide, etc , the blood becomes 
dark m color due to the conversion of part of the 
hemoglobm to methemoglobm The methemo- 
globm gives rise to a type of cyanosis (p 435) to 
which the term “toxic” is apphed ® The discolora- 
tion of the skm becomes evident when the methe- 
raoglobm amounts to about 3 grams per 100 cc 
of blood Methylene blue when mjected mto the 
blood stream, as was practiced at one time to 
antidote cyanide poisonmg (p 435), causes the 
formation of methemoglobm ® 

Sulphemoglobin 

Reduced hemoglobm combines with hydrogen 
sulphide to form sulphemoglobm which gives the 

•According to Meulengracht and his assoaates, 
the cyanosis caused by acetanihd is due to the decom- 
position of the drug to dark colored denvatives of 
para-amido-phenol rather than to the formabon of 
methemoglobm 

’ Farmhal methemoglobmemia is a very rare con- 
genital blood state m which Co-enzyme factor I (di- 
aphorase), required for mamtaining the normal func- 
tion of &e hemoglobm, is defiaent m the red cells. 
Cyanosis may be extreme 
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blood a chocolate color Except perhaps m ex- 
treme cases of mtestmal putrefacUon hydrogen 
sulphide IS not absorbed m appreaable amounts 
But It appears that certain drugs, notably aceta n ilid 
and phenacetin (drugs employed for the rehef of 
headache), sensitize hemoglobm so that it com- 
bines more readfly with hydrogen sulphide Small 
quantities of the gas absorbed from the alimentary 
canal may then cause sulphemoglobm to reach a 
relativel> high concentration m the circulation 
and give a bluish or mauve tint to the skm This 
so-called enlerogetious cyanosis occurs when the 
abnormal compound amounts to from 3 to S grams 
per 100 cc. of blood The presence m the blood of 
sulphemoglobm or of methemoglobm is detected 
by spectroscopic examination (fig 62) 

Carboxy-ltemoglobtn and mine oxide hemoglobin 

Carbon monoxide combmes with hemoglobm in 
the same proporUon as does oxygen It competes 
successfully with the latter for hemoglobm and dis- 
places it volume for volume to form carboxyherao- 
globin Unlike oxj'gen, however, it forms with 
hemoglobm a stable compound which can be dis- 
rupted only with the greatest difficulty The much 
greater avidity (between 200 and 250 times) which 
hemoglobm shows for CO renders the gas so highly 
dangerous when inhaled m any considerable quan- 
tity (see p 435) Nitnc oxide gas also has a strong 
affinity for hemoglobin and forms a stable com- 
pound with It The fumes given off by high ex- 
plosives during their combustion con tarn large 
amounts of nitnc oxide and the commonest way m 
which this poisoning occurs is through persons 
entenng a closed space after an explosion, before 
the gas has cleared away 

Pigments Derived feoii Animai. Porphyrins 

Eemaloporphynn, CijH)tOjN<(CC)OH)i, is an arli 
fiaal denvative obtained by the action of strong mm 
eral aads upon hemoglobin or upon henun It is closely 
related to protoporphynn — the natural porphynn of 
hemoglobin — but contains two more molecules of 
Rater m its vinyl groups 

Coproporphynns and uroporphyrins Coproporphy- 
nns I and III can be obtamed from the coriespondmg 
porphj nns (p SS) by the replacement of two vinj 1 
groups b\ propnonjl groups, or by decarboi) labon of 
UTcporphynn Uroporphyrins 1 and HI are formed by 
carboxjlation of the metbj) groups of the correqionding 
coproporphjTins Copropotphj'rm I is present in small 
amounts in normal unne and m larger amounts m tbe 
feces Relativel> enormous amounts of both tjpes of 
coproporpbjTTn and of uropotohynu are found m the 


urme and feces m conditions of disordered porphynn 
metabolism (see below) Coproporphynn (chiefly Tj'pe 
TIT) js present normally in the bone marrow and the 
eiydbrocytes it may be a precursor of jirotoporphj’nn 
and a step in hemoglobin simtheas (p S3) Turacm 



CoptoporphjTrm I, C«Hji 04 N*(COOH) 


CHr-COOH 


CH, 




mentioned on p 55 is the copper salt of uroporpbj'nn 
HI Porphyrms, especially hematoporph>TTn, uro- 
porphjTm I and coproporphynn I have the cunous 
property when injected mto the blood stream, or when 
produced m disease, of sensitizing the dun to sunhght 
Of the naturally occurring porphjTms the hght sensitiz- 
mg acuon is most pronounced with uroporphjTm I 

Bj the action of mild reducing agents the vmyl 
groups of protoporphyim are replaced by ethyl groups 
to form mesopoTphynn 

Btltrubtn, CijHjeNjOi, is an iron free and globin free 
denvative of hemoglobm The nng structure of the 
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porpLytm is broken at the alpha position, a straight 
chain resulting This occurs h^ort the iron and globm 
ace spht off so that no free protoporphyrin is produced 
normally m the circulation (see also p 537) Bihrubm is 
coni’crted by reduction in the mtestine to steccobihn 
ogen, also called urobilinogen (p 539) Urobihn is 
formed b> the oxidation of stercobihnogen, and is pres- 
ent in very small quantities m normal unne, but is not 
the pigment responsible for the color of unne (p 467) 

Absorption spectra The various heme pigments and 
the compounds of hemoglobm -when placed in the 
path of a beam of white bght absorb tvaves of certam 
lengths but transmit the rest. That is, each possesses 
a cbaractensPc absorption spectrum and it is by means 
of spectroscopy that they may be most readdy detected 
The different hemochromogens, reduced hemoglobin 
and oiyhemoglobm, CO and NO hemoglobins, heroato- 
porphynn, coproporphynn, cytochrome, urobihn, etc. 
have all their specific absorption bands See fig and 
table 10 

Forpkyna Disorders of porphynn metabolism m 
which abnormal porphyrins or large quantities of 
physiological porphjTins are formed and excreted are 
called porphyria There are three types of this disease, 

TABLE 10 


Wave. Itnfflis (X) at the points maximum intensity of 
absorption hands of hemoilohn and its denvotives as 
mil as some of the other heme compounds 
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Methemoglobm 
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Reduced heme 
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Cy tochrome 

4 
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Protoporphynn (in 


1 

1 
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and) 

2 

6000 

5540 

— 

— 

Urobilm 

1 

4900 

— 

— 
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which have been termed congenital, acute and chronic 
Actually, all three ate congemtal and familial 

Congenital porphyria is charactemed by hght 
sensitivity, which may result in bhstenng and, not 
uncommonly, necrosis of the skm upon exposure to 
sunlight, and the excretion of large quantities of 
coproporphynn and uroporphyrm, type I, and some- 
times snmll quantities of protoporphyrin The normal 
ratio of type I and typie IH potphynns is disturbed, 
the former type being produced m excessive amounts. 
The unne is stained a port wine color and the pigment 
IS deposited in teeth, bones and skm Liver extract and 
ascorbic aod seem to exert a favorable influence upon 
the disease. In acute porphyria, large amounts of 
porphynn type III (protoporphynn) are excreted. 
Light sensitivity does not occur, but there are ab- 
dominal, nervous or mental symptoms, eg, severe 
cramps and vomitmg, progressive paralysis often of 
an ascendmg type, and vanous forms of psychosis 
In the chronic form of the disease, coproporphyrm 
type HI and small amounts of coproporphynn type I 
ate excreted m the unne and feces There is mild hght 
sensibvity 

Porphynnuna An maeased excretion of poiphynns 
m the unne m other conditions than the porphynas is 
termed porphynnuna Increased excretion occurs m 
vanous hepatic diseases, type I and to a Jess extent type 
in being found m the unne and espeaally m the feces 
Type I coproporphyrm is present m excess in the 
excreta of patients suffering from several types of 
anemia — pernicious anemia, hemolytic jaundice and m 
leukemia In the first of these it has been demonstrated 
m the megaloblasts, erythroblasts and reticulocytes 
Increased excretion of coproporphyrm Type HI occurs 
m aplastic anemia, Eodghn's disease, poliomyelitis, 
chronic alcoholism and lead poisoning In any condition 
assoaated with stimulation of the hemopoietic system 
prophynn production is mcreased, and contrary to what 
might be expected it is type I rather than type HI 
porphynns which are produced and exaeted in excess 
The hght ssnsiUvity of pellagra may probably be ex- 
plained by the excessive amounts of coproporphyrm 
(chiefly Type I) which are formed and excreted m this 
disease, but it is not unlikely that the porphynnuna is 
merely secondary to hepatic mvolvement 
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Hemolysis or the Laking or Blood 

Under normal arcumstances the plasma contains 
no appreciable quantity of hemoglobm K normal 
blood be centrifuged the corpuscles are driven to 
the bottom of the tube while the supernatant 
plasma is clear but famtly straw-colored Under 
certam conditions, however, changes may occur m 
the red cell which will allow the hemoglobm to 
escape mto the surrounding flmd, which then be- 
comes discolored This is called hemolysis or 
laking, and may be earned out m a test tube by 
means of vanous agenaes both physical and cheim- 
cal Certam biological substances, such as the 
toxins of bacteria, snake venoms, are mtensely 
hemolytic On the other hand, substances belong- 
mg to the class of immune substances or anti- 
bodies, and known specifically as hemolysins, are 
formed m the blood These have the power to 
hemolyze foreign red cells After the action of 
certam hemolytic agents the dim colorless outlme 
of the red cells — shadow cells or “ghosts” — may be 
seen, they represent the mcompletely destroyed 
framework of stroma ^ (See frontispiece ) Some of 
the means by which hemolysis may be mduced will 
now be considered m greater detaiL 

(J) Hypolomc solutions 

The membranes of plant and animal cells are 
semipermeable (p 29) They allow the passage 
mto the cell of water and vanous substances m 
solution, but offer a barrier to the entrance or 
egress of others The red cell is no exception, it 
contains substances (p 9) which cannot pass 
out, and is surrounded by a flmd (plasma) con- 
taming materials which cannot pass m We have 
here then a mmute and almost perfect osmometer 
(p 29), and mdeed much of our knowledge of 
osmotic phenomena has been gamed from the study 
of the behavior of plant and animal cells when 
placed m solutions of different concentrations In 
normal blood the plasma and the corpuscles are m 

* When hemolysis is induced by certam reagents, e g 
hnoleic acid, but the cell structure remains mtact, the 
addition of electrolytes causes the reappearance of 
hemoglobin m the cells (“reversed hemolysis”) This 
phenomenon is due probably to shrinkage of the cells 
and the concentration of a residue of unhberated pig- 
ment and not to the return of hemoglobm to the cell 


osmotic equihbnum, i e , the fluids separated by 
the corpuscular membrane are isotonic If, how- 
ever, the dissolved substances m the plasma are 
diluted by the addition of distilled water, a flow 
of water mto the corpuscles occurs An osmotic 
pressure is developed withm it which the cell 
membrane is unable to withstand The cell swells 
and becomes globular, the membrane stretches and 
the hemoglobm is liberated 

The process is m reahty rather more compheated 
than this It is probable that the hemoglobm is not 
contamed withm the red cell merely as m a bladder, or 
even m a number of smaller compartments, but is 
closely bound m some way to the cell structure One 
reason for this behef is that purely mechamcal agenaes 
will not hberate the pigment The cell may be tom mto 
the finest shreds, yet each mmute particle still retains 
its hold upon the hemoglobm The pigment, however, 
13 soon released when the surroundmg flmd is made 
hypotomc. This suggests that the cell structure con- 
sists of semipermeable partitions of almost infini te 
fineness 

The normal red cell offers a certam resistance to 
the dismtegratmg effect of hypotomc solutions A 
sbght lowenng of the osmotic pressure of the sur- 
roundmg flmd will not produce hemolysis The 
normal percentage of salts in human plasma is 
approximately 0 94 Normal cells may be placed 
m a 0 6 per cent salme solution without being 
hemolyzed The cell mcreases m volume, but the 
hemoglobm does not escape The first trace of 
hemolysis appears when the saline concentration 
is about 0 42 per cent and the cell volume m- 
creased to about 145 per cent At 0 35 per cent the 
cells are fuUy “laked”, i e , hemolysis is complete, 
the cell volume is around 165 per cent of normal 
just before this occurs The resistance which 
erythrocytes offer to the hemolytic action of 
hypotomc solutions is used in this way as an mdex 
of the fragihty of the red cells 

In performing a fragihty test a senes of tubes is set 
up containing solutions of NaCl graded in strength from 
0 9 to 0 20 per cent at mtervals of 0 05 per cent above 
and below the range at uhich hemolysis is expected, 
and at mtervals of 0 025 withm that range A sample of 
blood IS mtroduced mto the salme m each tube, and the 
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one in -whidi hemolysis commences and the one m ii hich 
the process is complete are noted A mechanical JragiUly 
test IS sometimes employed, a sample of blood being 
placed m a flask with glass beads and rapidly rotated 
The hberated hemoglobm is then measured The mc- 
chamcal fragility is mcreased m acholuric jaundice, 
certam other hemolytic anemias and m sicklc-ccll 
anemia The degree of hemolysis may be determined by 
centnfugmg the diluted blood sample and estimating 
colonmetncally the quantity of hemoglobm in the su 
pernatant flmd 

In pernicious anemia the red cells have been 
found to be actually less fragile than normal 
whereas m other conditions, e g , some forms of 
purpura (p 122) and acholunc jaundice (ch 9), 
their fragihty is mcreased 

Cells which show reduced resistance to hypotonic 
saline may show a normal resistance to other 
hemolytic agents, eg, lysolecithm (p 65) and 
vice versa Erythrocytes of sphencal form, such as 
those characteristic of acholunc jaundice, show a 
lowered osmotic resistance mainly because the 
cells can not mcrease their volume by as great an 
mcrement as can normal cells wnthout injury to 
the cell structure (see p 9) The resistance to 
hemolysis by lysolecithm on the other hand is not 
mfluenced by the shape of the cells, the hemolytic 
process bemg chemical m nature 

The permeability of the membrane of the red 
cell IS quite difierent from that of the capillary 
membrane which, as we have seen (p 30), allows 
the passage of aU crystalloid substances and to 
some extent of plasma protem, and is also freely 
permeable to hemoglobin The membrane of human 
erythrocytes, on the other hand, is impermeable 
under physiological conditions to hemoglobin, the 
plasma proteins, and to Ca^, K+, Mg++ and 
orgamc phosphate ions, but permits the passage of 
water, H+ NH 4 +, and of Cl”, HCOr and PO" 
Potassium escapes freely from the cells under con- 
ditions which mjure the cell membrane, the 
potassium loss is closely related to the escape of 
hemoglobm, i e , to hemolvsis The human rcd- 
cell membrane is not absolutely impermeable to 
the sodium ion for even under physiological condi- 
tions and, therefore, m the absence of hemolysis 
mmute amounts may pass from the plasma into 
the erythrocytes * Smce the red cell is impermeable 

a a ”^sult3 of various investigators m the past have 
differed rather widely with respect to the permcabihty 
of the red cell to the sodium and potassium ions, but the 
tepenments of Kunuck who employed radio-active iso- 
lopM of Na and K give strong support to the statement 


to potassium while sodium can cross the membrane, 
the selective piermcability of the latter cannot be 
explained simply upon the theory that tlie cell 
membrane is a sieve like structure whose pores 
are of such a size as to allow the smaller ions, but 
not the larger ones, to pass The lipid soluble 
theory is also unsatisfacton', for the inorganic 
anions arc lipid insoluble 1 he cell membrane is 
frcclypcrmcablc to ammo acids, urea and uric acid, 
so these substances under ordinary circumstances 
do not enter info the osmotic relationships between 
cells and plasma Osmotic changes occur, how e\ cr, 
when CO" enters the blood and diffuses into the 
cell (sec p 397) 

The exchange of inorganic phosphate across the 
cell membrane is associated wiUi the cnzjmatic 
symthesis and breakdown of organic phosphate 
esters within the crjthrocjte In the former 
process inorganic phosphate passes from the scrum 
into the cell and in the reverse direction when or- 
ganic phosphate compounds arc brolcn down 

(2) Chemical substances 

Ether, chloroform, benzene an<} alcohol act b> dis 
solving the hpid constituents of the envelope and 
stroma of the cell Other substances, c g bite salts, acids 
and alkalis and saponin cause hcmolpis, but the manner 
m which they act is not altogether clear Bile salts 
probably act by combining with the protein constit 
uents, and saponin with the cholesterol As a result 
of the chemical changes induced bj cither of these sub 
stances, destruction of the cell stroma — stromalolysis — 
occurs Aads probably act b> penetrating the cell and 
increasing the osmotic concentration wathin Swelling 
and liberation of the hemoglobin occurs in a manner 
analogous to that of hjpotonic solutions The stroma 
is not as a rule dcstrojed Alkalis, particularlv am 
monia, arc powerfullj hemolj tic, as is also ammonium 
chlondc. The NH, enters the cell and through the 
increase m osmotic pressure causes swelling and 
liberation of the hemoglobin Stromatoljsis accom 
panics hcmolj SIS bj alkah 

Certain chemical poisons such as carbolic aad, nitro- 
benzene, pjTognllol, nan, arsenical preparations used 
in the treatment of syphilis, and manj other substances 
arc capable of causing red cell destruction 

(J) Substances of bacterial origin or formed in the 
animal body 

(a) Specific Hesioixsixs If blood is injected into 
the veins of an ammal of another speaes, or as alreadv 
mentioned (p 42) into an mdivadual of the same sjicncs 
but whose blood group is incomjiaUble with the blood 
group to which the injected blood belongs, agglutina- 
tion of the red cells of the donor occurs, and hcmoljsis 
follows as a secondary effect But if a senes of injecUons 
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of erythrocytes be injected over a period of days into 
the blood of another speaes the serum of the latter 
develops a substance which promptly destroj's the 
foreign cells through a primary hemolytic effect quite 
independent of agglutination This hemolytic reaction, 
nhich n as first demonstrated by Bordet, is speafic, that 
IS to say, it IS only the particular speaes of erythrocyte 
to which the ammal has been sensitized by previous 
mjections that is destroyed by the hemolytic substance 
The latter on this account is knonm as a specific hemoly- 
sin It belongs to the class of immune substances or 
antibodies Bodies of similar nature cause the destruc- 
tion of other foreign cells and are known as cjdolysms 
and bactenolysins All are part of a general protective 
mechamsm which the body is able to build up agamst 
the invasion of foreign cells When refemng to these 
and other immune reactions the substance which 
upon entering the body causes their development is 
referred to as the antigen (i e , the foreign red cells m 
the case of hemolysins) The antibody itself (e g , the 
hemol 3 'sin) is heat stable and is spoken of as the 
amboceptor The latter which is speafic requires for its 
action another body which is nonspecific, is present in 
all sera and is destroyed by heat It is known as the 
complement Three factors (antigen, amboceptor and 
complement) are therefore necessary for the hemol 3 rtic 
or bactenol> tic reaction After the action of the hemo- 
lybc or bactenolytic amboceptor has been annulled 
through destruction of the complement by heat, the 
reaction may be restored by the addition of any serum 
(i e , by supplying fresh complement) 

When serum which has developed a bacterial anti- 
body IS incubated with an emulsion of the particular 
bactena which has served as antigen, a reaction occurs 
which “fixes” or binds the complement The phenome- 
non is spoken of as complement fixation These facts 
were applied by Wassermann to the diagnosis of sjqih- 
ihs, and by subsequent Workers as a test for other 
diseases, e g , tuberculosis For example, the previously 
heated serum of a subject suspected to be suffenng from 
syphilis IS incubated with (a) an emulsion of syphihtic 
hver^ tubercle or typhoid bacilh respectively (the anti 
gen) together with (b) complement furnished by normal 
gumea-pig’s serum If the suspected serum contams a 
speafic antibody (amboceptor) for the antigen em- 
ployed, the former will bmd the complement to the 
latter, i e , fixation of complement wall occur The fore- 
going IS an account of a bactenolytic system An 
hemolytic sj^tem is employed to render the reaction 
visible Washed sheep’s corpuscles are added to the 
former system, together with the previously heated 
serum of a rabbit which has been sensitized to the latter 
cells by repeated injections This serum supphes the 
hemolytic amboceptor but its complement has been 
destroyed If the test is positive no hemolysis of the 

’ As a matter of fact syphihtic hver has been found 
to be unnecessary, smce leathm and other materials 
for some imexplamed reason will serve as antigens 


corpuscles occurs, smce the complement (non-specific) 
of the patient’s serum has been already fixed by the 
bactenolytic amboceptor and the hemolysm of the 
rabbit serum is therefore unable to exert its usual effect 

(b) Toxic Substances of Bacterial or Parasitic 
Origin Endogenous poisons of unknown ongm The 
toxins of bactena responsible for many diseases, e.g 
streptococcus, staphylococcus, tetanus baallus and the 
organism of scarlet fever may cause a destruction of 
red cells, it may also occur m extensive bums The more 
virulent types of other infectious fevers, e g , smallpox, 
diphtheria, are also sometimes accompamed by mtense 
hemolysis When the hemolysis is of moderate degree 
but occurs over longer penods the hemoglobm is con- 
verted into bile-pigment This, if formed m amounts 
greater than can be disposed of by the hver, undergoes 
partial retention m the plasma, which together with the 
sohd tissues, espeaally of the skin and mucous mem- 
branes, becomes stamed a yellowish tmt — hemolytic 
jaundice (p 80) In hemolytic states of long standing 
an iron-contammg derivative of hemoglobm termed 
hemosiderin is frequently deposited m large amounts m 
the tissues, particularly of the hver and spleen (p 79) 

(c) The Venoms of Certain Poisonous Snakes, 
c g , the cobra, and the poisons of various stmgmg m- 
sects and spiders cause a destruction to a greater or less 
degree of the red cells Snake venom (cobra) has been 
shown to act mduectly It contains a prmaple w hich has 
power to remove unsaturated fatty aads from the 
leathm molecule The resultmg product which is called 
lysolecilhin, is mtensely hemolytic Smce lecithm is 
present both m erythrocytes and plasma and mdeed m 
all cells, the entrance of snake venom mto the body 
causes the production of this mtenselv hemolytic sub- 
stance Kephahn is acted upon by snake venom m a 
like manner with the production of a lysokephahn 
which has a similar hemolytic action 

(d) Hemolysins from Normal Tissues A non- 
specific hemolysm has been extracted by simple means 
from healthy tissues and identified as as-vaccmic acid. 
It probably exists m the free state m the tissues Other 
non-specific hemolysms have been isolated from various 
tissues after mcubation at 37° and extraction with alco- 
hol These are thought to be present bound to an inhibi- 
tory substance, but may be hberated m active form 
by disease or mjury 

Hemoglobinuria 

When the hemolysis reaches such a degree that the 
hemoglobm cannot be converted mto bihrubm as rap- 
idly as it 13 hberated, as m severe malana (black-w ater 
fever) hemoglobinuria occurs, that is, the pigment is 
passed m the urme, which is usually turned port wme 
color or a dark brown or even black, due to the action 
of the urmary aad m convertmg the pigment into aad 
hematm and methemoglobm The concentration of he- 
moglobm must, as a rule, reach a level of about 0 13 
gram per 100 cc of blood before it appears m the urme 
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It should be remembered that hemoglobm once it has 
escaped from the erj-throcj-tes is ftmcUonless Not on)} 
IS it unable to be retamed xnlhm the capiilanes on ac- 
count of the relati\el\ small size of its molecule but the 
ensnronment of the plasma is unsuitable for its acUon 

The hemol>'sis m hlachcalcr Jerer is not due to the 
destruction of er}-throc}tes b> the malarial parasite, 
nor does the parasite afiect the hemopoietc tissue m 
such a n-aj that it produces cells which are unduly 
fragile. The cells are apparent!} not defective, but the 
work of Macgraith and his assoaates mav provide an 
explanation of the high degree of hemol}-sis m this 
disease The} found that normal human tissues contain 
a hemol}’sin which is inhibited m its action b} normal 
serum but not b} the serum of a patient suffenng from 
blackwater fev er It is suggested, therefore, that there 
IS no special hemol}'tic agent m the blood m blackwater 
fever but rather an absence of a normal mhibitory 
substance. 

Paroxysmai (cold) hemoglobtnuna This form of 
hemoglobinuna occurs most usually upon exposure 
to cold There maj be fever, headache, abdominal pain, 
vomitmg and transient jaundice. It is sometimes 
assoaated with Ea.}Tiaud’s phenomenon, m which 
condition spasmodic constncbons of the small vessels 
of the peripheral parts of the bod} occur, parbcularl} 
after exposure to cold The occasional assoaabon of the 
two conditions has suggested to some that the}' have a 
common cause, but dtrect evidence for this is lacking 
It IS an mterestmg observaboa that the blood of a 
subject of paroxysmal hemoglobmuna if cooled (to 
S°C.) outside the bodv and subsequent!) wanned 
undergoes hemol}'sis (Donath phenomenon) There is 
apparenti} no defect, however, of the subject’s cor- 
puscles, the} seem to be no less resistant than normal 
to hvpotomc sahne, the serum, on the other hand, has 
the power to hetnol}'ze the cells of a normal person 
The great majont} of subjects are s}'phihbc. The hemo- 
globm, It seems, is hberated from the erj’throcj'tes bv 
the acbon of an endogenous hcmolj'sm which m the 
presence of complement becomes fixed to the red-cells 
when the blood is chilled (cold phase) The presence 
of some thennolabile component of complement is 
required when the blood is agam brought to ordinary 
bodv temperature (warm phase) to bnng about hemol- 
}-sis (see Siebens and associates) The phenomenon is 
quite disbnct from cold agglutmabon (p 50) 

Mafch heitioglohinurta Hemolj’sis may occur and 
hemoglobm appear in the urine cv en in healthv persons 
after strenuous muscular eSort. In certam persons this 
tcndcnc} is exaggerated and hemoglobmuna ma} fol- 
low relabv el} mild muscular exercise. It is seen not in 
frequentl} m soldiers after long inarches The free pig- 
ment m the blood and unnc of such cases is oi} hemo- 
globm, not m)oglobin as might be expected The 
fragihtv of the red cells is not mcreased and neither hem- 
olvsms nor autoaggluUmns which might account for 
the hemolvsis have been discovered 


In the third t}-pe of parox}’sin8l hemoglobmuna— the 
noduma} hmoghhinun<i of MarchtafaTa — hemoglobm 
or hemosiderin (p 79) is passed almost continuous!} 
m the unnc, but m greatest amounts at night It is 
accompanied b} a severe hemolvbc anemia The cause 
of the hemo1}-sis is behtved to be a pecuhar suscepU- 
bihty of the red cells to aad metabohtes, their greater 
destruction at night being attnbuted to the accumula- 
tion of carbon dionde dunng sleep The abnormal cells 
ate hemol}-sed when mcubated m serum made shghtly 
aad (Ham), or m any normal serum, but normal cells 
arc not destro}’ed by the patient’s serum The fault m 
the patient’s cells is thought to be some abnormaht} of 
the stroma protem 

The SHSPE1.SION SxAsnjrv oe the Blood Ervth- 
ROCVTE SEDnCENTATIOS. RATE (E S R.) 

The blood is a suspension of ceUs m a viscous 
fluid, the plasma It is onlv the constant move- 
ment of the fluid that keeps the cells evenly dis- 
tributed throughout. When the circulation comes 
to rest the cells at once commence to sink Under 
ordinary circumstances the sedimentation of the 
cells m a sample of blood can progress to only a 
neghgible extent, for it is soon circumvented by 
the clottmg process which fixes them m a jelly-hke 
matrix. If for any reason, the blood is dela} ed from 
clottmg, sedimentation may contmue imtil an 
upper la}er of dear plasma becomes separated 
from the cells which have descended through the 
fluid When dotting then ensues the blood consists 
of two strata, a thm > dlowish or buS-colored laj er 
of dotted plasma laid upon a much deeper red 
stratum of cells ’When blood had dotted m this 
way the upper layer was known to the older physi- 
ologists as the “bufiy coat” (see also p 113) 
Anaent and medieval physicians earned out crude 
observabons of the quantity of dear flmd which 
separated from blood upon standing as a means of 
diagnosis In conformity with their humoral 
theones of disease, they beheved it to be the 
"phlegm” which had separated from the other 
humors 

Biemaki (1891) was the first in modem times to 
draw attention to the mcrease m the rate of sedi- 
mentation of the blood m various pathological 
states The subject has been studied in more 
recent times by Fahraeus and the erythrocyle 
sedimentation rate (E SJL) has come to be recog- 
nised as a useful diagnostic procedure The sedi- 
mentation rate is measured by the depth m milh- 
meteis of dear plasma which is fonufd at the top 
of a vertical column of blood at the end of one 
hour For the determination of the E S R. either 
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Westegren’s or Wmtrobe’s method is usually em- 
ployed In Westegren's method, the blood for 
examination (about 1 5 ml ) is diluted 4 parts to 
1 of a 3 8 per cent solution of sodium citrate ^ It 
IS then dra\\Ti into a graduated glass tube about 
300 mm long, and having a bore of 2 45 mm ® The 
upper end of the tube which is fixed m a strictly 
perpendicular position is left open, while the lower 
end IS closed, usually by a removable rubber cap 
held in position by a spnng 

The determinations should be made at a tem- 
perature of 20°C 

The sedimentation rates expressed as the height 
of supernatant plasma, m mm per hour for normal 
blood of men, women and infants, are given in the 
following table 

BIOT ptr hour 

Men 1-3 

Women 4-7 

Newborn children 0 5 

In normal pregnancy and in certain pathological 
states, the sinking rate of the red cells is found to 
be very markedly increased, in other words, the 
suspension stability of the blood is reduced The 
average figure dunng pregnancy is about 35 ram 
per hour The rate is also mcreased dunng 
menstruation The pathological states which show 
the most noteworthy increase m the rate are 
septicemia, 100 mm per hour, and pulmonary 
tuberculosis, 65 mm Anemia (sickle-cell anemia 
and acholuric j aundice excepted) , malignant tumors, 
inflammatory conditions of the female pelvic or- 
gans and many other conditions increase the rate 
moderately above the normal Reduclion m the 
sedimentation rate is rare, it occurs in allergic 
states, in peptone shock and in sickle-cell anemia 
and acholuric jaundice 

The physical changes in the blood which might 
cause this unusually rapid rate of red cell settling 
are of considerable interest and were mvestigated 
thoroughly by Fahraeus In considering the sedi- 
mentation rate of particles suspended in a fluid 
when they are of a size comparable with that of 

^This IS isotonic with plasma and has the same 
speafic gravity 

‘ Smee the concentration of the blood m red cells m- 
fluences the sinking rate, Walton recommends that 
their number be standardized to 5,000,000 Mr cu mm 
by the addition or removal of plasma if the subject’s 
blood IS below or above this level In Wmtrobe’s method 
his hematocrit tube is employed, the packed cell volume 
(p 15) being deterrmned if desured after measunng 
the E S R In the final calculation of the latter, a factor 
IS used to correct for any exisbng anemia 


the red cells, four factors must be taken mto 
account. These as apphed to blood are 

(1) Specific gravity of the plasma as compared with 
that of the corpuscles Corpuscles of high speafic 
gravity would sink more qmckly m normal plasma, and 
normal corpuscles more quickly m a plasma with a low 
specific gravity In neither corpuscles nor plasma was 
any significant change of this nature found to explain 
an increase m the E S R 

(2) Lowered viscosity of the plasma is another factor 
which could cause an mcrease m rate of sinking, but 
no such change could be detected 

(3) Increased size of the corpuscles would increase 
their mass disproportionately to their surface and in 
consequence enhance thar rate of sinkmg, but no 
significant alteration m size was found 

(4) Clumping together of cells of normal size would 
have the same effect as an mcrease in size of the indi- 
vidual cells for just as lumps of clay sink rapidly m 
water, while clay in the form of fine parhcles remains 
suspended almost mdefimtely, so aggregation of the 
corpuscles would cause their more rapid sedimentation 

This last factor is the chief cause of the lowered 
stability of the blood suspension in the patho- 
logical conditions cited above The roughness 
and granular appearance of the blood, due to the 
corpuscular aggregation is evident to the naked 
eye when the blood is spread m a film upon a slide 
(fig 7 1) Normal blood, in marked contrast, forms 
a smooth homogeneous film Under the microscope 
the crowding together of the cells m large masses is 
quite obvious An increase m the fibrinogen and 
euglobulm fractions of the plasma is held re- 
sponsible for the effect These proteins act upon 
the corpuscles m some unknown way to make 
them adhere to one another and form clumps of 
agglutmated cells ® It is probable that it is the 
relative proportions of the fibnnogen, globuhn and 
albumin fractions of the plasma rather than their 
absolute concentrations which are of importance in 
determimng the E S R Thus a fall m the albumin 
concentration alone may have as great an accel- 
eratmg effect as a rise m the other fractions That 
the character of the plasma and not that of the 
cells IS the prmcipal determmmg factor is shown 
by the fact that if erythrocytes from blood with a 
high sedunentation rate (eg, of pregnancy) are 
suspended m the plasma of blood having a low 
rate of sedimentation (e g , of newborn) they settle 
at the slower rate, and conversely, erythrocytes 

® The red cells of normal blood show an mapient 
tendency to chng together m chains — the so called 
rouleaux formation (pseudo-agglutination) 
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Fic 7 1 Showing the naLed-e\e appearances of specimens of Wood spread upon glass slides The speomens, 
left to nght, are from, a healths man (2), b healthj woman (7), c heahhj pregnant woman (28), d man, 
appendiatis (40), e man, pneumonia (68), / sepsis (102) Note the espeoaUi granular appearance of specimens 
c, and t (\£ler Fahraeus j 


snth a normal sedimentation rate m their own 
plasma settle rapidli m plasma from blood with a 
high E S R- See table 1 1 
Though the protem constitution of the plasma 
is usualli the most important smgle factor 
affecUng the sedimentation rate, seteral other 
factors exert an influence, e.g , (1) the shape of 
the crj-throcjrtes, an\ tendencj' toward a spherical 
form b3 reduang the prochnt> of the cells to 
ding together (rouleaux formation) will retard 

TABLE 11 


Shinnng the sedirrentation rates of corpuseJes from the 
same sample of Hood suspended tn dijfereni protein 
fracticms of plasma (from Zozaya) 


Tion:xs rzAcnoK 


Fibnnogen 1 

41-61 nun. 

Euglobulm 

42-64 mm. 

Pseudoglobulm 

5-12 mm. 

Albumm 

3- 6 mm. 


sedimentation, (2) temperature, a rise m tempera- 
ture abo\ e 20''C , as a rule, accelerates the E S R , 
a fall retards it, (3) the lecithin-cholesterol ratio of 
the plasma, the rate is retarded bj an increase 
m the leathin concentration and accelerated b> 
cholesterol, (4) red-cell concentration, a high 
eijrthrocj'te count retards the E S R., a low count 
accelerates it. 

The non-speofiaty of the test is endent, never- 
theless determinations of the sedimentation rate 
are of considerable value, especially, (1) m gaugmg 
the degree of activity of tuberculous processes, (2) 
as an aid m the diflierential diagnosis of certain 
gjmecological lesions Benign tumors of the pelvic 
oigans cause no change m rate whereas, as al- 
ready mentioned, malignant growths, inflamma- 
torv states and pregnanej' cause a pronounced 
rise, (3) as an mdei of the extent and mtensitj m 
pyogemc infe ctions, and (4) m estimatmg the 
achvity of the inflammatory process m rheumatic 
fever ■' 
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THE SPLEEN, THE LIFE OF THE RED CELL, T 

OF BLOOD, IRON METABOLR 


The Fokchions oe naE Spleen 

The spleen senses three well-recognized purposes, 
namely, (1) the final disposal of the red blood 
cells, (2) the storage of blood, (3) achons possibly 
hormonal m nature upon the longevity, form and 
structure of the erythrocytes and upon the number 
of platelets and leukocytes, (4) the manufacture of 
lymphocytes m the lymphoid tissue composmg the 
Malpighian corpuscles (p 71) 

(1) THE r6lE played BY THE SPLEEN IN THE 
DESTRUCTION OE THE BLOOD (TILLS 

In the pulp of the spleen are to be found rela- 
tively enormous mononudear ameboid cells which 
have the power to engulf foreign particles of vanous 
sorts They are known as macrop/iages and at 
tunes may be seen with fragments of erythrocytes 
or even whole corpusdes withm their cytoplasm 
These cells bdong to the reticulo-endothehal sys- 
tem (p 105) In certam conditions m which a great 
destruction of red cells is a feature, immense num- 
bers of these phagocytic cells may be seen loaded 
icith erythrocyte fragments of vanous sizes 
Sometimes merely a dust-like residue (Jiemocoma) 
contammg hemoglobm is all that remains of the 
blood cell The disposal of abnormal or over-mature 
er>'^throcytes by the spleen may not be a phagocytic 
process entirely, for it has been postulated that 
the cells m their slow progress through the splemc 
circulation are subjected to the action of a physi- 
ological hemolysm, possibly lysolecithin (p 65) or 
a substance alhed to it 

Attempts to demonstrate the red-cell disposal 
function of the spleen by comparative estimates of 
the corpuscailar contents of the artenal (mgomg) 
and venous (outgomg) bloods have not, on the 
whole, been very successful But Mann and his 
assoaates have been able, by spectroscopic ex- 
amination of the artenal and venous bloods, to 
show a defimte excess of bilirubm (iron-free pig- 
ment) m the blood of the splemc vem over that of 
the splemc arteiy The bihrubm m the venous 


impregnated with i 
pigment, hemostde 
globm of the dism 
occur m the liver 
tissues 

Though evidenc 
studies and from I 
doubtedly that red 
spleen, it is behev< 
or effete and senile 
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not thought to atfc 
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(2) THE SPITI 
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When guinea pigs were permitted to breathe an 
atmosphere contaimng from 0 06 to 1 per cent 
carbon monoxide, it was found that the blood of 
the general circulation contamed the expected 
amount of the inhaled gas but the blood of the 
spleen contained none until a considerable tune 
had elapsed There was a lag in some cases of 
2 hours m the absorption of the gas by the blood 
of the spleen AVhen, after the splenic blood had 
absorbed the gas, the animals were brought mto 
pure air, the carbon monoxide disappieared from the 
systemic arculation much sooner than from the 
blood of the spleen These facts could only be 
accounted for on the assumption that blood had 
been held m the spleen out of the general cucu- 
lation, 1 e , in a sort of cul de sac No difference 
m the gas content of the bloods m the two regions 
occurred, however, if strenuous exercise were ear- 
ned out mimediately poor to the inhalation of the 
gas This suggested that dunng exercise the spleen 
contracted, and expelled the blood that had been 
held stagnant wi thin its smuses Proof was gained 
by an mgemous experiment Metal rods were 
fastened to the spleen at such pomts that changes 
m their position would mdicate changes m splenic 
volume The ammal’s abdomen was closed and 
time allowed for it to recover from the operation 
X-ray examinations were then made before and 
after exercise, when it was found that a pronounced 
shnnkage of the organ occurred as a result of the 
exertion In other experiments the spleen was 
drawn out of the abdomen and fixed to the ab- 
dominal wall which was then closed around the 
splemc pedicle The animal recovers after this 
operation and remains m good health Direct ob- 
servations of changes m splemc volume could by 
this means be made from time to time under dif- 
ferent experimental conditions It has been esti- 
mated that m the cat the spleen is capable of 
expiellmg dunng very strenuous exercise a quantity 
of blood (plasma and cells) equal to one-sixth of 
the total blood volume, and that the number of 
red cells discharged might be as much as one- 
fourth of the body’s total supply The blood of the 
spleen has therefore a much higher corpuscular 
content than that of the general circulation The 
concentration of the blood m the spleen occurs 
very rapidly^ — wnthm a few mmutes 
By the liberaUon of a large number of red cells 
dunng exercise the blood is ennehed m hemo 
globm, and its oxygen carrymg capaaty as a conse- 
quence increased In this way the spleen serves 


an emergency fiinclton Its value in an emergency 
was shown when normal and splencctomized 
gumea pigs were exposed to an atmosphere con- 
taining a given percentage of carbon monoxide 
The anunals operated upon succumbed much 
sooner than did the normal ones, and a dose just 
suflficient to kill the former was not lethal for the 
latter There was no difference, however, in the 
survival time when hydrocjanic acid was used, 
since this poison docs not cause death through any 
effect upon the oxygen carrying capacity of the 
blood In conditions such as muscular exercise, 
hemorrhage, carbon monoxide poisoning, etc , or 
under anj' circumstances in which the oxygen 
supply to the tissues falls below their requirements, 
contraction of the spleen and the expulsion of an 
extra quota of blood mto the circulation occurs 
The necessity automatically bnngs about its own 
relief, for lowered oxygen tension is the adequate 
stimulus for splemc contraction The stimulus 
evidently acts not directly upon the spleen but 
upon the nerve centers, for there is no response to 
lowered oxvgcn tensions if the splenic nerves ha\e 
first been cut ' 

Cannon and Izquicrdo have shown that m cats 
excitement produces an increase of o\cr 25 per 
cent in the red cell count, which they asenbe to a 
discharge from the splenic reservoir Injections of 
adrenalme, pituitnn, acetjlchohnc and pilocarpine 
have a similar effect Hargis and Mann ha%c 
demonstrated m dogs that the slightest disturbance 
in the ammal’s surroundmgs, c g , the banging of 
a door, or procedures causing minor discomfort to 
the animal induce reflex-contraction of the spleen 
This is accompanied by increased blood flow 
through the splenic vem The effect of emotional 
states upon splenic volume are shown in figure 8 1 

The spleen also undergoes spontaneous rh> thmi- 
cal changes m volume which as shown b> Barcroft 
and Nisimaru are responsible for certain low undu- 
lations seen m blood pressure tracings These w ere 
first observed by Roy in 1881 They have a dura- 
tion of from 25 to 50 seconds (fig 8 2) WTien the 
splenic and blood pressure tracings are simchro- 
nized, the peaks of the blood pressure wa\ cs com- 

‘It was observed by Barcroft and his colleagues 
that the splemc volume progressivelj dimimshes from 
about the middle of pregnancy to term Blood is 
transferred apparently to the utenne \essels for the 
nourishment of the fetuses After the birth of tlie 
young the maternal spleen rapidly regmns its usual 
size In animals m which the spleen has been de 
nervated, pregnancy does not cause a reducUon in 
splemc volume. 
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ade with the troughs of the splenic fluctuations 
The waves are more pronounced after denervation 
of the spleen, they disappear after damping the 
splemc arteiy The fluctuations m splemc volume 
were beheved to be due to the rhythmical con- 
tractions of the smooth musde of the spleen, but it 
has been shown by Mertens and by Grmdlay and 
his associates that they are caused by penodic 
changes m the splenic blood flow, and ongmate m 
the artenal or artenolar musculature The rhyth- 
mical changes m the blood flow were recorded by 
means of the thermostromuhr (p 176) from the 
splemc artery and vem while the penodiaty of the 
waves recorded from the two vessels was identical, 
the venous fluctuations lagged behmd those of the 
artenal blood flow and splemc volume by an 
mterval of about S seconds 



Fig 8 2 S V = splemc volume B P = general 
artenal blood pressure T = tune, 5 sec B = base- 
line at 40 mm Hg Spleen m plethysmograph, a, 
before dampmg splemc vessels, h, after dampmg 
vessels, c. after removal of damp (after Barcroft and 
I'Jisimaru) 


The structure of the spleen is suited most admirably 
for its reservou function In its relaxed condition m the 
hvmgbody itis a large organ — ^3 to 5 times larger than 
post-mortem exammation would lead one to suspect, for 
the throes of death cause it to contract to minimal pro- 
portions The blood is dehvered mto the substance of 
the spleen by fine artenal vessels Through these the 
blood floods the splemc pulp and percolates between its 
cells It is collected agam mto venous smuses whose 
walls are formed of flattened cells possessmg phagocytic 
prochvities of the highest order (reticulo-endothehal ele- 
ments) The blood passes freely mto the smuses through 
numerous perforations m them walls A certam propor- 
tion of the splemc artenoles open duectly mto the sm- 
uses The latter are dramed by small vems with mtact 
walls which jom with similar radides to form larger 
venous trunks The splemc circulation is therefore an 
open one and a large part of the blood m its passage from 



Fig 8 1 Changes m volume of spleen as a result of 
emotional exatement (after Barcroft) Sketch on left, 
R, rest, C, dog sees cat. The numbers represent the 
rdative sizes of the dog’s spleen Sketch on nght, 

— — — rest, smells cat, hears 

cat, — sees cat, chases cat 


the artenal to the venous side traverses the morass of 
splemc pulp The flow at ordmary times is very slug- 
gish, and withm the venous smuses the blood may be 
almost stagnant Nevertheless withm a relatively short 
time all the red cells m the body are brought mto direct 
relationship with the splemc tissue to pass inspection 
by the macrophages lurkmg m the pulp and linmg the 
smuses To these cells the infirm, senile or dymg erythro- 
cytes fall a prey 

The capsule of the spleen is provided with unstrtped 
muscle fibers which penetrate its substance and are 
contmued along the fibrous trabeculae mto the depths 
of the organ The distnbution of the musde m this 
way explams how the spleen is enabled so qmckly to 
alter its volume 

Dotted throughout the spleen, like islands, and sur- 
rounded by the pulp are hghter areas of lymphoid tissue. 
These are the Malpighian corpuscles Many of them, 
espeaally in infancy, show a pale central area known 
as the "germ center” The Malpighian corpusde (fig 
8B) is pierced by a small artery, it is analogous to 
similar areas m lymph nodes, and serves the same 
fimcbon, namdy the manufacture of lymphocytes 
The devdopment of these cells is considered m chap- 
ter 11 

(3) THE HEMOPODETIC FUNCTION OF THE SPLEEN IN 

THE EMBRYO AND ITS POSSIBLE ACTION UPON 
THE BLOOD CELLS IN POSTNATAL LIFE 

In the embryo, the spleen m common with the 
bone-marrow and liver is active m the production 
of erythrocytes and granulocytes as well as of 
l)nnphocytes But erythropoiesis and granulopoiesis 
m the spleen normally cease at birth Yet, many ob- 
servations pomt to the spleen as exertmg an 
influence upon the form and structure of the 
erythrocytes, while they move slowly through the 
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Fig 8 3 Diagram of the human spleen (A.) artcrv 
and \ein (A*) m a trabecuk (T) of the capsule (C), ZA, 
central arterj of the corpuscle of Malpighi (MK), P, 
small artenes, HA, artenes mth a sheath, AK, artenal 
capiUanes which terminate in the sinuses (J) or in the 
meshes ot the reticulum (2), MS, s'enous sinuses, V\, 
white pulp (from Cajal after Sajanonowicz) 

splenic \ esseb or during their des elopment in the 
bone-marrow Though, as mentioned on page 69, 
the spleen destroi's abnormal cells (e g , the 
spherocytes of chronic congemtal hemolj'ticaneima, 
p 80) and normal cells after thej hate served 
their purpose, it appiears that a normal splenic 
function IS to prolong the life of the erythro- 
cyte After splenectomy , the life span of the cdl 
IS defirutely shortened Such a decrease m the 
longevity of the red-cell is not, howev er, due to an 
increase m its fragility, for erythrocytes m the 
blood of the spleen actually appear to be more 
fragile than those of the general circulation The 
red-cells are also thinner than normal in splenec- 
tomized animals and show nudear changes from 
which It has been inferred that thickening of the 
celt and removal of the nudeus are processes within 
the sphere of splenic influence. Such observations 
suggest, though rather raguely, an endocrine in- 
fluence by the spleen upon the bone-marrow But 
attempts to obtam a hormone having an eflect 
upon hemopoiesis have not yuelded any condusive 
result 

The spleen is concerned undoubtedly in the life 
history of the platelets In normal anim als and in 
patients suffering from thrombocytopemc purpura 
(p 122) splenectomy mcreases the number of 


circulating platdets, which imphes that the spleen 
normallv has a destrucUve action upon the 
platdets which may become enhanced under 
certam conditions ’ After splenectomy animals be- 
come more susceptible to certam parasitic and 
bactenal infections, but there is no proof that this 
lowered resistance to such diseases is due to the 
removal of any specific effect, and not simply to 
the large population of phagocytic cells m the 
spleen as veil as to Its nch supply of lymphoid 
tissue — a source of antibodies 

ExiARGEsmsT OF Spleen (Sfixnosiegai.'v) 

EnlaTgemcnt of the spleen is assoaated with a large 
number of pathological states, only a few wiU be 
mentioned 

In Otrorrbocylopcntc purpura (p 122) the spleen is 
enlarged and its removal is followed by a nse in the 
platelet count and amchoration of the symptoms Also, 
substances such as anP platelet serum or diphtheria 
toxin, which when injected cause platelet destruebon, 
are rendered much less effeepv e if the spleen has been 
removed Splenectomy frequentlv brings about a cure 
in hemolytic jaundice (acholunc jaundice), p 80 The 
spleen may be considerably enlarged in pernicious 
anemia but splenectomy exerts no effect upon the course 
of the disease (It has been mentioned that the spleen 
does not destroy healthy crythrocy tes and the fragihty 
ot the red cells is actualK decreased in pemiaous 
anemia) In splenic anemia (congestive splenomegaly, 
Banti’s disease), the spleen is tremendousK enlarged, 
the Uver becomes ciirhoUc There are portal hyperten- 
sion and repeated hemorrhages Splenectomy has been 
practiced m this disease with vanablc success Relief of 
the portal hvpertension and splenic congestion by 
anastomosis of the portal vem to the infenor vena cava 
IS advocated by WTupple Splemc enlargement is a 
feature of many other abnormal conditions, such as 
malaria, Hodgkin’s disease, leukemia, etc , but in these 
benefit does not follow its removal The organ is also 
enlarged sometunes enormously m poljcylhemia, but 
splenectomy fails to cure the condiPon, and indeed is 
attended by grave risks to life (Moynihan) 

Gaucher’s disease is an interesting though rare condn 
tion which, conunenang usually in childhood, is asso- 
dated with a colossal enlargement of the spleen The 
enlargement is due to hypertrophy and hyperplasia of 
reticulo-endothehal elements Masses of very large 

’ A cunoos and unexplained action of the spleen has 
been discovered by CuUumbme and Simpson, who 
found that tone doses of the anUthywoid compound, 
Ihio-thymine (2 thio-fi-methvl uraal) causes the death 
of normal rabbits from pulmonary edema, but not 
of splenectonured animals Moreover, if a ^plenecto- 
miz^ animal is mjected with an aqueous-and extract 
of hog or beef spleen, its susceptibility to the action 
of the drug m causing pulmonary edema is restored 
Splenic extracts alone produce no suvi effect. 
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vesicular cells (Gaucher’s cells) filled with a cerebroside 
called kcrasm are seen m the Ijunphoid tissue and venous 
sinuses of the spleen Hyperplasia of reticulo-endo- 
thehal elements also occurs in other situations, eg, 
bone marrow and hver The disease is due apparently 
to some disorder of hpid metabohsm Splenectomy is 
the only effective treatment Nicmaim-Ptck’s disease 
IS a somenhat similar condition affecting the rehculo- 
endothelial sj’stem and hpid metabohsm Character- 
istic cells, known from their appearance as “foam cells”, 
arc present in large numbers, they are loaded mth 
sphingomeylin Accumulations of this phosphohpid are 
found also in the hver and brain Subjects of this and 
the preceding disease are usually children of the Jewish 
race Von Jaksch’s disease occurs in mfants and is 
charactenzed by splenomegalj^ anemia and an increase 
in the number of white blood cells Great enlargement of 
the spleen also occurs in glycogen storage (Gierke?s) 
disease The chief characteristics are hypoglycemia, 
with ketosis, a shght rise onlj’’ m the blood sugar after 
an injection of adrenahne (ch 59), and extensive 
deposits of glycogen in the spleen, hver, heart and other 
organs 

From its position in the portal arculabon the spleen 
IS also very susceptible to enlargement, ather as a 
result of mechanical obstruction to the veins or to high 
venous pressure resulting from cardiac or hepatic 
disease 

The Lite of the Red Cell 

From the amount of bile pigment which is 
excreted daily by the liver the conclusion must be 
drawn that a very large amount of hemoglobm 
(since this is the sole or at least the mam source 
of bile pigment (p 537)) is liberated from dismte- 
grated red cells m 24 hours 

There are three possible wn}^ m which erythro- 
cytes normally might be destroyed m the body (1) 
B> the macrophages of the spleen, (2) by the action 
of a hemolytic substance m the blood, (3) through 
simple wear and tear and dismtegration m the 
blood stream There is no evidence that hemoly- 
sis occurs to any significant extent m normal blood 
and the phagocytic cells of the normal spleen seem 
quite madequate to account for the wholesale de- 
struction of cells which evidently must be gomg on 
contmually m the body The work of Rous mdi- 
cates that the erythrocytes to a very large extent 
undergo dismtegration m the blood stream as a 
result of the stresses and strains to which they are 
incessantly subjected durmg their passage through 
the vessels IVhen it is considered how dehcate is 
the structure of the red-cell and to what violent 
treatment it is exposed durmg its lifetime, this 
wastage is not surpnsmg The cells are flung from 
the heart mto the artenes at high velocity In their 


voyage around the circulation they are exposed to 
josthngs and innumerable collisions with one 
another and with the arterial walls At times they 
are forced through channels which are too narrow 
to permit their passage without marked distortions 
of their shape, or they may be caught m a fork at 
the branching of a vessel and become “saddle- 
bagged” over it Their membranes are almost 
contmually undergomg alterations m tension as a 
result of osmotic changes At last, becoming older, 
they are unable to withstand these abuses and 
undergo fragmentation Fragments of different 
shapes and varying m size from that of a half or 
a quarter of the w'hole cell, to mere dust-like 
remnants contammg hemoglobm (hemoconia) may 
be found m the circulatmg blood, m the spleen and 
to a limited extent occasionally m other tissues 

From determmations of bile pigment excretion it 
has been esbmated that m health between 7 and 10 
million cells are destroyed m this way every 
second — and of course the same number must be 
formed afresh by the blood-formmg tissue The 
loss of hemoglobm is betw’een 16 and 24 grams 
daily The number of red cells and hemoglobm 
concentration m the circulation at any moment 
represents the balance struck between blood 
wastage and blood formation by the bone marrrow 

Many attempts have been made to determine 
the life-span of the erythrocyte Several methods 
have been employed, e g , stimulation of the dis- 
charge of reticulocytes from the marrow and 
determimng the time of their maturation, meas- 
urmg the bile pigment excretion, and m the earliest 
attempts even such an unphysiological procedure 
as the mjection of red-cells of the frog (recog- 
nizable by bemg nucleated) mto the arculation of 
mammals The simplest and most commonly em- 
ployed method is some form of the selective or 
dyffaenhal agglutination technic, mtroduced m 1918 
by Ashley This method consists m transfusing 
compatible red-cells and later exammmg the 
recipient’s blood from time to time for the presence 
of the foreign corpuscles, which are counted m a 
hemocytometer The foreign cells are distmguished 
from the transfused person’s own cells by means of 
the serum of another belongmg to a group with 
which the reapient’s cells, but not the foreign cells, 
are incompatible^ (p 42) That is, the reapient’s 

® Thus if corpuscles of Group 0 are transfused into a 
person belongmg to Group AB then, when the reapient’s 
blood is mixed outside the body with Group B (anti-A) 
or Group A (anti-B) serum, the reapient's corpuscles 
but not the fprei£n cells will be agglutmated 
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cells are agglutinated but not tbe foreign (donor’s) 
cells Usmg this method, it has been found that 
the life of the average red cdl is about 12S days 
Landsteiner, Levme and James have employed 
the M and N groups m a similar way, mjectmg M 
celb into an N reapient, or vice versa, and usmg 
anti-M or anU-N serum to agglutmate the trans- 
fused cells, leavmg the reapient’s cells unaggluti- 
nated A more recent method is that which 
emplo> s the isotope of ratrogen (N“) to tag the red- 
cell in the bone marrow This is done by feedmg 
glyane mto which the isotope has been incorpo- 
rated, this ammo-aad is utilized m the synthesis of 
protoporphyrm It is necessary to the method 
that the isotope should not leave the cell and be 
utilized again for the manufacture of hemoglobin, 
but should persist throughout the life of the cell 
This has been shown to be so The Ide span of the 
red cell as determmed m man by this method is 
127 days Wiipple and Hawkins, by determma- 
tions of the bile pigment excretion, obtained a 
closely similar figure m dogs, namely 133 days 

It must be remembered that cells of blood trans- 
fused for therapeutic purposes may have a much 
shorter life, smce the body mto which they are m- 
jected may be m a state of health deleterious to 
their existence Ashby has found that m per- 
maous anemia the average life of transfused cells 
was 110 days, in aplastic anemia 41 days, m mahg- 
nant cases 52 da}is, while m transfusions given 
post-operatively to ordinary surgical cases, un- 
comphcated by severe anemia or mahgnancy, the 
sunnx'al time of the transfused cells averaged 124 
davs 

The Regeneration oe Blood 

THE MATERIALS NECESSARY FOR ERYTHROCYTE 
FORMATION 

(a) The red cell stroma It is doubtful whether 
the materials required for the construction of the 
framework of the cell, e g , nudeoprotem, globuhn, 
leathin and cholesterol are ever lackmg The 
body possesses large sUpphes of these maten^ and 
an ordmaiy diet contains them m adequate 
amounts In certam anemias, however, e g , 
pemiaous anemia and Cooley’s anemia, the failure 
of the body to assemble these materials for the 
manufacture of cell stroma may possibly be a 
fundamental causative factor 

(b) Hemoglobin is added to the red cell only after 
the cell s development has progressed to a certam 
stage (p 109) Synthesis is beheved to take place m 


the nucleus of the cells m the bone marrow The 
complete histoiy of hemoglobm m the body has yet 
to be written, but it is now established that the 
body can synthesize pvrrole groups from simpler 
and readily available compounds, possibly, as sug- 
gested by Hans Fischer, from aceto acetic aad, 
glycme,^ prolme, oxyprolme and tryptophane have 
been proposed by others as possible buildmg stones 
Given the pyrrol group, synthesis of protopor- 
phyrin IS readily effected (ch 6) An mterestmg 
experiment m this connection is desenbed by 
\Vhipp\e and his associates When hemoglobin was 
given intravenously to anemic dogs, the ammals’ 
hemoglobm was mcreased by an amount equal to 
that mjected At the same tune the excretion of 
bile pigment was mcreased by a correspondmg 
amount This paradoxical result is mteipreted m 
the followmg way The pyrrole of the injected 
hemoglobm is excreted as bilirubm, while the glo- 
bm part of the molecule is utilized for the produc- 
tion of new hemoglobm, the pyrrole groups of 
which must therefore be derived from some other 
source — food or body bssue — and synthesized to 
protoporphyrm It is possible that food poiribynns 
differmg from that in hemoglobm can be broken 
down mto their constituent pyrrole groups which 
are then rebuilt mto protopoiphynn The sup- 
posed value of spinach and other green vegetables 
as hemoglobm builders has suggested such a proc- 
ess Yet accordmg to Whipple and his associates 
chlorophyll is not utilized by the dog for hemo- 
globin synthesis ‘ It has already been pointed out 
(p 56) that heme (poiphyrm -f iron) is a universal 
material and is present m the great majonty of food 
stuffs So here it might be supposed was a source of 
an almost unlimited supply of the necessary pig- 
ment element Yet heme cannot be spht by the 
digestive secretions and it is generally agreed that 
iron so combined can not be utilized for hemoglobm 
synthesis Globm, of course, is required to com- 
plete the hemoglobm molecule Whipple and his 
assoaates have found that this protem is well uti- 
lized for hemoglobm synthesis, yieldmg for each 

* The most convmoiig evidence for this ammo-aad 
h^g a precuisor of pyrrol has been obtamed by 
Shemin and Rittenberg, they fed glycine to rats and 
to men, after mcorporatmg isotopic mtrogen into its 
molecule, and found it m the newly formed proto- 
poi^ynn 

‘Hughes and Latner found that whereas large doses 
of chlorophyll do not favor hemoglobm regeneration, 
mall quantities (15 mg) are definitely stimulatmg’ 
Tne larger doses they beheve exert a tone action (pos- 
sibly due to the magnesium content of the pigment) 
upon the bone marrow 
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100 grams fed to anemic dogs from 30 to 40 grams 
of blood pigment Hemoglobin or globm, or a digest 
of the latter v.hcn gi%en mtra\cnously to anemic 
animals, forms hemoglobm almost gram for gram 
They found that as compared with the porphjTin, 
part of tJic molecule globin nas of much greater 
importance for hemoglobin regeneration, this pro- 
tein apparently is a hmitmg factor m hemoglobin 
sjmthcsis Upon a diet Ion in protem but adequate 
m iron, hemoglobin regeneration nas minimal 
The amino acids ncccssarj’^ for the construction of 
hemoglobin are present in milk, meat, and other 
sources of first class protein Globin can also be 
S3'nthcsi2cd to a limited extent apparentli' from 
endogenous sources This function is probably 
situated in the h\cr Certain amino-acids, espe- 
ciallj proline and threonine, were found to increase 
hemoglobin regeneration after hemorrhage, which 
suggests that thc\ are used for the sjmthesis of glo- 
bin Histidine winch constitutes 8 per cent of the 
globin molecule is, contrarj to expectation, less 
cflectnc 

It has been stated m chapter 6 that both copro- 
porph\ nn Tj-pc III and protoporphj nn are present 
m the bone marrow and the cr^'throcj tes The 
coproporphj nn might be denied from proto- 
porphj rin or be merely a bj -product of hemoglobin 
sjTithcsis It seems more likelj, howeier, that 
coproporphj nn is a precursor rather than a de- 
ni ati\e of protoporphj nn and thus constitutes a 
step in hemoglobin sjm thesis The cndence for 
this IS that (1) in pcmiaous anemia the protopor- 
phj nn of the crjthrocjtcs is closelj correlated 
V ith the reticulocjtc percentage, and (2) when the 
disease is in relapse the protoporphj nn is icrj' loii 
and coproporphj nn cannot be demonstrated, but 
after treatment iiith vitamin Bi- the copropor- 
phj nn increases rapidlj and in advance of the 
protoporphjTin 

A\Tiipplc, Hooper and Robscheit earned out a 
senes of expenments upon animals made anemic 
through repeated bleedings, and tested their power 
to regenerate hemoglobin when fed upon vanous 
diets Meats were found to be the most potent for 
this purpose Carbohj'd rates in the form of bread 
and sugar w ere found to be ineffectii e In fact they 
had actuallj' a dcfinitclj" depressing effect upon the 
hemoglobm repair process, for animals regenerated 
their blood more rapidly w’hen starved than when 
fed upon a bread and sugar diet In explanation of 
this fact MTiipple suggested that the stan^ed animal 
drew upon its tissues to supply the basic elements 


for hemoglobm sjmthesis, whereas carbohj^drate 
food on account of its well-known protem-spanng 
effect (p 639) prevented the tissues from bemg 
utilized m this waj" Infection or very severe liver 
damage markedlj depresses hemoglobm regenera- 
tion m anemic dogs The depressmg effect upon re- 
generation of hemoglobm which is seen m the bile 
and Eck fistula animals is apparentlj' due to inter- 
ference wnth liver function (defective protem sjm- 
thesis) and to the reduction m iron absorption 

These workers found that, of all protem foods, 
liver was bj" far the most effective for blood regen- 
eration Next m order came kidncj' and chicken 
gizzard Milk had little regenerating effect Table 
12 shows the comparative values of the \anous 
articles of diet A bread mixture consistmg of 
potato and wheat flour, bran, sugar and the neces- 
sary salts and ntamins was used as the basal diet 
This w as practicallj inert so far as the regeneration 
of hemoglobin was concerned The article to be 
tested was added to this basal diet 

The animals (dogs) were rendered anemic bj three 
or four succcssnc bleedings until the hemoglobin had 
been reduced to 30 per cent of the normal The item of 
food to be tested was then added to the basal diet and 
the animal bled from time to time in order to maintain 
the hemoglobm at the ongmal Ie\ el of 30 per cent The 

TABLE 12 


Ucmoglchni production influenced hy diet 


DIET, CBA^ 0AII.y 

HEirOGXOBULiV 

PXODUenON 

(TWO-WEXU: 

PEEDINO 

PEilOD) 

Bread 400 

grams 

3 

Milk 450, Bread 400 

3 

Cream 100, Bread 400 

10 

Butter 100, Bread 350 

IS 

Asparagus 200, Bread 300 

9 

Spinach 200, Bread 300 

15 

Raspbemes 200, Bread 300 

5 

Raisins 200, Bread 300 

25 

Apneots 200, Bread 300 

48 

Eggs 150, Bread 300 

45 

Whole fish 250, Bread 300 

13 

Beef muscle 250, Bread 300 

17 

Pig muscle 250, Bread 300 

30 

Chicken gizzard 250, Bread 200 

80 

Kidncj 250, Bread 300 

70 

Chicken hv er 250, Bread 300 

SO 

Beef hver 300, Bread 300 

80 

Beef hver 450 

95 
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amount of blood removed expressed m grams of hemo- 
globm gave a direct measure of the amount of pigment 
regenerated m a giv en time. 

lEON JIEXABOUSU 

Bemg an essential constituent of the hemoglobin 
molecule, this rmneral must be avaflable m ade- 
quate amounts m order that normal blood regen- 
eration shall occur A diet defiaent m iron leads to a 
certain type of anemia (p 81) Iron provides the 
keystone for hemoglobin construction, unless it 
IS supphed in appropnate amounts the maturation 
of the red cells is retarded, and the numbers dis- 
charged from the bone marrow into the general 
arculation reduced 

Absorption, storage and excretion of iron 

Iron IS absorbed to some extent throughout the 
entire mtestmal tract, but m by far the greatest 
amount from the upper part of the small intestme 
The absorption is by way of the blood After ab- 
sorption the element is stored m the mtestmal 
mucosa, the liver and to a less extent m the spleen 
and kidney Liver iron is readily increased by iron 
feedmg or mjection Only mmute quantities of 
iron are detectable m the plasma (01 to 0 3 mg 
per 100 cc.) under ordmaiy arcumstances, the 
great proportion (60 per cent) of the iron of the 
blood bemg present m the red cells A smaller 
quantity (22 per cent) is present m the muscle 
(myoglobm, cytochrome, etc.), the remainder is 
stored m liver, kidney, and vanous other tissues 
as ferritin and hemosiderin Whole blood contams 
from 45 to 50 mg per cent and the total quantity 
m the adult human body is between 4 and 5 grams 
See table 13 Iron is present m the blood m three 
forms (a) plasma iron, already mentioned and 

TABLE 13 


The dislnbuiion of iron tn the body of a dog weighing 20 
kilograms {Hahn) 


Blood hemoglobm iron 


mi 

900 

per cent Mat 
hady tfcn 

57 

Muscle hemoglobm iron 


110 

7 

Total hemoglobm iron 


1010 

64 

Parenchyma iron (muscle and other 
tissues) 

240 

16 

Available visceral storage 
spleen, and marrow) 

(hver, 

225 

15 

Available iron of other 
(estunated) 

tissues 

75± 

5± 

Total iron 


1550 

100 


which represents mainly iron m transit from the 
mtestmal tract to the depots, (b) iron combined 
with hemoglobm, which accounts for from 92 to 98 
per cent of the total, and (c) from 2 to 8 per cent 
which IS liberated by the action of mmeral aads 
and called for this reason "easily split off” iron 
This fraction is attached to the erythrocyte, and is 
derived apparently from an intermediary com- 
pound formed m the breakdown or synthesis of 
hemoglobm This has been called vcrdohcmoglobtn 
(Lemberg and assoaates) or pscudohemoglohin 
(Barkan and Walker) (p 537) 

It IS commonly stated that iron is excreted al- 
most exclusively through the intcsbnal wall, 
mainly through the wall of the colon Lvidence 
for this statement is lacking If it were true one 
would expect an mcrcasc m fecal iron m conditions 
associated with the excessive breakdown of red 
cells, which is not the case Also when iron is in- 
jected into rats almost all can be recovered from 
the tissues, a small fraction only appearing m the 
feces and unne, and Hahn and his assoaates found 
that, when radioactive iron was injected intra- 
venously into dogs depleted of their iron stores, 
from 92 to 98 per cent was retained, the remainder 
appeared m the unne and feces within the first few 
days, excretion then fell to zero Onl> \ ery minute 
amounts of iron are found m human urine and bile, 
that appeanng m the feces is mainly food iron 
which has not been absorbed The view ofMcCance 
and Widdowson that the iron stores of the body 
arc regulated not by excretion but through tlie 
control of absorption is now generally accepted 
Iron IS, therefore, very largely a “one way” cle 
ment That which is absorbed is held bj the bodj 
wuth great avndity and Uie iron liberated from 
hemoglobm is used again for the manufacture of 
new hemoglobm, the pigment part of tlie molecule 
alone bemg excreted in the bile 

Several factors influence iron absorption, c g , 
the acidity of the gastric juice, but especially the 
state of the reserve stores of iron in the body 
Anemic dogs, for example, absorb a much greater 
proportion of admmistered iron than do normal 
animals, and Balfour and his associates found that 
from 2 to 10 times the usual amount of radioactive 
iron' was absorbed m the later months of preg- 

• Radioactive iron has proved a valuable tool in 
studies of iron metabolism since it can be readily 
traced m the body tissues and flmds It is prepared by 
bombardment of Fe” isotope with deuteron particles 
and detected m blood and other tissues by means of a 
Geiger counter 


I 
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nancy when the iron stores are low as a result of 
the demands of the fetus 
WTien iron is fed m large amounts, that above the 
requirement is not absorbed Even when the re- 
quirement is great and smgle large doses are fed, 
no more than a fraction enters the blood stream 
Hahn has calculated that of the usual therapeutic 
dose of some 325 mg , only about 16 mg of the 
element is absorbed, which is sufficient for the 
manufacture of only about 5 grams of hemoglobm 
This means that m anemia when the body may be 
required to S5Tithesize some 300 grams, say, of the 
blood pigment several weeks of iron administra- 
tion must elapse before the hemoglobm concentra- 
tion will be restored to normal That it is the 
depletion of the iron stores and not anemia itself 
which stimulates iron absorption is mdicated by an 
experiment desenbed by Hahn When a well- 
nounshed dog was bled suddenly by 60 per cent of 
its blood volume and then fed iron, no more was 
absorbed than before the hemorrhage, whereas 
after a week had elapsed (i e , after depletion of the 
iron stores might be expected to have occurred) 
absorption mcreased many times over the control 
penod 

The absorption of non is favored by other 
subsidiary factors, eg, chlorophyll, vitamm C, 
calaum, and bile pigments, but is retarded by 
alkalis, phytates, and phosphates, and by the 
excessive secretion of mucus Severe infection 
reduces iron absorption very markedly, sometimes 
to only of the normal The daily requirement 
m the adult male diet, i e , the amount required 
to replace the small amounts lost m the excreta 
and m discarded cells from the skm and gastro- 
mtestmal tract, is between 5 and 10 mg For grow- 
mg children and for women, owmg to losses due to 
menstruation, and especially durmg the later 
months of pregnancy, the requirement is double 
this amount The iron content of the average daily 
diet is around 5 mg The mcorporation of iron m 
the hemoglobin molecule is a function of the re- 
ticulocytes, and m cells of the earher stages of 
erythropoiesis, iron is not taken up by the erythro- 
cytes 

A conception of the mechanism whereby the iron 
absorption is graded, as desenbed above, m con- 
formity with the state of the iron stores has been 
offered bj*^ Gramck and his assoaates Their results 
with radioactive iron indicate that ferrous iron 
passes from the mtestmal lumen mto the mucosal 
cells, and is here oxidized to the feme form 
(FeOH) The feme iron combmes with a protem 


known as apofarthn (mol wt around 460,000) 
the iron-phosphorus-protem complex ferrttm bemg 
formed Femtm is thus a conjugated protem con- 
tammg about 23 per cent of non The iron-phos- 
phorus portion has the approximate formula 
[(FeOOH) (FeOPOsHj)] When apofemtm be- 
comes fully “saturated”, iron absorption ceases 
for the time, the femtm is m equihbrium with the 
iron of the plasma But a fall m the concentration 
of plasma iron is followed by the separation of the 
element from femtm, and its absorption mto the 
cuculation, where it combmes with /S-globuhn to 
form a compound called stderophhn In its separa- 
tion from femtm it is converted by reduemg sub- 
stances m the mucosal cell to the ferrous form, but 
IS oxidized m the plasma, and is m the feme state 
m siderophilm The apofemtm remainmg after its 
iron has been removed is free to combme agam 
with non entenng the cell from the mtestmal 
lumen 

Femtm IS also, apparently, the form m which iron 
IS stored m the tissues (chiefly reticuloendothehal 
cells of bone marrow, spleen and hver) Thus there 
exist three forms of iron equihbrated with one 
another — ^m the mtestmal lumen, plasma and the 
iron depots — which provide for the absorption, 
transport and storage of the element Little is 
known concemmg the history of iron from its 
deposition m the tissues and its mcorporation mto 
the hemoglobm molecule, but ft seems that it must 
agam be converted to the ferrous state before this 
can occur Ferntm has been found to possess 
vasopressor activity, and has been identified with 
VDM (see pp 22, 28 and 304) It is also anti- 
diuretic, though this effect is probably brought 
about mdirectly through the hberation of the hy- 
pophyseal diuretic pnnciple 

The mucosal block theory of iron absorption just 
desenbed appears to be protective m nature, pre- 
ventmg the absorption of excessive quantities of 
the metal, it also helps to account for the “one 
way” movement of iron mentioned previously In 
hemochromatosis (p 79) the mechanism appears 
to be defective 

Besides its well known function as an essential 
element m the hemoglobm molecule, and as a constit 
uent of other respiratory pigments, iron appears to 
play a r61e m the nutntion of epithehal surfaces 
Abnormal nail growth, glossitis, fissures around the 
comers of the mouth and localized thickening of the 
mucous linmg of the esophagus leadmg to dysphagia 
occur m anemias due to iron defiaency, and are cured 
by iron administrabon 
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The erroneous belief has been current m the past 
that only iron in organic combination could be 
absorbed and utilized lor the construction of hemo- 
globin \Vhipple and associates found that in the 
posthemorrhagic anemia of dogs iron m any soluble 
form uas utilized, and Elvehjem, Hart and Sher- 
man found that morgamc iron m the form of feme 
chloride, pyrophosphate, hypophosphite and gluta- 
mate nas utilized The idea that only organic 
iron IS available for hemoglobm synthesis probably 
arose from the fact that m iron-contammg foods 
(e g , egg-yolk) which were recognized to be effi- 
cient hemoglobin formers, the inorganic non is 
masked It is now known that the truly organic 
iron of such foods, namely that combmed m heme, 
IS not arailable, smee it is not released by peptic 
or trj'ptic digestion, whereas the morgamc iron 
which may represent 50 per cent or more of the 
total iron of the food is utihzable This latter 
after conversion to the ferrous form is estimated 
by the dipyndyl method Durmg digestion the 
morgamc iron of the food, which is m the feme 
state, gives up osygen to oxidizable substances in 
the alimentary' tract and is converted, in part at 
any rate, to the ferrous state, as such only is it 
absorbed Using radioactive iron as a tracer, Moore 
and others found that from IJ to 15 times more of 
*hc ferrous form than of the feme w’as absorbed 
from the human gastronomical tract ’ Ammals 
fed dipyndyl become anemic since the fenous iron 
IS rendered insoluble 

In certain anemias, especially when the gastric 
juice lacks HCl, uhich normally aids m the hber- 
ation of iron from the food, and facihtates its 
conversion to the ferrous form, compounds of 
ferrous iron, e g , ferrous chlonde* and ferrous 


’The greater absorbabihty of ferrous iron as com- 
pared with the feme form is not pronounced m espen- 
mental ammals 

'Temc iron, eg, reduced iron or iron and ammo- 
nium atrate, must be given in relatively very large 
amounts since only a small proportion of it is converted 
to ferrous iron in the pstro-mtestmal tract. When 
reduced iron is dissolved m dilute hydrochloric aad, 
ferrous chlonde is formed The administration of a 
mixture of this sort has been strongly advocated by 
Lucas and Henderson (Can Med Ass Jour. 1933 

OQ '70Q’\ *' ' » 


Iron IS sometimes given parenterally but it is to bt 
remembered that when free m the blood stream th( 
metal exerts a tone effect The lethal dose for ar 
animal is 30 to 60 mg per kilogram It has been showr 
bv Castle and assoaates that m hypochrotmc anemia i 
dailv dose of 32 mg of iron m the form of iron anc 
amrnonium atrate, administered parenterallv , is uti 
lizeU comnletely in the formation of hemoglobm Ii 
uas also shoun that 32 mg of iron administered m thi' 
way IS equal to 1000 mg given by mouth This v 


carbonate are specific in their eSects, causing a 
discharge of reticulocytes from the bone marrow 
and an mcrease m the red cell count 


the SIGNinCANCE OF COPPER, MANGANESE 
and cobalt 

Copper IS beheved to act as a catalyst m some 
stage of hemoglobm synthesis It does not itself 
enter mto the structure of the hemoglobm mole- 
cule Waddell, Elvehjem, Steenbock and Hart 
found that in young rats rendered anemic by being 
placed upon a diet of whole cow’s milk, iron 
alone failed to promote hemoglobm regeneration • 
When the uon was supplemented by a very small 
quantity of copper, blood regeneration was m- 
duced Manganese exerts a similar though less 
pronounced supplementary effect The hver is 
the mam storehouse for copper and mmute 
amounts (01 to 0 5 mg ) are present normally m 
blood 

Though anemia due to copper deficiency is 
unknown m man, a severe and even fatal anemia 
due to the lack of this metal may occur m farm 
animals, eg, the ‘‘falling sickness” of South 
African cattle 

CobaU has a powerfully stunulating effect upon 
red cell production and m repeated doses may 
mduce polycythemia (p 13) This element is also 
an essential dietary constituent for the synthesis 
of hemoglobm Experimental animals kept upon a 
diet adequate m aU respects for normal erythro- 
poiesis, except for the absence of cobalt, develop 
a severe anemia Cattle and sheep grazmg upon 
land lackmg m this nuneral become anemic and 
fail to respond to iron therapy, but are cured 
dramatically by the administration of traces of 
cobalt (see also pp 13 and 85) Cobalt is a con- 
stituent of vitamm Bu 


merely a further demonstration of the fact that only a 
very small proportion of feme iron is converted into the 
absorbable form m the alimentary tract and should not 
be taken m any way to imply that iron adrmnistered by' 
mjecUon has any advantage over ferrous compounds 
given m adequate amounts by mouth The mtravenous 
admmistration of iron, it should be remembered, is un- 
physiological m the sense that the mechamsm desenbed 
on p 77 IS short circmted But mvestigabons vnthm 
recent years mdicate that a smgle dose of about 100 
mg of metalhc iron at mtervals detennmed by the 
seventy of the anemia is free from danger of toxic ef- 
fects or of causmg hemochromatosis 
’ Some experimenters have obtamed a certam degree 
of hemoglobm regeneration vnth iron alone, though the 
rate of regeneraUon was much mcreased by the addition 
of Copper 
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HmocJironialosts 

This IS a disturbance in iron metabobsm in which 
extcnsixe deposits of a colloid iron-conlaining pigment 
called hemostdcriu arc found in the cells of the bver, 
spleen and other tissues Hemosiderin contains up to 55 
per cent of iron, but its exact chemical composition is 
unknown, it probably represents “iron deposited in ex- 
cess of the capacity of apofemtin to bind” (Drabkin) 
The total iron content of the bodj is grcatlj increased, 
It ma> be 10 times the normal amount A second > ellow 
pigment known ns hcmofiiscin is also sometimes present 
in the conncctuc and muscular tissues Other features 
of the condition arc bronzing of the skin, cirrhosis of the 
Itzer, sclerosis of the pancreas w ith diabetes (bronzed dia- 
betes), and sometimes testicular atrophy The disease 
ma\ appear after repeated transfusions 

Hemochromatosis has been attributed to a high iron 
content of the diet combined with a defiaenej of some 
essential constituent A condition rcscmbbng hemochro- 


matosis has been reported in Negroes of certain South 
African tribes who subsist mainly upon a diet of maize 
and mgest excessive amounts of iron derived from the 
pots in which the food is cooked It is more probable, 
how e\ er, that the disease m most instances is due to a 
fundamental fault m iron metabpbsm and that the 
mcchamsm described on p 77 is in abeyance or defec- 
tive A patient suffermg from hemochromatosis absorbs 
20 per cent of a dose of ferrous iron giv en orally, or more 
than 10 times the amount absorbed by a normal person 
Yet the quantity found in the blood is less than that 
present in the blood of a normal person receiving such 
a dose 

Hemosiderosis is the term apphed to the deposit of 
hemosiderm m the tissues which occurs as a result of 
the excessive breakdown of red cells m malana and 
hemoljlic tj^ies of anemia It may be looked upon 
simply as an exaggeration of the normal process of iron 
deposition 



Chapter 9 

the anemias 


^LASSUICATION 

We have seen that m health the population of 
red cells and the concentration of hemoglobin m 
the blood are kept at normal levels by a nice 
balance between the new formation and the wast- 
age of erythrocytes Anemia results when the 
balance is tipped one or the other way, i e., by a 
defect of blood formation or an mcrease m blood 
wastage So the anemias may be classified broadly 
mto (A) those associated with blood loss or increased 
blood destruction and (B) those due to defective 
blood formation 

(A) Anemias due to blood loss or increased blood 
destruction 

I Post hemorrhagic anemias 

Hemorrhage 

I Acute 

II Chronic, as a result, for example of peptic 

ulcer, utenne bleedmg, ankylostomiasis 
(hook-worm disease), purpura, etc 

II Hemolytic anemias 

Red cell destruction, as a result of 

1 Chemical hemolytic poisons, lead, arseniu- 
reted hydrogen and certam coal tar de- 
nvatives 

u Specific infections, e g , malaria, septicemia 

lU Abnormal structure of the red cells, which 
render them more susceptible to phago 
cytosis or to dismtegration m the blood 
stream, e g , chrome congemtal hemo- 
lytic (Lederer’s) anemia, and erythro- 
blastic (Cooley’s) anemia 

IV An endogenous hemolysin of unknown nature, 

e g , chrome congenital hemolytic jaun- 
dice and the anemia associated with 
paroxysmal hemoglobmuna 

V Anti-R]i, and occasionally anti-A and anti-B 

agglutinins, causmg hemolytic disease of 
the newborn (p 49) 

In the hemolytic group the mcreased blood de- 
struction IS manifested by a nse m the concen- 
tration of bile pigment m the plasma which gives 
an mdirect van den Bergh reaction (p 544), a 
greater excretion of bile pigment and porphyrin 
m the urme and feces, and the deposit of an iron- 
contammg pigment m the hver and other tissues 


(hemosiderosis, p 79) There is frequently jaundice 
of a slight or moderate grade 

Sickle-cell anemia is beheved to be due to blood 
destruction ns a result of a congemtal anomalj of the 
red cells In this type, which occurs almost eiclusnely 
in Negroes, elongated crescent or sickle shaped birefnn 
gent er> throcj’lcs some IS/i or so in length are a charac 
tenstic feature Such cells arc found in the blood of a 
high percentage of Negroes (8 to 9 per cent) though 
only relatively fen, I in 40, of these dc\cIop anemia 
There is also a proporbon of Negroes and also a fen 
whites whose red cells become sickle shaped under cer- 
tain adverse conditions, cspenall> as a result of reduc- 
tion in the oxjgcn tension of the blood This is spoken 
of as the sickle-cell trait and is due to a single sicl le cell 
allelomorphic gene (sickle cell anemia licing caused 
by the presence of two genes) It has been shown bj 
electrophoretic studies that the hemoglobin (probably 
the globin rather than the heme) of the cry throcy tes in 
sickle cell anemia, m those showing sicllc-cclls but no 
anemia, or those in which sickhng can be induced, differs 
somewhat from normal hemoglobin The abnormal 
hemoglobin constitutes 100 per cent of the blood pig 
ment m sickle cell anemia, 60 per cent when sicl le-cclls 
are present but there is no anemia, and JO per cent in 
those m whom sickhng can be induced by a low oxy gen 
tension 

Chronic congenital hemolytic jaundice Svnonyms, 
acholuric jaundice, spherocytic anemia, chrome familial 
jaundice, hemolytic splenomegaly The cliicf features 
of this form of anemia accjaiindice and a high inadcncc 
of pigment gall stones, spheroid erytirocytes (i c , the 
diameter of the cells is reduced but their thickness 
increased, thar volume being approximately normal), 
reliculocytosis up to 60 per cent or more of the total red 
cell population, increased fragility of the cells and 
enlargement of the spleen Splenectomy is usuallv fol 
lowed by the disappearance of jaundice, a return of the 
red cell count to normal and a marked reduction m the 
reticulocy tosis The spherocytosis gradually disappears 
and with it usually though not invariably the increased 
fragdity of the cry throevdes These facts indicate that 
disordered function of the spleen is not the primary 
cause of the condition The cause of the hemolysis is 
unknown though it may be due simply, as m certain 
other anemias, to the reaction of the macrophages of 
the spleen to the defective cells produced by on ab 
normally functioning bone marrow Others believe 
that an endogenous hemolyUc agent is responsible, a 
view which receives support from the experiments of 
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Dameshek and Schnartz in which a hemolytic serum 
produced by the mjection of gumea-pig’s cells mto 
rabbits was employed to produce anerma The mjec- 
tion of this anti-gumea-pig hemolytic serum mto gmnea- 
pigs caused a profound drop m the red cell count and 
the appearance of cells nith spheroid shape, mcreased 
fragility and a reticulocytosis These observers suggest 
that the greater fragility of the red cells is simply a 
function of their globular shape and that spherocytosis 
IS a reaction of the bonemarron to excessive destruction 
of red cells caused by a arculatmg hemolysm 

Some divide the disease mto two distmct forms 
congenital and acquired Justification for the division 
IS provided by the fact that m the acquired form the 
patient’s ceDs, after transfusion mto a normal person, 
have a normal life span, but normal cells transfused 
mto the patient survive only for about i the normal 
time This pomts to a hemolysin In the congtmlal type 
the behavior of the cells is reversed, the patient’s cells 
injected mto a normal subject are removed rapidly but 
normal cells persist m the patient’s circulation for the 
usual time This suggests that m the congenital type the 
abnormahty of the cells is due pnmanly to some defect 
of bone marrow function These experiments were per- 
formed by Loutit and Molhson, who consider that m 
the congenital form the spherocytes are unduly sus- 
ceptible to normal hemolytic processes, that a hemolysin 
actmg under normal conditions may be lysolecithm, and 
that the slow movement of blood through the spleen 
favors the hemolytic action This nould explam the 
benefit n hich follows removal of the spleeti, as n ell as 
why this operation does not always reduce the fragibty 
of the cells 

Lederer’s anemia is an acute hemolytic anemia 
The leucocytes are mcreased m number and phagocy- 
tosis of red cells may be a pronounced feature 

In Cooley's anemia the blood contains very thin red 
cells {leptocyles) or elongated forms, and many show 
concentric rmgs like a target {‘‘iargel cells”) The disease 
IE congenital, bemg mhented as a Mendehan dommant 
There are also splenomegaly and bony changes It has 
been suggested that the fundamental abnormahty is a 
defect in the formation of the red cell stroma 

(B) Anemias due to defective blood formation 

(a) Nutritional anemias 

1 Ij^i de /?cie» cyr~hyp^chrqmic, micro- 

c ytic a nemias The deficiency may be 
due either to the excessive loss of iron 
from the body as m chronic hemor- 
rhage or to an madequate quantity of 
this element m the diet (p 76) 
u Protein deficiency, though m itself a less 
common cause of anemia, is not infre- 
quently a contnbutory factor 
ni Lack o f xniam in C or of certam factors of 


the B complex, e g , p)indoxm, ribo. 
flavm, mcotmic aad and folic acid 
IV The macrocytic anemias of sprue and 
pregnancy are usually classed with 
the nutntional anemias 

(b) Lack of or failure in the utilization of the 

specific anti-anemic factor — Addisoman 
pernicious anemia and certam related hy- 
perchromic macrocytic anemias with a 
megaloblastic type of bone marrow (p 
110) Bone marrow for microscopical ex- 
ammation is obtamed by punctunng the 
sternum, ihac crest or a spmous process 
with a specially designed styletted needle 
and aspiratmg a small sample 

(c) Macrocytic anemias {hypo- or hyperchromic) 

with normoblastic or macroblastic bone mar- 
row 

(d) Toxic agents which induce aplasia of the bont 

marrow or depress its function — aplastic 
anemias Among such agents are quma- 
erme, gold salts, benzol, arsphenamme, 
radium, X-rays, and sometunes bactenal 
and syphihtic toxins The red marrow is 
greatly reduced m amount, bemg replaced 
by fatty tissue Blood formation is pro- 
foundly depressed Anemia of the aplastic 
type may also result from exhaustion of 
the bone marrow foUowmg a long penod of 
overactivity mduced by some other type^ 
of anemia, or may appear without a 
known cause {idiopathic aplastic anemia, 
P 90) 

The anemias associated with certam conditions, 
e g , nephritis and chronic infections, are beheved 
to be due to a relatively mild degree of depression 
of bone marrow function or of iron absorption 
In such types, destruction of red cells by toxic 
substances (metabohe or bactenal) may also be a 
contributory factor 

The cause of splenic anemia (Banti’s) is unknown, 
it 18 therefore difficult to fit this type into any of the 
preceding categones According to some there is m- 
creased blood destruction, but the chief factors appear 
to be depressed marrow function and the loss of blood 
resultmg from repeated gastro-mtestmal hemorrhages 
An anerma very closely resembhng Addisoman or true 
permaous anemia results from infestation with the fish 
tapeworm, Diphyllobothnum latum A toxm denved 
from the worm itself is a factor but apparently not tho 
sole one m the development of the anemia It is ex 
ceedmgly rare on this conbnent 
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Blood tndtces The following indices calculated from 
the hemoglohm concentration, led cell count and cell 
\ olume of a specimen of blood are employed to express 
the characters of the individual cells in the different 
tj-pes of anemia. 

The color index This is a numencal expression of 
the hemoglohm content of the mdividual red cells It 
IS obtamed b> dividmg the hemoglohm value m grams 
per 100 cc. b> the red cell count, both values bemg 
expressed as percentages of the normal (The normal 
weight of hemoglohm per 100 cc is taken as 14 5 gra m s 
and the red cell count as 5 million ) Thus, if the hemo- 
glohm IS 60 per cent of normal and the red cell count 
50 per cent, then 60/50 = 1.2 color mder. But if the 
hemoglobin percentage is reduced to a greater degree 
than the red cell percentage the mdei will be less than 
unit> That is, each red cell contains less than its 
normal quota of hemoglohm On the other hand, the 
hemoglohm concentration of the blood may be greatly 
reduced but if the reduction runs parallel with the 
reduction m red cell percentage the mdex will have the 
normal value of 1 0 

The tron index is obtamed by dividmg the number 
of rmlhgrams of iron m 100 cc. of blood by the first 
three figures of the red cell count. The normal value 
IS between 9 50 and 10 00 Thus if there are 50 mg 
of iron m 100 cc. of blood and the red cell count is 
5,000,000, the uon mdei is 50/5 00 = 10 00 Sometimes 
what is known as the iron color index is emplo> ed This 
IS the quotient obtamed by dividmg the iron content 
expressed as a percentage of the normal by the per- 
centage of red cells Thus 


cc. (lCt 80 per cent of normal) and the packed cell vol- 
ume is 40 (i e , 88 per cent of normal which is taken as 
45) then, 80/88 - 0 90 saturaUon mdei. 

Hypochromic Microcytic Anemias— Iron 
Deficiency 

In this group the essential defect is one of hemo- 
globm formation The hemoglohm percentage of 
the blood is reduced to a greater extent than the 
number of red cells These, mdeed, may show 
only a shght reduction The color mdex is there- 
fore considerably below the normal, which means 
that each red cell has received less than its normal 
quota of pigment. The erythroc>'tes are also 
smaller than normal, so the volume mdex is also 
low The low color mdex is m part the result of 
the smaller size of the red cell but also of a reduced 
concentration of pigment throughout the red cell’s 
substance The saturation and iron mdices are 
therefore also lowered Some of the corpuscles 
are so pale that they resemble “ghosts” (p 63) or 
only the penpheral zone of the cell is colored 
(arusochiomasia) (See figs 9 1 and 9.2, and 
frontispiece ) 

Iron deficiency is considered to be the essential 
cause of the anemias belongmg to this class The 
defiaency may result from an madequate amount 
of iron m the diet or from defective absorption of 
the metal from the food 


Percentage of iron 
Percentage of red cells 


non color mdex 


The Toliime index is an expression of the average size 
of the red cells m a given sample of blood as compared 
with the av erage normal size. It is obtamed by divid- 
ing the \ olume of the red cells (as detennmed by the 
hematocnl and expressed as a percentage of the volume 
of a healthj person) by the number of red rePs as a 
percentage of the normal (the normal bemg taken as 
5 milhon) Thus, if the volume of cells m the sample 
IS 40 cc. per 100 cc. of blood, ne , 90 per cent of the 
average normal volume (which is 45 cc.), and the red 
cell count is 4 5 miUion, which is also 90 per cent of 
the normal, then the volume mdei is 90/90 1 If, on 

the other hand, the volume is say 70 per cent of 'the 
normal and the red cell count 50 per cent then 70/50 ^ 
1 4 volume mdei. That is, the average size of the red 
cells is greater than normal 
The saturation index This is an expression of the 
concentraUon of hemoglohm m the red cell and is ob- 
t^ed bj dividmg the figure for the weight of hemo- 
globm per 100 cc. bj the figure for the packed cell vol 
ume, Imth figures being percentages of the normal 
Thus, If the weight of hemoglohm is 11 6 grams per 100 


Chlorosis IS a type of hypochromic anemia which 
until the last 40 years or so was commonly seen m 
girls and young women between the ages of 16 and 
22 years It received its name from the peculiar green- 
ish pallor of the skm (green sickness) There was 
usually gastric hyperchlorh 3 dna The disease is now 
rare, possibly owmg to the more adequate diets of the 
present generation 



J^®^‘^^-<bameter distnbuhon curves in 
simple a^orhydric anemia and m pemiaous anemia 
wm^^ vnth the normal (after Haden, see also 
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HVPOCHROinC ANEMIA "WITH HYPOCHLOEHVDEIA OB. 

ACHLORHYDBLA (ALSO CALLED IDIOPATHIC 
HYPOCHBOinC AN'EIHA) 

Some believe that the failure of gastnc function 
15 the primary cause of this tj'pe The hydro- 
chlonc aad of the gastnc juice is normally an 
important factor m the liberafaon of iron from the 
food and m its con\ersion to the ferrous state 
These are necessar>" prelimmanes for its absorp- 
tion Accordmg to Da\ndson and Leitch the 
h\"pochlorhydna is merely an accessory factor in 
the production of the iron defiaency, the iron 
mtake bemg also below the normal In the espen- 
ence of these obseiv'ers, the diets of patients show- 
mg this A'anety of anemia were poor m first class 
protem, mdk and vegetables and contamed about 
half the rtummal dail> iron requirement of from 
15 to 20 mg Repeated small hemorrhages or 
excessive menstrual losses are often contnbutoiy- 
factors It IS seldom that one or more of the causes 
enumerated cannot be detected and for this reason 
the title “idiopathic” as apphed to this tjiie of 
anemia is scarcely appropriate Hjqiochroimc 
anemia sometimes follows operation for the re- 
moval of a large section of the stomach 

HVPOCHBOMIC ASEIHA •WITHOUT HTPOCHLOKHYDBIA 

Hj’pochromic anemia with normal gastnc aadity 
also occurs and like the preceding is due to iron 
defiaency It occurs most frequently m women 
of childbearmg age when the dietary defiaency is 
aggravated by the losses of iron madent to men- 
struation or repeated pregnanaes Davidson has 
recently emphasized the need for larger amounts 
of iron durmg this penod m women 

ANEMIA OF INEANTS 

The fetus accumulates a store of iron m the hver 
m the later months of gestaPon which serves as a 
reserve which is drawn upon for the manufacture 
of hemoglobm m infancy The high red cell con- 
centration (p 11) ■with which the infant comes mto 
the world also contnbutes to the iron reserves 
In the normal infant the iron stores are suffiaent 
for the manufacture of hemoglobm for the first six 
months or so Growth, however, makes hea'vy 
demands upon the iron supplies and after the first 
half year it is necessary to provide a chet which 
will contam adequate amounts of iron m order to 
guard against the development of anemia of the 
hj^pochromic tj^ie Milk, it will be recalled, is 
very poor m both iron and copper The develop- 
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Microns 

Fig 9 2 Red cell diameter, thickness and volume m 
vanous clmical conditions compared with the normal 
(after Haden) D, diameter, T, thickness, V, volume 

ment of anemia m milk-fed rats has been men- 
tioned and the anerma of suckhngs is a problem m 
the breedmg of farm animals If the iron stores 
are defiaent at birth as m premature infants or as 
a result of maternal anemia, anemia may occur m 
the very young infant 

The hypochromic anermas respond m a spectacu- 
lar fashion to the administration of morgamc non 
(e g , ferrous chlonde, ferrous carbonate, etc , see 
p 78) The administration of copper is rarely 
necessary smce this occurs m sufficient quantity m 
the diet and as an impunty m iron preparations 

A maaocytic anemia ■with a megaloblastic 
type of bone marrow also occurs m infants It 
responds to hver extract (p 84) and to fobc aad 
(p 88) It IS frequently accompanied by leuko- 
pema and splenomegaly 

PERNiaous Anemia (Addison’s Anemia) and 
Related Macbocyttc Anemias 

Permcioiis anemia is due essentially to a defect 
m the formation of the red cells, hemoglobm 
synthesis is unaffected 

The Chief Features of the blood picture are 

(1) Great reduction m the number of red cells and 
consequently m the hemoglobm percentage The blood 
count in a very severe case may be less than 10 per 
cent of the normal 

(2) The red cells are reduced m number below the 
nonnal to a greater extent than is the hemoglobm per- 
centage The color and volume indices are therefore raised 
above normal, but the saturation and iron indices are 
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normal, the high color index bemg due to the greater 
size of the cells 

(3) Large cells— the average diameter of the cells is 
mcreased to between 8 and 9 microns and exceptionally 
large cells called macrocytes are plentiful The average 
volume of the mdindual red cells (figs 9 1 and 9^) is 
about 135 cu. microns (normal about 90 cu miaons) 
Normollasls and earher forms are present m the arcula- 
tion, and a charactensbc large nucleated cell contaimng 
basophilic material m its cj'toplasm and httle or no 
hemoglobm is a feature of the blood picture. This cell, 
known as the megahUasl, differs chemically and 
morphologically from any normal cell of the erythrocyte 
senes found either m bone marrow or blood The 
reticulocj'tes are around 3 per cent, 

(4) The total number of leukocytes ts reduced but the 
Ijmphocytes are relatively mcreased 

(5) Great vanation m the size of the cells — oniso 
cylosis, the cells varjong from those smaller than normal 
to the large cells mentioned above Pcnhtlocytts are 
moderate m number 

(6) Increase in iron and btitrubin of the plasma, m- 
creased excretion of pigment (urobihn) — mdirect van 
den Bergh 

(7) Blood volume reduced mainly as a result of the 
red cell dimmution, the plasma volume bemg around 
the normal level 

(8) Fragtltly of the red cells usually shghtly reduced. 
Other Features 

(1) The red bone marrow is hyperplasbe It extends 
mto the shafts of the bones displacmg the yellow mar- 
row and even the bony walls may be eroded. Upon 
microscopical examination the marrow shows megalo- 
blasts and other immature forms m large numbers 
(see p 109 and Plate D 

(2) Achlorhydria almost always exists 

(3) Sore, shmy tongue, glossUts, atrophy of hnguol 
papillae. 

(4) Chronic combined degeneration of the cord 

(5) Urobihn appears m the unne m severe cases, 
and m all those m which plasma bilirubm is mcreased 
urobihnogen is m excess m the feces In health from 
1/140 to 1/340 of the total amount of hemoglobm m the 
blood IS excreted daily as urobihnogen In pcrmaous 
anemia 1/10 of the total hemoglobm may be excreted as 
urobihnogen Hemosiderm deposits (p 79) occur 

(6) The disease shows remissions tmd relapses 
Durmg the remissioiis, the blood picture approaches 
the normal and the percentage of reticulocytes mcreases 
—reticulocyte crises Durmg the relapses, the char- 
actensUc hematological features of the condition are 
exaggerated. 

The essential factor in the production of pemi- 
aous anemia is not heheved to be increased blood 
destrucUon, but rather a defect in blood fonna- 


the reversion of the bone marrow to a more 
primitive type of erythropoiesis (see p 109) In- 
creased blood destruction undoubtedly occurs as 
evidenced by the nse m plasma bilirubm, but it is 
a secondary effect The abnormal erythrocytes 
probably stimulate the phagocytic activities of the 
rebculo-endothelial cells (p 104) m the spleen, 
hver and elsewhere Smce the fragility of the red 
cells is reduced rather^ than mcreased it would not 
appear that thej" dismtegrate more readily m the 
blood stream (see p 73) The discovery of an 
anti-anemic prmciple m hver and subsequent re- 
searches ansmg from the employment of this 
prmciple m the treatment of penucious anemia has 
shed a flood of hght upon the nature of the disease 

treatment with uver, uver extract and 

GASTRIC TISSUE 

In 1926 Mmotand Murphy, inspired by the labo- 
ratory findmg of Whipple and his associates, 
namely, that hver was the most effective article 
of diet for the treatment of anemia m dogs, tned 
the effect of addmg hver to the diet of pernicious 
anemia patients The spectacular success which 
followed this treatment is well known and today 
Lghtly cooked hver (from } to 1 pound per day) 
but preferably an extract of hver, or the essential 
prmaple, vitamm Bu , is recognized as a specific for 
the disease Kidney tissue was shown to have a 
similar though less pronounced curative effect The 
hematopoietic substance present m the hver and in 
non-protem extracts of hver tissue and which is 
effective m the treatment of permaous anemia is 
known as the anltanemic or liemahmc prmciple, or 
perhaps more generally today as the erythrocyte 
matnratwn factor (EMF), or, agam, as Bn (see 
below) The action of the hematmic pnnaple is 
several times more jxitent given parenteraUy than 
when given orally It may be mentioned here that 
Wilkmson found that the anti-anemic prmaple was 
present m normal human hver and m the hvers of 
permaous anemia patients who had received 
specific treatment, but was absent from the hvers 
of untreated subjects of the disease 

The chemical identification of the erythrocyte 
maiuralion factor of liver, Bu 

Nearly 30 years have passed smce the dis- 
covery of an anti-anemic factor m hver and, 
though mvestigations smce then have been pros- 
ecuted assiduously m several laboratones, only 
recently has a near approach to its exact chem- 




Samples of bone marrow 
A Normal 

1 Erjibrccytes 

2 Erj throblasts 

3 Early normoblast 

4 Neutrophil leucocv te 

5 Eosinophil leucocv tc 

6 Neutrophil metam>elocv te 

7 Basophil metam> elocv te 

8 Eosinophil metam} elocj'te 

9 Neutrophil m> elocj te 

10 Mjeloblast 

11 Hemocj toblast 

12 Ljmphocj te 

13 Late normoblast 

14 Mcgakarjocv tc 


obtained by sternal puncture 

B In permaous anemia 

1 Megaloblasts 

2 Late normoblast 

3 Giant neutrophil leucoc> te 

4 Er 3 throblast 

5 Erj throes tes (macrocj tes) 

6 Megaloblast m mitosis 

C In microcs tic anemia due to iron deficiencj 

1 Earlj normoblast 

2 Er^ throcj tes (microcs tes) 

3 Extruded nucleus from normoblast 

4 Late normoblasts 

5 Eosinophil leucocyte 

6 JIj eioi^ te 

7 Neutrophil leucoc} te 
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ical structure been made Early m 1948 Rickes 
and bis assoaates reported the isolation of red, 
needle-shaped ay^stals of a substance -which -was 
many times more potent than the most pun- 
fied extracts of hver, causmg a reticulocyte re- 
sponse m permaous anemia patients m a par- 
enteral dose of 1 microgram, or even less Prog- 
ress m the concentration of this highly potent 
matenal -was guided by the observation made 
previously that a substance -which stimulated the 
growth of Laclobaallus ladts Domer was closely 
assoaated -ivith the hematopoietic factor of hver 
In the same month Smith reported the isolation 
from proteolyzed liver of an amorphous red prma- 
ple v,hich was effective m permaous anemia m 
doses of around half a milligram Smith descnbed 
his red product as “havmg about the color of cobalt 
salts” The red crystaUme matenal, now generally 
referred to as -vitamm Bu, has smce been shown to 
be a cobalt complex, and is apparently the erythro- 
cyte maturation factor m pure or nearly pure form 
It also contams phosphorus and mtrogen, but no 
sulfur, its molecular weight is around 1600 and its 
approximate formula is Qi-siHgs-MNuOiaPCo A 
cyano group is coordmately bound to the cobalt 
atom Its chemical designation is therefore cyano- 
cobalamm 

Several analogues of this compound have been dis- 
covered and called vntamms Bijo , Bijj , Bi-e , and Bim 
B i-o was ongmally prepared by a reaction of Bn and 
hydrogen over a platmum catalyst, and later from cul- 
tures of Slrepiomyces grtsetis Bnii was obtained from 
cultures of Slreptoinyces aureofactens but it has smce 
been found that Bno and Bui, are identical substances, 
in -fthich the cjmno group of Bn is replaced by an hy- 
droxo group Theu chemical name is hydroxocohalamtn 
Bisc IS also ob tamed from cultures of Sireplomyces 
gTiseus, it and Bna are closely similar, but are distm- 
gmshable bj' them absorption spectra All of these com- 
pounds have the same action as vitamm Bn itself Vita- 
mm Bn IS produced m the human colon, even of 
pernicious anerma patients, by bacterial action, but it is 
not absorbed It is also found m activated sewage 
sludge, m cow dung, beef muscle and several other foods, 
and m the juice of autoclaved fish The -vitamm from 
some of these sources is conjugated -with peptides, and 
IS therapeutically mert but can be activated by diges- 
tion -with pancreatic jmce, or by treatment -with potas- 
sium cyamde which apparently frees the -vitamm from 
the peptides (see Haumann and Mulh) A process has 
been developed for the production of vi t a min Bn 
through fermentation by B megaihertum 

It may be mentioned that the cobalt ion by itself 
elicits BO hemopoietic response m permaous anemi a 


Besides its unportance in hemopoiesis and its 
action m promotmg the gro-wth of certam bactena, 
-vitamm Bn is a gro-wth factor for higher animals, 
mdudmg man It also has an influence upon the 
metabohsm of certam sulfur conta inin g ammo- 
aads (e g , conversion of homocystme to methi- 
omne) Accordmg to Niewig, -vitamm Bn is essen- 
tial for the synthesis of nbonucleic aad (ch 48), 
a constituent of the nudei of aH cells, this would 
account for the neurological defects m permaous 
anemia, and for the abnormahties of certam 
epithehal surfaces, such as that of the tongue, as 
well as for the failure m erythrocyte maturation 

Vitamm Bn is by far the most potent hemo- 
poietic prmaple known, bemg several thousand 
tunes more potent weight for waght than fobc 
aad Bn IS also effective m arrestmg the course of 
the neurological lesions of permaous anerma 

The production of the anh-anemic principle, gastric 
(intrinsic) and extrinsic factors 

As already mentioned, achlorhydna is -virtually 
an mvanable accompaniment of permaous anemia 
The significance of this fact was demonstrated m 
1929 by Castle who found that the gastric contents 
of a normal person durmg the digestion of meat 
were curative when fed to a subject of permaous 
anemia Later Castle and his assoaates showed 
that pure gastnc juice obtamed from a normal 
person by the a dminis tration of histamine when 
mcubated with beef-steak produced the curative 
matenal The active prmaple was not produced 
when beef was mcubated with gastnc jmce of a 
patient -with permaous anemia The production 
of the anti-anermc prmaple is not due to the action 
of hydrochlonc aad, pepsm, rennin or hpase but 
to the presence of an enzyme-like but umdentrfied 
substance which acts at a pH of 7 (the optimal pH 
for the action of pepsm is 1 6) Before this, Stiugis 
and Isaacs found that gastnc tissue contamed the 
matenal necessary for the formation of the anti- 
anemic factor, it bemg, like hver itself, effective m 
the treatment of permaous anemia Desiccated 
de-fatted hog stomach is, therefore, also employed 
as an alternative to hver or hver extract for oral 
admmistration The gastnc factor is less stable 
than the hver prmaple, being destroyed by tem- 
peratures above 4S°C or by digestion -with pep- 
sm or trypsm In the hog, the gastnc factor 
IS produced by the mucosa of the pylonc and 
cardiac regions of the stomach and the com- 
mencement of the duodenum, xe, regions -which 
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secrete an alkaline juice (pyloric, cardiac and Brun- 
ner^s glands) In the human subject the factor, 
according to Fox and Castle, is formed m the 
fundus of the stomach, none is found in the pylonc 
region nor in the duodenal secretions 

Two factors, therefore, i\ere recognized as being 
concerned m the hematopoietic action of hver ex- 
tract, one m the food, especially in such items of 
diet as are rich m the vitainm B complex, it was 
called the extrinsic factor, the other factor is 
secreted m the gastnc juice and is known as the 
intrinsic^ factor 

The theory which, until recently, seemed best to 
fit these facts and to relate them to the specific 
hematopoietic action of hver extract is the follow- 
ing = In health the essential anti-anemic prmaple 
IS derived from food through the action of the 
“mtrmsic” (gastnc) factor upon an “extrinsic” 
factor contamed m the diet The anti anemic 
prmaple so formed was then absorbed and stored 
m the liver and possibly other organs, to be drawn 
upon for the mamtenance of normal activity of the 
erythropoietic tissue (bone-marrow) Pemiaous 
anemia followed if the essential enzyme were absent 
from the gastnc juice The anti-anemic prmaple 
could, therefore, be administered preformed, as m 
hver extract, or gastnc tissue together with a good 
diet could be given from which the patient manu- 
factured his own hematimc prmaple 


A characteristic lesion is found m pemiaous anemia 
which readily explains the achlorhydna, and the lack 
of the intrinsic factor The fundus and body of the 
stomach show atrophy of the mucosa and extreme 
thinmng of all coats The gastnc glands are almost 
completely destroyed, the muscular coat is atrophic 
The py lone region, which does not produce the mtnnsic 
factor, IS normal One would be led to expect that 
total gastrectomy m man would be followed by penu- 
aous anerma, yet this is not the case Only seldom has 
such a result been reported The hypochromic type, or 
a macrocytic anemia without a megaloblastic marrow , 
IS more frequently a sequel of gastrectomy Even re 
moial of the entire stomach from dogs is not followed 
by permaous anemia. The reason that permaous 


* The mtnnsic factor is also known as hemopoieit 
(\^^lklnson) 

‘ This theory unphes, of course, that the gastnc di 
feet IS the pnmary cause of the blood condition Yel 
though achlorhydna is present m about 5 per cent i 
persons, only a small proportion develop permaot 
anemia, indeed the hypochromic (p 82) type c 
anemia is more likely to result The probable reason ] 
that m the cases of achlorhydna m which permcioe 
anemia does not occur, the mtrmsic factor is not lackmi 
Some ohsenauons of Castle who found the mtrma 
factor present in cases of achlorhydna without anenm 
arc in accord with this explanation 


anemia does not follow removal of the entire stomach 
has received no entirely satisfactory explanation The 
most probable reason is that the survival time (1-2 
years) following the operation m man (usually for 
carcinoma) is too short for the development of the 
disease 

The extrinsic factor identified as Bn , the actum of 
the intrinsic factor 

The theory given above has, in the mam, been 
substantiated by later work, but certam important 
emendations are required, espeaaUy as to the 
action of the mtrmsic factor m gastnc juice The 
extrinsic factor for many years eluded identifica- 
tion Though known to be present m beef, liver, 
rice polishmg and the vitamm B preparation 
knowm as marmite (autolyzed yeast), more precise 
knowledge of its nature could not be secured 
Castle beheved it to be a factor of the B complex, or 
a closely associated substance This has proved to 
be so, but most suipnsmgly it turns out to be the 
hematmic prmaple (Bu) itself, a discovery which 
demands the abandonment of the previous theory 
m so far as it relates to the supposed mechanism 
of production of the hematimc prmaple The long 
search for the extrinsic factor then has ended But 
why does permaous anemia ever develop, smee 
any good diet contains more than enough Bji for 
normal hematopoiesis It is also present (probably 
as a result of bacterial action) m the contents of 
the large mtestme of normal persons, as well as of 
pernicious anemia patients An extract of feces of 
a subject of permaous anemia causes a hemato- 
pwietic response when mjected mto another patient 
with the disease The mtrmsic factor, it is now 
revealed, is essential for the adequate absorption of 
vitamm Bu, exertmg most probably a catalytic 
action upon the absorptive process In the absence 
of the intrmBic factor there is “starvation m the 
midst of plenty” For this reason Bu is effective 
given parenterally m pemiaous anemia m a frac- 
tion of the dose that is required by mouth How- 
ever, if Bit IS administered with normal gastnc 
juice the size of the effective oral dose is much re- 
duced In condudmg this section the followmg re- 
marks of Castle may be quoted 

“The disease would not develop if the patient could 
effect daily the transfer of a milhonth of a gram of 
vitamm Bu the distance of a small portion of a milli 
metre across the mtestmal mucosa and mto the blood 
stream This he cannot do, pnnapahy ns a result of 
failure of his stomach to secrete mto its lumen some 
essential but still unknown substance Y'et the patient 
may each day absorb without much difficulty the prod- 
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ucts of the digestion of many grams of carbohj drate, 
fat and protem from foods that m addition maj' contain 
consequential amounts of vitamm Bu m terms of his 
trivial need ” 

Other megaloblashc anemtas 

Though pemiaous anemia is the most common 
type of anemia shomng a megaloblastic bone- 
marron , there are other forms with closely similar 
marrow and blood pictures but whose pathogeneses 
are not altogether dear Such megaloblastic ane- 
mias occur m tropical sprue, pregnancy, carcinoma 
of the stomach, gastrocolic fistula which short circuits 
the region of the small mtestme from which Bjj 
IS absorbed, and infestation with the tapeworm 
Diphyllobothrium latum The anemia of sprue, m 
which the absorption of fat is defective, is due 
possibly to the mterference with the absorption 
of vitamm Bu other than through a lack of the 
mtnnsic factor, though m certam cases the latter 
IS absent even though there is not achlorhydna 
In the megaloblastic anemia of pregnancy the 
marrow and blood pictures are similar to those of 
pernicious anetma, but there is as a rule not true 
achlorhydna, nor degenerative changes m the 
spmal cord, recovery follows childbirth Also, many 
cases of this disease, like that described by Wilis as 
occumng m the tropics, and called tropical nutri- 
tional (or macrocytic) anemia, are unresponsive to 
the admmistration of vitamm Bu, but respond 
readily to crude hver extracts or to folic acid ’ In 
carcmoma of the stomach there is achlorhydna 
and the anemia may be mdistmguishable m every 
way from pernicious anemia, even to the neuro- 
logical symptoms, it is probably produced in the 
same manner — lack of the mtnnsic factor In the 
anemia caused by Diphyllobothrium latum, the in- 
tnnsic factor is produced as usual, but its activity 
IS inhibited presumably by a pnnaple produced by 
the worm The mvestigations of von Bonsdorff 
mdicate that the parasite must be situated high up 
m the small mtestme m order to cause anemia 
Fmally, a rare type of megaloblastic anemia which 
fails to respond to the hematimc pnnaple was de- 
scnbed ongmally by Wilkmson and Israels It 
is not due to the lack of the erythrocyte matura- 
tion factor (B 12 ), but to failure of the latter to be 
utilized by the bone marrow It was, therefore, 

’ Tropical nutntional anemia occurs most frequently 
and severely in pregnant women An anemia with sim- 
lar characters, and i\hich is resistant to treatment isici' 
punfied preparations of hver, but is amenable to crude 
hver extracts or folic aad can be produced in monkeys 


named achrestic anemia (Gk , a, pnvitive -{- chresis, 
a usmg) 

The response to hver or gastric tissue 

The anti-anemic pnnaple acts upon the bone 
marrow, restonng the blood-fomung processes to 
normal The maturation of the erythrocytes is 
hastened, the pnmitive cells of the marrow — 
m^aloblasts — disappeanng to be replaced by cells 
of later stages of development, e g , late erythro- 
blasts and normoblasts (see p 109) This specific 
effect of the active pnnaple was demonstrated 
some years ago by Sabm who found that the addi- 
tion of hver extract to the early chick embryo 
accelerated the division and maturation of the 
primitive megaloblastic cells of the blood islands 
The direct effect of B 12 upon eiythropoiesis has 
been demonstrated more recently m man, when the 
vitamm is mjected mto megaloblastic bone mar- 
row, the abnormal erythropoiesis is corrected 
locally before a general effect occurs (1 e , on the 
marrow m other situations) 

The first detectable effect of specific treatment 
m pemiaous anemia is a rise m the reticulocytes 
In untreated cases of pemiaous anemia these con- 
stitute 2 per cent or less of the red cells Withm 
from 2 to 5 days, after vitamin Bjj, a potent hver 
extract, or a preparation of gastric tissue has been 
admmistered, large numbers of reticulocytes ap- 
pear The maease reaches its maximum about the 
fifth day, when the percentage is from 10 to 40 per 
cent From then on the reticulocyte population de- 
chnes, the immature cells havmg undergone matu- 
ration m the blood stream (fig 9 3) This is reflected 
m an mcreased number of mature erythrocytes 
The lower the red cell count before treatment, the 
greater is the reticulocyte response to specific 
therapy This fact is mterpreted as indicatmg that 
m the more severe forms of the disease, megalo- 
blasts constitute a large percentage of the marrow 
population, the antianemic pnnaple hastens the 
development of these primitive forms to reticulo- 
cytes which are then promptly expelled mto the 
circulation When, on the other hand, the anemia 
is less severe the percentage of later forms, e g , 
normoblasts m the marrow is greater and the 
stimulus to maturation exerted by the hver pnna- 
ple cames them to the adult stage A larger pro- 
portion of mature erythrocytes is therefore dis- 
charged mto the circulation In cases m which the 
red cell count is 3 milhon or over only a slight nse 
m the reticulocytes occurs, the nse in the red cell 
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Fig 9 3 Showmg efiect of specific liver therapy upon 
the reticulocyte^ erythrocytes, hemoglobin and plasma 
bilirubm (after Dyke) 


count being then due almost entirely to an mcrease 
in the number of mature cells 
The nse m the hemoglobin concentration of the 
blood lags behmd the multiplication of the red 
cells, so the color mdex returns to normal witbm a 
short time If the stimulus to erythropoiesis is 
mtense, the hemoglobm cannot be manufactured 
m suffiaent quantities to furnish each cell with its 


blood picture The neurological symptoms may 
improve if vitamm Bu is given early, and in a dos- 
age considerably greater than that required for 
mamtammg the normal blood picture (ch 66) The 
degenerative changes in the cord are due to a lack 
of the hematmic pnnaple, and are not simply 
secondary to and caused by the anmia 

Pleroylglutamtc acid Synonyms johe acid, vitamin 
Be*, hver Lactobacillus casn factor, iiortlc ehiate 
factor, vitamin M, Wills factor, factor U 

In 1941 Mitchell and his associates obtained a 
substance with acidic properties from the green 
leaves of vanous plants, e g , spinach, peas, 
clover, etc , and gave it the appropnatc name of 
folic aad WTiat has since proved to be the same 
pnnciple had previously, from microbiological 
studies, been found m concentrates of liver and 
yeast (iionte cliiate factor) It stimulates the 
growth of certam microorganisms, e g , Lacto- 
bacillus casci. Streptococcus faccahs R (or S lactis 
R), and is essential for the existence of certain 
protozoa and insects It is, therefore, also known as 
the liver L caset factor, but is non more commonly 
referred to by its chemical name ptcroylglutamic 
acid (PGA) It IS made up of a ptendyl ring joined 
through para-aminobenzoic acid to a molecule of 
glutamic acid Para-aminobcnzoic (PAD) acid 
appears to be a precursor from which pteroylglu- 
tamic acid is synthesized in nature The chemical 
structure of pteroy Iglutamic acid is shown below 


Glutamic Aad 


PAB 



Pteioylglutanuc aad, N-[4-l[(2 anuno-4-h> droxy 6-ptendyl) methyl] aminoj-benzoyl) glutamic aad 


quota of pigment and the color index falls well 
below the normal value. 

With the unprovement m the blood picture the 
general symptoms of the disease abate, but the 
secretion of aad gastnc jmee is rarely if ever re- 
stored Specific treatment therefore does not re- 
move the primary cause of the disease, but must 
be persisted m for the rest of the patient's bfe The 
maintenance dose is, of course, much less than that 
required onginaUy for the restoration oi the normal 


Of fundamental importance m the phy siology^ of 
pteroydglutamic acid is its indispensability for the 
synthesis of desoxyribonucleic acid, a constituent 
of the nuclei of all cells (ch 48) Certam analogues 

■•The subsenpt "c" was adopted to designate a 
crystaUine B factor m hver, since identified as folic 
aad, which prevented a macrocyme anemia and 
leukopema m the chick. Vitamm M referred to a 
crystallme factor, also isolated from h\er, which pre 
vented anemia, leukopienm and a sprue like condition 
m monkeys. 
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of folic acid, such as, aminoptenn (4r-amiiiopteroyl' 
glutamic acid, or 4-aminofoIic acid), amethopterin 
(4-ammo-lO-methyl pteroylglutamic acid) amino- 
an-Jol) (4-ammopteroylaspartic aad) antagonize 
this action of the vitamm Pteroylglutamic acid is 
synthesized m the mtestme of some mammals, es- 
pecially of the rat, and the analogues are useful m 
producing fohc acid deficiency for experimental 
purposes They have also been used m the treat- 
ment of acute leukemia, espeaally m children the 
number of leukemic cells is reduced, and temporary 
remissions of the disease mduced A permanent 
cure does not, however, result, and the administra- 
tion of the compounds is attended by certain 
toxic symptoms, e g , stomatitis, diarrhea, alopecia 
and deafness 

The hcmopoieltc action of pteroylglutamic acid 

Several observations had pomted to the existence 
m hver, or m crude hver preparations, of a pnnaple 
effective m certam macrocytic anemias which failed 
to respond to highly purified liver extracts There 
also appeared reports of a beneficial action of 
preparations of brewer’s yeast, which does not con- 
tarn vitamm Bu, m macrocytic anemias and m the 
nutritional anemia of monkeys (p 87) Suspectmg 
that the unknown hemopoietic substance m crude 
preparations of hver was "fohc aad”. Spies and 
his associates administered it to permaous anemia 
patients with remarkable success Pteroylglutamic 
aad IS also effective in other anemias characterized 
by a megaloblastic bone marrow, e g , the anemias 
of sprue and pregnancy, but fails m the treatment 
of macrocytic and other types of anemia with a 
normoblastic or macroblastic bone marrow It 
relieves the nutritional leukopema of monkeys and 
stimulates the production of granulocytes, and is 
therefore of value m the treatment of agranulocy- 
tosis (p 101) It has no efed whateverm arresting the 
progress of the neurological lesions (chronic combined 
degeneration of the cord) in pernicious anemia In- 
deed, the neurological signs appear to be aggra- 
vated by its admimstration Its action m restonng 
the bone marrow to normal is identical with that 
of the vitamm Bia 

Pteroylglutamic aad was synthesized by Angier 
and assoaates m 1945 The synthetic compound is 
as therapeutically effective as the natural prmaple 

The chief sources of “fohc acid” are hver, kidney 
and green vegetables, its concentration m plant 
foods appears to run parallel with their chlorophyll 
content 


Conjugates of pteroylglutamic acid A compound 
havmg three molecules of glutamic acid instead of 
one IS produced durmg fermentation by a diph- 
theroid organism (Corynebactenum) This con- 
jugate of “fohc acid” is known as tke fermentation 
Lactobacillus caset factor, or chemically as pteroyl- 
Iriglutamic acid (or pteroyldiglutamyl glutamic 
aad) A second conjugate, isolated m crystalhne 
form from hver and yeast by Pfiffner and his 
assoaates, has seven glutamic acid molecules, i e , 
SIX more th^ “fohc aad”, and is called Be con- 
jugate, or pteroylheptaglutamic acid (or pteroyl- 
hexaglutamyl glutamic aad) The “fohc acid” 
m food IS present largely m the form of conju- 
gates Though normally these are the body’s chief 
sources of pteroylglutamic acid, they are mef- 
fective, uncertam, or have only a shght therapeutic 
action m permaous anemia (see below) 

The breakdown of the conjugates and the hbera- 
tion of pteroylglutamic acid m the healthy body is 
brought about by the action of enzymes known as 
conjugases, present m mammahan hver and kidney, 
m the panaeas of chicks and m some vegetables, 
e g , potatoes 

The possible relationship of the erythrocyte 
maturation factor of liver to 
pteroylglutamic acid 

The chemistry and actions of “fohc aad” and of 
the anti-anemic factor of hver show that they are 
separate and distmct pnnaples Moreover, it soon 
became evident that the concentration of “fohc 
aad” m highly purified and potent hver extracts is 
eqmvalent to only a small fraction of the amount 
required to ehat a reticulocyte response m perni- 
cious anemia Agam, as mentioned above, pteroyl- 
glutamic aad IS wholly meffective m arrestmg the 
cord changes of pernicious anemia The non-iden- 
tity of the two pnnaples was finally settled by the 
isolation of crystalhne Bu Yet it is hard to believe 
that a physiological relationship of some sort does 
not exist between the two pnnaples The most 
likely explanation of the functional relationship 
betu'een fohc aad and vitamm Bu is the suggestion 
that vitamm Bu is necessary m some way for the 
hberation of pteroylglutamic aad from its con- 
jugates This might be effected by suppressmg the 
action of conjugase inhibitors, or by aidmg m a 
more direct way the action of these enzymes Such 
a mechamsm would explam why the patient with 
pernicious anemia does not receive sufficient 
pteroylglutamic acid from a diet which is an ade- 
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quate source of this pnnaple for normal persons 
That IS to say, had the pemiaous anemia patient 
received and utilized all the “fohc aad present m 
and den\able from conjugates m an ordinary diet, 
he would not have developed the disease. On the 
other hand, a diet obnouslj defiaent in “folic 
aad” does not cause pemiaous anemia, and the 
quanUty of the vitamm required therapeutically 
IS usually m excess of that found free m the usual 
dieL All of which pomts to some defect m the utili- 
zation of pteroylghitamic actd conjugates 

Smce pteroylglutamic aad exerts no benefiaal 
influence upon the development of cord changes, 
the view is supported that an action separate and 
distmct from its hemopoietic effect is exerted 
upon nervous tissue by Bu 
More direct evidence can be cited m support of 
the conception that “fohc aad” and xntamin Bu 
are two parts of one hemopoietic mechanism 
When, for example, Bo conjugate is fed to a normal 
person, mcreased amounts of pteroj'lglutamic aad 
apfiear m the urme, but no such macase is ob- 
seriTd m a patient with pemiaous anemia and 
there is no therapeutic effect, though a resjxinse 
followed the administration of “folic aad” itself 
When, however, the administration of the con 
jugate was preceded by treatment with Uver ex- 
tract containing only traces of “fohc aad”, it was 
followed by an inaease in ptero>lglutamic aad ex- 
cretion almost equal to that which occurs m nor- 
mal persons Even more strikmg results were ob- 
tamed m the maaocytic anemia of sprue It was 
found, furthermore, that, if a permaous anemia 
patient is under the influence of the liver prmaple 
and given conjugase inhibitor together with B, 
conjugate, he exaetes more pteroylglutamic aad 
than does a patient m relapse 

“Citravorum factor’', "folmtc acid", leucovorum A 
denvatixe of pterojlglutamic aad which promoted the 
growth of the rmcro-organism, Leticonosloc ciirozoTum, 
was isolated in 1948 by Sauberhch and Baumann from 
hver extracts and jeast This substance which is non 
known as the “cilrovorum factor” has an action similar 
to that of pterojlglutamic aad m inducing maturation 
of megaloblasts m permaous anemia and other megalo- 
blasbc anemias, it also annuls the tone effects of such 
fohc aad antagonists as anunoptenn and amethoptenn 
Substances with the same action, and apparently iden 
tical with the “atroiomm factor” have been prepared 
aitifiaallj, and named "fohntc acid’ (Sive and assoa 
ales), and leucovorum (Jukes and assoaates) 

Other anh anemic agents The pyrimidine base thy- 
mine (5-methjluraal) and xanthopterin (uroptenn) 


give a hematopoieUc response, but one which is much 
infenor to that of pteroylglutamic aad An amount of 
thymine several thousand times the weight of an effee 
tue dose of pteroylglutamic aad is required to produce 
a reticulocyte response m pemiaous anemia (Spies and 
assoaates) Xanthopterin is a pigment present m 
butterfly wings It is cffccUve m monkeys suffering 
from nutntional anetma and leukopenia It also causes 
a reUculocy te response m the anemia, accompanied by 
symptoms resembhng spme (“rat sprue”) which de- 
velops in rats fed exclusiiely upon goats’ milk Xan- 
thopterin has no demonstrable clinical value 

Macrocytic {hypochromic or hyperchromte) anemias 

With normoblastic bone ntarrOiO 

MacrocjTic anemias showmg a resemblance to 
Addisonian anemia, m so far as the blood picture 
IS concerned, occur m vanous diseases, c g , car- 
cinoma (other than gastric), syphilis, etc. But the 
bone marrow is of the normoblastic type Since 
they are not due to defiaency of the antianemic 
pnnaple, they do not respond to the administra- 
tion of liter extract or of gastne tissue Nor do 
they respond to the administration of “folic aad” 

Idiopathic Aplastic Avemia 

This IS a comparatit ely rare type of anemia m which 
there is a rapidly progrcssitc reduction in all the blood 
cells — erythrocytes, leukocytes and platelets There 
is httle or no evidence of blood regeneration, reliculo- 
cy tes arc \ cry scarce and nucleated forms are usually 
absent The red cell count may reach an cxlraordinanly 
low figure — ^213,000 per cubic millimeter m a case 
reported by Ehrhch, Granulocytes and platelets may 
entirely disappear The marrow is hypoplastic or 
aplastic, there is a great reduction in its cellular ele- 
ments and almost complete absence of hemopoietic 
activity The lymphocy-topcma which also occurs, but 
IS less marked than the reduction in granulocy tes, 
suggests that the entire hemopoietic system is affected 
The causes of the bone marrow hypoplasia ha\e been 
mentioned (p 81) 

A number of cases have been rcjxirted recently 
(Thompson, Richter and Edsall, Anderson) in which 
the typical blood picture of aplastic anemia was asso- 
aated 1 X 101 a normal or c\cn a hyperplastic marrow 
In these, to which the term “pseudo-aplastic anemia” 
might be apphed, there would appear to be some inter- 
ference with the maturation and dehxery of the cells 
into the blood stream rather than to absolute sup- 
pression of marrow funebon 

It IS only upon pemiaous anemia or macrocy tic 
anemias of the pemiaous anemia Upc with a 
megaloblasUc bone marrow that XTtamm Bu or 
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“fobc acid” therapy has any specific effect Other anemias (e g , that of pregnancy) are resistant to 

macrocytic types (with a normoblastic type of the action of vitamm Bu but respond to fohc acid 

marrow), the microcytic anemias and aplastic In post-hemorrhagic anemia and certam other sec- 

anemia fail to respond to the administration of ondary anemias la/ioZe haeris of value, not from any 

liver extract, gastnc tissue or pteroylglutamic acid specific action but simply because it furnishes iron 
It has been mentioned that certam megaloblastic and protem of high quahty 
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the w^htte blood corpuscles or leukocytes the 

PLATELETS 


Classification and Moephologa 

The white blood cefl difiers from the endhroade 
in that It contains no hemoglobm, and has a 
nucleus The majontj of the white cells are also 
considerably larger than the erjdhrocydes, measur- 
mg from S to 15 microns m diameter, the size 
depending upon the particular i-anetj The\ 
are much less numerous than the red -cells, m 
the adult thej number from 5 to 9 thousand per 
cubic millimeter of blood In mfancj thej are 
twice as numerous and throughout chSdhood the 
count is higher than m the adult. WTien a film 
of adult blood is exammed under the microscope 
the white cells appiear a eiy sparseli scattered here 
and there among the crowds of colored corpuscles 
which outnumber them more than 600 to 1 
On a basis of morphological differences the color- 
less corpuscles are di\ided first mto two mam 
groups (I) Cells wlh a single nucleus and o clear 
nongranular c^loplasm — the l>*mphocjdes and the 
monoodea, (II) cdh lianng a lobed or mcompletelj 
partitioned nucleus, and a cjdoplasm contaimng 
fine chromophil granules — the granulocytes Each 
of these two mam classes are diiided further mto 
subgroups on a basis of differences m structure or 
staining properties’ (see frontispiece) 


I. THE ^0^-GRAS^CrLAR IHUKOCyiES — 

ageaxdxocytes 


These are of three Auneties (1) Small lympho- 
cyte, (2) large lymphocyte, (3) monocyte Though 
these forms show no granules m the protoplasm 
under the ordmaij methods of stammg, granula- 
tion mai be demonstrated after stammg with 
azure-blue. The hmphoodes con tain a few 
coarse azurophil granules, those of the monomdes 
are fine and \ erj numerous 

(1) The Shall Lauphocytes These are 
sbghtli larger than the red cells— about 8 microns 
m diameter The nucleus is Telati\el> large, 
shghUi mdented and stains more deeplj with basic 
dyes than the surroundmg narrow run of Qdo- 


' The term leukocj-te is emploj-ed bj most authoi 
to denote all the wbte cells, and this from the simpl 
mei^g of the word seems logical Some, howeAe 
confine the term to the granulocjdes The first of the: 
usages will be followed m this test. 


plasm which separates it from the boundarj of the 
cell The small l>Tnphocjdes onginate m hm- 
phoid tissue and are found m large numbers m the 
Ij-mph nodes and spleen The\ constitute m the 
adult from 20 to 25 per cent of the total number 
of while cells in blood and are the commonest 
cells found m I>Tnpb In childhood Umphoid 
tissue IS much more abundant than in adult life 
and the hmphocjtes are more numerous Thej 
amount to from 50 per cent or more of the Icuko- 
c\des m earlj chDdhood and to about 35 per cent 
at the age of ten a ears 

(2) Lapge Lyhphocvtes These resemble the 
preceding m general appearance but arc consider- 
ablA larger, bemg 12 or more microns in diameter 
The CAtoplasm forms a wider zone about the 
nucleus, which is oA-al or kidnej shaped These 
cells arc found m insignificant numbers in adult 
blood but are more plentiful m the blood of y oung 
children Thej arc largeU confined under phA-sio- 
logical conditions to the hinphoid tissue, but ca en 
here thej are greatlj outnumbered bA the small 
lymphocAtes Thej are considered b\ man> as a 
Aoungcr form of the small l^mpbocA te 

(3) The Monocates are from 10 to 15 microns 
m diameter Thej possess a relatiAch larger 
amount of cvtoplasm The nucleus has a deep 
mdcntation on one side, which giAcs it a kidncj oi 
saddle bag shape On the supposition that this 
cell represented a stage m the de\ elopment of the 
poh-morphonudear leukocjtc, it amis called the 
“transitional leukocyte” bj Ehrlich This aicw 
has smee been shoivn to be WTong, for the monoCA te 
bears a relaUonship to the lAanphocAdes rather than 
to the piolAinorpbonudears It has been mentioned 
that the monoc>-te contains, like the hmphocA tes, 
azurophil granules m the cAdopIasm The mono- 
cAles are acbA dj motile and phagocj tic, and 
are considered bj most obseners to be dcn\cd 
from fixed hisUocytes (p 105) Such an origin 
would dass them as arculatmg elements of the 
reticulo-endothelial system ■According to Maxi- 
mow, howcA er, thej arise from hmphocA tes Thej 
constitute from 5 to 7 per cent of the white cells 

Small numbers (0.2 per cent) of a slighllj different 
type of monocj'te are also found m blood lu nudeus 
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instead of bang kidney-shaped is round or oval It 
was prc\nously knovin as the large mononuclear leuko- 
cj'te, but It 15 probably simply a younger form of the 
precedmg vanet> 

n THE GRANUIOCYTES 

These are divided into three groups according to 
the staining reactions of their granules One type 
— the eosinophilic — stains with aad dyes, e g , 
eosin, another — the basophilic — stams with basic 
dyes, e g , methylene blue, and the third type — the 
iiculrophilic — w ith neutral dyes, i e , mixtures of 
acid and basic d>es These staining reactions 
apply to human leukoc> tes, but such distmctions 
cannot always be made m other animal species 
The nucleus of a granuloc3'te is composed of two 
or more lobes connected together by strands of 
chromatin 

(1) The Eosinophils arc not numerous, they 
amount to no more than 2 to 4 per cent of the total 
white cell count The granules which are oval and 
much coarser than those in the other two vaneties 
are stained a bnght red with eosin The cell is 
also slightly larger and the nucleus usually bi- 
lobed In certain pathological conditions which 
W’lU be mentioned later they may form a much 
larger percentage of the leukocyte population 

(2) The Basophils are present to the extent of 
only 0 IS per cent or less Their granules stam 
deeply with methylerue blue Theu significance is 
not known They have been considered by some 
observers to be degenerated neutrophils, but there 
appears to be litUe doubt that they are a distinct 
t>T>e and like the other granulocytes a product of 
the bone-marrow Support is lent to the latter 
view by the fact that they are mcreased in condi- 
tions associated with excessive marrow activity, 
e g , chronic myelocytic leukemia and poly- 
cythemia vera They are also mcreased in chronic 
inflammation of the accessory nasal smuses 

(3) The Neutrophils are by far the most 
numerous, constituting from 65 to 70 per cent or 
more of the total number of white cells Their 
granules are quite small and are stamed a violet 
tmt with neutral dyes As wall be seen presently 
the neutrophils are actively ameboid m character, 
1 e , they are capable of locomotion and ingest 
foreign particulate matter They are about 10 or 
12 microns m diameter Theu nuclei show a vari- 
able number of lobes dependmg upon the age of the 
cell 

The Arneth count or index 

It was pointed out by Ameth that the number of 
Jobes m any neutrophil depends upon the cell’s age, 



Fig 10 1 Ameth stages 


the older cells having the larger number ’ A five-lobed 
nucleus for instance mdicates a stage m the hfe of a cell 
just preceding its final dissolution, an unlobed but 
deep!}' indented nucleus, a very j oung cell Five stages 
in the life history of the polymorphonuclear leukocyte 
are therefore disUnguished corresponding to the number 
of lobes developed m the nucleus A count of the nuclear 
lobes in the cells of a blood film will give the proportion 
of cells of different relative ages In figure 10 1, stage I 
shows a nucleus with a smgle lobe Constriction of the 
nucleus can be seen but the nuclear substance is con- 
tinuous from one part to the other In stage 11 the 
nucleus is partitioned mto two parts which are con- 
nected only by chromatin threads In the next stage 3 
lobes are seen and so on to the last or senile stage m 
which the nucleus has 5 or more lobes The cells of this 
stage are large, edematous and non-motde, their gran- 
ules strain poorly or not at all In some conditions, e g , 
acute septic infections and permaous anemia, enormous 
neutrophils (up to 20ii) with a great number of nuclei 
are seen These are known as macro polyester 

The Ameth mdex is detemnned by countmg the 
number of nuclear lobes m each of 100 neutrophils 
The cells m the different stages are expressed as per- 
centages of the total The count under the ordinary 
conditions of health is as follows 


Stage I 
Stage n 
Stage in 
Stage IV 
Stage V 


Percentage 

of 

leuiocytes 

5 

30 : 
45 

18 ' 
2 


’ The extent of the previous activity of the cell, rather 
than its age, may be the important factor determinmg 
the number of nuclear lobes 
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TABLE 14 


Showing SchUing index and dtftrenlial count of mature 
cells, figures indicate percentages 


NEUnOPHiLS I 

Eosi 

DO- 

phils 


Lyra 

pho- 

Otes 


Myelo- 

cytes 

Joven 

fie 

meU 

myelo- 

cytes 

Older 

meta 

myelo- 

cytes 

No 

cleus 

lobal&r 

Baso- 

phils 

hfono- 

cylcs 

0 

0-1 ■ 

1 

3-5 

55-70| 

2-4 

0-1 

20-25 

1 

5-7 


In certain diseases the youngest cells (Stage I) are 
much more numerous and may constitute 50 per cent 
of the total There may be an entire absence of cells 
m the later stages (IV and V) An increase m the per 
centage of cells of the earher stages is spoken of as a 
“shift to the left” It is seen m conditions i\hich stimu 
late the bone marrow to a greater production of white 
cells, e g , pyogemc mfecUons It is also seen in tubercu 
losis ana after exposure to the V. rays and after the 
injection of thjToid extract In children a shift to the 
left occurs much more readily than m adults In per 
maous anemia the percentages of the older cells increase 
— “shift to the nght” — and in some cases, as mentioned 
above, macropolj cytes appear Except in the case of 
the semle non motile cells a relationship between the 
phagocytic activity of a particular cell and its age has 
not been demonstrated 

The Schilling index employ’s a simpler classification 
of the neutrophils but mcludes marrow elements Four 
stages are recognized (see table 14) (a) the my elocvte 
which shows a smgle spherical nucleus, (b) young 
metamyelocyte with a sight mdentation of the nucleus, 
(c) older metamyelocytes with the process of lobulation 
defimtely indicated, this is known as the band cell of 
Schilhng or “Staff” cell and corresponds to the first 
stage of Ameth, (d) older neutrophils, i e., the other 
stages of Ameth. Stages (a) and (b) are not found 
normally in the blood They appear when a pronounced 
“shift to the left” occurs (See frontispiece and p 110 ) 

The non motile cells of the last or fifth stage of 
Ameth appear, penodically m increased numbers — 
m “showers”— m the blood stream They are 
replaced by young cells from the marrow Like 
the red cell the dying neutrophils disintegrate in 
the circulation or are disposed of by the macro- 
phages of the spleen or the tissues The life span 
of the neutrophils has been variously estunated 
By some it is bdieved to be no more than about 
3 days and by others no more than a few hours 
Ponder, however, puts it at 21 days He induced 
a leukocy’tosis and shift to the left in the Ametli 
stages by the injection of thyroid extract and fol- 


lowed the blood picture until the poly nuclear count 
returned to normal Since the nsc in tlic count is 
due to discharge of young cells (Stage I) from 
the marrow, when the count again showed the 
normal percentage of cells of Stage V it was as- 
sumed that the discharged cells had reached the 
end of their life span At any rate the average life 
of the neutrophils is apparently much shorter 
than that of the red cell (p 74) 

The ^u^CTIO^s of the Leukocitfs 

The neutrophilic poly morphonuckar Itukocv tes 
as well as the monocytes and other reticulo-cndo 
thelial elements constitute probably the most im 
porUint elements which the body possesses for its 
defense against invading microorganisms Tlicir 
power to attack baclcna depends ujion their mo- 
lihti and a proclivity for the ingestion of solid 
particles The latter action, which was first demon 
slrated b\ Mclehmkoff, is termed phagocytosis 
(phago— I cat) These two varieties of white 
blood cell arc free lances among the body cells, 
they wander from place to place through the 
tissues and practically no part of the bodv is 
barred to them They insinuate a process {pseudo 
podium), improvised at Uic moment from their coll 
protoplasm, through one of the joints in the tndo 
thchum of the capillary wall Then bv causing 
the semi fluid substance of the cel! bodv to stream 
into the protoplasmic projection, thev pass out of 
the blood vessels "at wall” By this action of dia- 
pcdcsts^ as it is called, mv nads of while corjiuscles 
may pass out of the vessels in a remarkabh short 
time Reaching a point where the bactena have 
entered the body they surround the threatened 
area and proceed to destroy the inv aders If, for 
instance, an actively inflamed region should be 
examined under the microscope, masses of neu- 
trophils would bo seen, and many’ of these would 
be observed to hold bactena impnsoned within 
their bodies As many as 15 or 20 microorganisms 
may be seen at times wathin a single cell It has 
been showai that the bacteria arc ingested ahv c and 
remain so for a time w ithin the Icukocy te (fig 10 2) 

When a tissue such as the mesentery or web of a 
frog, in which the capillancs arc clearly visible, is 
examined in the hvang state a short time after a culture 

>Thc term diapcdcsis, htcrally a “leaping through”, 
IS sometimes applied to the jiassage of red cells llirough 
an unbroken capillary wall, but the term is scarcely 
appropnate for a passive process of this nature 
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of bactcna has been injected into it, the small vessels 
leading to the site of inoculation are found swarming 
with neutrophils In the tissues round about, the 
ameboid cells are seen moving somewhat ponderously 
hither and thither to engulf the offending bacteria 
When the latter are intensely virulent in nature this 
normal leukocyte reaction may be senously depressed 
The monocytes, though much less numerous, also join 
m the general attack and show their phagocytic pro- 
pensities to a marked degree. After the first flooding 
of the tissues with neutrophils and monocytes, numbers 
of the latter come to rest and together with other 
reticulo-endothehal elements of the tissues imdergo 
transformation and aid m isolatmg the infected area 
from the neighbormg healthy tissues Until this is 
accomplished the danger of the mfechon becommg 
more wide-spread alwajs exists In their struggle 
against bactena, eqmpped as these are with powerful 
toxms, manj of the white cells are killed These collect 
within the center of the mfiamed area together wth 
exuded plasma, hquefied tissue cells and a few red cells 
that have escaped through the injured walls of the capil- 
lanes This material constitutes pus, and the so-called 
pus-cells are dead leukocytes The arcumscnbmg wall 
and Its semi-flmd contents constitute an abscess By 
the action of the phagocytes, aided by a protem-digest- 
mg ferment (protease) which they elaborate, the over- 
lymg structures whether connective tissue, mucosa or 
skm are m part removed piecemeal In this way a com- 
munication with the extenor is effected and the contents 
of the cavity are discharged 

Not only bactena but practically any foreign ma- 
tenal, whether a rose-thorn or a catgut suture, is 
attacked and removed if possible, or loosened by the 
neutrophils aided by the monocytes and other phago- 
cytic cells of the tissues The removal of dead tissue or 
of blood clot or the separation of necrotic from hvmg 
structures IS accomplished m the same way Devitalised 
bone though not removed in its entirety, unless it be of 
very small size is nevertheless eroded and separated 
from the hvmg tissue by the leukocytes The disap- 
pearance of effete organs such as the tail and gills of 
the metamorphosmg tadpole or the creeping muscles 
of insect larvae, as these develop to the mature form, 
is effected by similar phagocytic cells The apphcation 
of heat to a part also attracts leukocytes m large num- 
bers to the capiUanes from which they immediately 
commence to nugrate 

The activity of the leukocytes is best studied by the 
method of Sandison and Clarke, m which a transparent 
chamber is inserted mto the tissues, e g , the rabbit’s 
ear After a time fine vessels grow mto the chamber 
through operungs m its sides which may be examined 
under the rmcroscope Another very simple method is 
that of supravtial siatmng A thm film of a non-toxic 
(supravital) dye, eg, neutral red, azure, or brilliant 
cresyl blue, is laid upon a glass shde and allowed to dry , 



Fig 10 2 Drawmg of a neutrophil at half-minute 
mtervals to show motility and phagocytosis of bac- 
tena 


a film of blood is laid over this and covered with an 
ordmary cover glass which is then sealed with vasehne 
around the edges The preparation is kept warm and ex- 
amined under the microscope, the cells remainmg alive 
and active The neutrophils seen m such preparations 
are not imiformly sphencal as in fixed smears, but are 
continually changmg their shape Pseudopodia are in 
constant movement and the granules can be seen 
streaming through the cytoplasm with each movement 
of the cell The rate of progression of the neutrophil is 
from 30 to 35 microns per minute at body temperature 
(fig 102) 

Of the functions of the other vaneties of granulo- 
cytes — the eosinophils and basophils — httle is 
known The eosinophils are not markedly motile 
and only shghtly phagocytic Possibly the baso- 
phils, like the “mast” cells of the tissues, are a 
source of heparm (see also p 112) 

The lymphocytes — though, generally speakmg, 
they are not phagocytic — appear to exert such an 
action upon certam pathogenic microbrganisms, 
notably, pneumococci types in and TV A great 
migration of lymphocytes characterizes certain 
chrome types of mflammation 

An important function of the lymphocjdes is 
the manufacture of serum globulm, both beta and 
gamma fractions havmg been found m extracts of 
lymphocytes Immime substances (antibodies) are 
recognized as bemg assoaated with the gamma 
globulm fraction, so it was presumed that the 
lymphocytes occupied a key position m defense 
reactions of an immunological nature The mvesti- 
gations of White and Dougherty have gone a long 
way to substantiate this idea The lymphocytes 
and serum of mice which had been immunized to 
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sheep erythrocytes contained an antibody which 
lysed these cells, but none was found m the 
lymphocytes or serum of non-immunized mice 
Furthermore, extracts of the Ijunphocytes of the 
immunized animals contamed antibody m a con- 
centration from six to eight times higher than that 
found m the serum Antihemolj'sins to staphylococ- 
cus toxm have also been demonstrated m the 
lymphocj'tes of mice immunized to this toxm 
The production of antibodies m the l3'mph nodes 
was first demonstrated by McMaster and Hudach 
m 1935, and Ehnch found that a threefold mcrease 
m output of lymphocj'tes from the nodes accom- 
pamed the antibody production 
The manner m iihich the Ijmiphocytes add 
globuhn to the plasma appears to be by a process 
of cytoplasmic buddmg and ultimate dissolution 
m the IjTuphoid tissues and blood stream Budding 
can be observed withm a Sandison-Clarke cham- 
ber mserted mto the tissues 
The supply of globulm to the blood is apparently 
under the control of the pituitary gland through 
the action of its adrenocorticotrophic hormone 
upon the adrenal cortex The pituitary-adrenal 
influence was demonstrated by HTute and 
Dougherty m the following ivav Rabbits were im- 
munized to sheep corpuscles and, after the speafic 
antibody had appeared m the circulation, ncrc 
left untreated for a penod of three months, when 
all antibody had disappeared They were then 
divided mto four groups One group was injected 
with the ongmal antigen, no significant nse in anti- 
body concentration of the blood of these anmials 
occurred Of the remammg three groups, one nas 
mjected with steroid fractions of the adrenal 
cortex, another with the adrenocorticotrophic 
hormone of the pitmtary (ACTH) and the third 
with an aqueous extract of adrenal cortex. The 
steroid hormones caused an mcrease m antibody 
concentration, nearly as great as that caused 
originally bj' immunization, — a maximal dissolu- 
tion of lymphocj'tes m the Ijnnphoid tissues and 
a scaraty of lymphocytes m the orculation The 
response to the pituitary prmaple nas also pro- 
nounced, though not as great as that given by the 
steroids, while the aqueous extract caused a 
relatively small reaction The adrenal cortical 
fractions which exert this effect are those with an 
oxj'gen atom m the 11 position (see chapter 59) 
Corticosterone and ll-dehjdro-17-hydrox> cor- 
ticosterone are therefore effecUve m this respect 
but not desoxycorticosterone 


It has also been found that mjections of adrenal 
cortical hormone, or of the pituitary principle, 
increase the bulk of Ijnmphoid tissue as a result 
of edema, the edema fluid containing larger 
numbers of Ijunphocv’tes undergoing dissolution 
Later, after the edema has subsided, the tissue 
shrinks until its weight is less than before the 
injections Adrcnalectomj is followed by an 
mcrease in the mass of Ijmphoid tissue 

The reduction in Ijmphocj tes in response to 
adrenal cortical hormones and ACTH is of mod- 
erate degree The eosinophils show a mucli more 
pronounced reduction in number following the 
administration of these principles The cosmopenia 
occurs so consistently and is so delicate that it is 
cmploj'cd as a means of assaj'ing the potency of 
cortisone and ACTH Adrenaline abo causes 
cosmopenia, probablj' by stimulating \CTH pro- 
duction Adrcnalcctomizcd animals show a Ijm- 
phocjtosis, and o\crgrowth of Ijmjihoid tissue is 
not an uncommon feature of adrenal insufficicncj' 
(Addison’s disease) m man 

The Fate or tiie Lymtiiootes 

This has been a puzzling question for a number 
of jears, for it has long been known tliat immense 
numbers of these cells disappear from the cir- 
culation daily Accordmg to one estimate, the 
entire population of hTnphocjtes in the cir- 
culation of the dog arc replaced twice each daj 
(Drmkcr and Yoffej), replacement 5 times dailj 
is gi\cn for the cat (Sanders and associates) Some 
have thought that l\Tnphocj tes were transformed 
mto other U-pcs of cell, others again that thej re- 
turned to the Ijanph nodes and were destrojed m 
the germinal centers But the most widclj ac- 
cepted e.xpIanation of the wastage of l\mphoc\tes 
has been that thej' are shed from the mucosa of the 
gastro intestinal tract, and no doubt large numbers 
arc discharged from the bodj m this waj Nc\er- 
theless, little effect is exerted upon the disap- 
pearance of Ijnnphocj’tcs in rabbits by the rcnio\ al 
of the entire gastrointesUnal tract and the in- 
jection of some 300 million leukocy tes mto such a 
preparation does not cause a rise m the leukocj te 
count It appears now from the y\ork of the authors 
mentionul aboy e that the large dailj tumoy cr of 
these Cells is to a great extent at least the result of 
their dissolution in the lymphoid tissues and blood, 
thus globuhn is supphed to the plasma (see also 
chapter 11) 
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Variations in the Number oe Leukocytes in 
THE Blood Stream 

leukocytosis 

In the event of some damage to the tissues which 
calls forth a leukocytic response, not only is there 
a migration of leukocytes from the blood to the 
site of mjury, but eilso a discharge of these cells 
from the marrow and an mcrease of their number 
in the general orculation Instead of the normal 
count of seven or eight thousand per cubic milli- 
meter the colorless cells may number 20 to 30 
thousand withm a short time Leukocytosis is the 
term used to designate an mcrease m the total 
number of white ceUs All varieties of the white 
cells do not necessarily share m the mcrease In 
one instance it may be the neutrophfls, m another 
the l}Tnphocytes or the eosmophils that are m- 
creased, and it is the presence m abnormal num- 
bers of one or other of these which then gives the 
high total leukocyte count It is often of great 
diagnostic value to know which type of cell is 
responsible for the leukocytosis, and m order to 
determme this a so-called differential count of the 
cells is made That is, the numbers of the different 
types m a stamed smear of blood are counted and 
then percentages of the total count determmed 
Also, changes m the proportions of the different 
white cell types may occur though their total 
number be normal Such alterations can be re- 
vealed only by a differential count The following 
example is given m illustration, the lymphocytes 
and monocytes are relatively mcreased, the neu- 
trophils and eosmophils reduced 


Total white cells per cubic millimeter 7500 

Lymphocytes, per cent 35 

Monocytes, per cent 8 

Neutrophils, per cent 56 

Eosmophils, per cent 0 7 


Very commonly an mcrease m the neutrophils is 
entirely responsible for the leukocytosis On this 
account the latter term is used frequently but 
somewhat loosely to imply an mcrease m the 
count caused by the neutrophihc elements alone 
Neutrophilia is a more precise term that has come 
into use for the latter condition Lymphocytosis, 
monocytosis and eosinophilia are the respective 
terms employed to designate mcrease m the other 
elements 

Acute infections by the pus-formmg orgamsms — 
staphylococcus, streptococcus, etc , are the most 
potent causes of a neutrophihc mcrease On this 


account the exammation of the white cells furnishes 
a valuable diagnostic sign for the detection of 
hidden inflammatory conditions, e g , appendiatis, 
empyema, etc A neutrophihc leukocytosis occurs 
also m pneumoma, whoopmg coug^^ scarlet fever 
and some other infectious fev^ TEe\nuclear 
count shows an mcrease m the young staged at the 
expense of the older (p 93) / \ 

Pteroylglutamic (“folic’O/agid is a' dietary con- 
stituent required by many._^species for the pro- 
duction of granulocytes^y_^^bone marrow, and 
for the mamtenance of thenormal population m 
the circulation Absence of this vitamm from "fEe 
diet of monkeys and chicks is followed by a pro- 
foimd leukopema 

Chemotaxis, chemical factors in inflammation 

Chemolaxts is the term apphed to the unknown 
“force” which draws the white cells from the blood 
stream, to the pomt of mjury m the tissues This 
property of respondmg by a locomotory movement to 
chemical substances is not pecuhar to leukocytes, but is 
possessed by many types of free-hvmg, umcellular 
organisms Chemotaxis may be positive (i e , attractive) 
or negative (repellant) and, though the former is most 
commonly observed m leukocytic behavior, certam 
chemicals produce the opposite effect 

It was formerly thought that the chermcal properties 
of the bactenal toxm were responsible for this effect, but 
it has smce been shown that nucleic aad and its 
derivatives guanme, adenme, adenosme, etc or some 
other pnnaple supphed by the tissues (see below) are 
the specific stimulants Injections of these substances 
cause a rapid rise m the leukocyte count. Toxins or 
other mjunous agents act probably mduectly by 
hberatmg nucleic aad from the tissue cells as well as 
from mjured leukocytes themselves It has been sug- 
gested that the actual force which attracts the cells 
from the vessels to the tissue focus may have changes m 
surface tension of the blood cell membrane as its basis, 
for durmg the early stages of the inflammatory reaction 
the leukocytes m the small vessels near the mjured site 
appear “sticky” They collect and chng to the walls of 
the vessels and are thus separated from the red cells 
which occupy the axis of the stream An artificial cell 
model may be used to illustrate the surface tension 
theory When a small globule of mercury is placed m a 
weak solution of mtnc aad, the globule moves rapidly 
toward a crystal of potassium dichromate dropped near 
it upon the surface of the solution, as a result of a 
chemical reaction leadmg to surface tension effects, or 
if the mercury is placed m a dilute dichromate solution, 
it will move away from a drop of mtnc add m its 
vianity (negative chemotaxis) Expenments, however, 
upon unicellular organisms such as the ameba, to -nhich 
the white cell bears a strong resemblance, have failed to 
show that the spontaneous movements are surface 
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tension phenomena It must be admitted tbat tbe 

problem of chemotans remains unsolved Phagocytosis 

does not necessanly depend upon chemotaxis but may 
occur qmte apart from it, as when chemically inert ma 
tenal, e g , parUcles of carbon or sihca are engulfed by 
leukocytes coming mto contact with them at random 
On the other hand, a positive chemotactic effect may 
not be followed by phagocytosis, for neutrophils may 
be attracted by some dead or foreign matcnal and move 
toward it with the apparent "intention” of devounng it, 
but not do BO 

Menken has obtained a nitrogenous, crystalline 
prmciple from inflammatoiy exudates which in- 
creases capillary penneabihty, allowing the free 
escape of plasma protein, and induces the migra- 
tion of leukocytes through the capillary wall 
This substance, named hukotaxmc, appears to be 
a simple polypeptide and is related neither to 
histam ine nor to nucleic acid It has also been found 
by others in the succus entencus of the rabbit 
It seems to be the factor responsible for the swarm 
of leukocytes which m infective and inflammatory 
states are attracted from the circulation mto the 
tissues of the affected part Four other substances 
have been recovered by Menken from in- 
flammatory exudates, called the Icukocylosts 
promohng factor (L P F ), iiecronn, pyrcxin and 
the leukopenic factor, respectivdy 

The leukoeyfosu promoting factor causes the discharge 
of imma ture, leukocytes from the bone marrow and 
hyperplasia of granulocytes and megakaryocytes within 
the latter It is a pseudoglobuhn, or closely assoaated 
with this fraction of the exudate, and is presumably 
responsible for the leukocytosis which is so often a fea 
hire of the blood m mfechve states Though mcreased 
manufacture of granulocytes is mduced by L P F , 
the rapid mcrease m leucocytes suggests that preformed 
cells are discharged mto the orculahon, and there is 
evidence that m the early stages of leukoc 3 'tosis capillary 
smuses of the marrow, harboring masses of leukocytes, 
are suddenly opened up and them cellular contents dis- 
charged This suggests a vasomotor reaction, which is 
substantiated by the fact that even salme (1 cc) 
mjected mtravenously mto a rabbit causes about 
300,000,000 mature neutrophils to enter the general 
blood stream withm 1 hour 

Necronn, which is assoaated with the euglobuhn 
fraction of inflammatory exudates, is the substance 
which causes tissue m]ury, lymphatic obstruction and 
necrosis m mflamm abon The lymphatic blockage, 
accordmg to Menken, is salutory smee it tends to limit 
the spread of the mfecfaon Injection of this substance 
mtravenously mto animals causes widespread injury, 
e g , hemorrhages mto the gastro-mtestmal tract, focal 
necrosis of the hver and leukocytic mfilration of the 
kidneys Necrosm is thermolabile and nonpyrogemc 


Pyrextn is a thermostable fraction assoaated also 
vnth the euglobuhn It appears to be a glycoprotein 
It induces fever 

The leukopenic factor causes leukopenia as a result of 
the trapping of leukocytes in the lungs, spleen and 
hver This factor causes nausea and vomiUng when 
injected intravenously It is closclj assoaated with 
pyrcxin and, though it can be separated by incomplete 
hydrolysis from the pyrogenic factor, it has not been 
shown with certainty that the two factors arc separate 
and distmcL 

Inasmuch as the leukocytes, especnlly the 
neutrophils, are essential elements in the dcfensiv e 
mechanisms of the body against infective micro- 
organisms, their attraction to an infected part 
must be looked upon as a physiological and salutary 
response It should, therefore, not be discouraged in 
any way by agents, c g , manv antiseptics, which, 
though themselves immical to bacterial growth, 
defeat their own purpose bj destrojing the 
leucocytes, or reduemg their activity Such agents 
may even act to repel the neutrophils from the 
injured region Sulfanilamide, on the contrary, is 
claimed to actually stimulate leukocyte activity 
cither directly’ or by rendenng the in\ading micro 
organisms less resistant, or more “appetizing”, 
to the phagocytes Some interesting observations 
have been made by Mallco' and McCutcheon on 
the movements of leukocy’tes in attack, which give 
a meaning to the well worn phrase 'flowered 
resistance” The neutrophils in samples of blood 
from patients acutely ill and from tliosc con- 
valescent from various diseases were obscrv ed, and 
their rates of approach to a minute clump of 
bacteria measured and compared with the rates of 
approach of the observer’s cells under identical 
conditions In the acutely ill patients the rate of 
approach wras 9 7 microns per minute, as com- 
pared vnth the normal of 16 1 microns per minute 
No significant difference was observed between 
the phagocytes of the convalescent patients and 
those of the observer 

Physiological leukocytoses It had formerly been 
taught that an inaease in the neutrophils occurred 
during digestion — digestive leukocytosis — but it seems 
that this was a misconception These cells show spon 
taneous rhythrmcal vanations m thar numbers, the 
total white cell count reaching its maximum of about 
7000 to 8000 in the afternoon, and its minimum, 5000 
to 6000, in the early mormng These vanations occur 
quite mdependently of meals Leukocy tosis also occurs 
durmg pregnancy, partuntion and menstruation in 
muscular exerase and after adrenaline administration, 
or in states such as fear, pam, anona, etc., which cause 
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the hberation of adrenaline from the adrenal gland 
In infants and young children the leukocyte count is 
considerably higher than in adults, the count is also 
less constant in infancy, varying -without apparent 
cause by two thousand or more per cubic milhmeter 

Eostiiophiha, or increase in the number of arculatmg 
eosinophils, occurs m several conditions, notably allergic 
states, c g , asthma and anaphylactic shock, and m in- 
fections by -vanous animal parasites, e g , hook-worm 
{ankylosloma duodenalc) disease, in which the eosinophils 
may be 30 per cent of the total white cell count, and 
irtchtuosis In the latter infection there is a general 
leukocytosis, wath the eosinophils runmng as high as 50 
per cent of the total Infections with hydatids, ascans 
and other worms also cause cosmophiha to a greater or 
less degree The significance of this assoaation of 
eosmophiha with parasitic infection is unknown These 
white cells are also increased m Loefiler's disease and 
m a number of skin diseases, the tissues m the neigh- 
borhood of the cutaneous lesions may be mfiltrated 
■vnth cosmophils During the acute stage of pyogenic 
infections the eosinophils are usually reduced m number 
(eosinopema), m the convalescent stage they are, as a 
rule, increased The eosmopenia caused by ACTH and 
by adrenahne has been mentioned 

Lymphocytosis The neutrophils are not stimulated 
by tuberculous, malanal, or S 3 'philitic infection In 
the active stage of such conditions either an absolute 
or rclatii e mcrease in the number or arculatmg Ijunpho- 
cytes IS the rule In other chrome mflammatorj' states 
and in mfections with the colon or diphthena baallus 
also, it IS the Ijunphocytes rather than the neutrophils 
that are increased m number They mdicate in general 
an inflammatory condition that is undergoing repair, is 
being held m check, or at the most is making slow 
progress Lymphocj'tosis, therefore occurs as an after- 
math of acute infections The neutrophils on the other 
hand represent the “shock troops” and their presence 
indicates that a more active campaign is being waged 
In young children a relative Ijunphocytosis is the rule 

Monocytosis An maease m the monocytes is seen 
much less frequently than that of the other leukocytic 
types Apart from monocytic leukemia and glandular 
fever (see below), the chief conditions m w'hich they 
appear in greater numbers than normal are tubercu- 
losis, malaria, syphilis, brucellosis and bacterial endo- 
carditis According to Cunningham, a dechne in the 
lymphoc 3 Ae count wnth an maease m the monocytes m 
pulmonary tubaculosis is an indication that the tuba- 
culosis process is bemg arrested 

Pathological Increases in the Leukocyte 

Population Leukemia, Glandular Fe-ver 

The leukocytic mcreases discussed in the fore- 
going sections, even those assoaated with ab- 
normal states, are moderate m degree, and are due 
to reactions which in themselves are of a “pur- 


poseful” character and on the whole physiological 
But m the leukemias v/e find an altogether un- 
controlled and often relatively enormous increase 
(up to 1,000,000 per cubic nuUuneter) m the num- 
ber of leukocytes, and a distorted mode of white 
cell production -with the appearance of immature 
forms m the circulation 

Leukemia is now generally looked upon as a 
mahgnaiit neoplastic disease of the white cor- 
puscles, as with other mahgnancies, its cause is 
unknown 

The disease occurs spontaneously m the fowl 
{chicken leukosis) and m many mammahan species, 
and can be transrmtted by the transfusion of 
viable leukemic cells of one animal mto the cir- 
culation of a normal ammal The transfused cells 
multiply m the blood of the host That leukemia 
can be transferred m a similar way from man to 
animals has not been proved The disease m fowl 
can also be transmitted by cell-free blood passed 
through a Birkefeld filter, and is therefore beheved 
to be due to a virus of some sort, probably a 
chemical substance This substance does not pass 
from an affected to a normal bird — under natural 
conditions The disease m man, or in other mam- 
mals, does not appear to be due to a transmissable 
virus Whatever may mstigate the abnormal 
blood state, its influence is unpressed upon the 
earliest progenitors of the white cells in the bone 
marrow or lymphoid tissue, which results m the 
production of abnormally formed and mahgnant 
blood cells This same morbid state may produce 
tumor-masses (lymphosarcoma or myelosarcoma), 
clearly mdicatmg its mahgnant nature 

In experimental leukemia m mice, which is 
closely similar or identical with the human disease, 
genetic factors are promment The mfluence of 
heredity is often endent also in human leukemia 
By inbreeding mice which are susceptible to the 
spontaneous development of leukemia, strams 
have been produced m which from 80-90 per cent 
of the animals show the disease at the age of from 
6 to 9 months Little is known of the other factors 
which may be concerned, whether hormonal, 
humoral, metabolic or nutritional (e g , -vitamm 
or mmeral deficiency) Miller and Turner and 
Weam and his colleagues have found that the 
urme of patients with leukemia contains prmciples 
which stimulate leukopoiesis m gumea pigs and 
produce a blood picture m these animals resembl- 
mg that of human leukemia The actions of these 
substances suggest that they are specific stunu- 
Jators of leukocyte production It is postulated 
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that they are normal pnnaples (one of which 
induces hyperplasia of lymphocytes, the other of 
granulocytes), but produced m excess m leukemia 
The Ijmphocyte-stunulating principle appears to 
be a hydroxy-aad, while that which causes 
granulocyte hyperplasia is beheved to be a non- 
carbonol-aad A second myeloid-sUmulatmg sub- 
stance, obtamed from the unne of patients with 
myeloid leukemia, has the character of a protem 
or of a gl>coprotem 

It has been suggested by Miller and Turner that 
these two pnnaples normally act reaprocally to 
control leukopoiesis and mamtam a mce balance 
between the production of mj eloid and lymphoid 
elements The mjdoid stimulatmg substance in- 
duces proliferation of myeloid elements, inhibition 
of lymphocytic hyperplasia and maturation of 
lymphocytes, whfle the lymphoid matenal acts to 
stimulate the proliferation of Ijmphocj'tcs, to 
inhibit myeloid proliferation and to mduce myeloid 
maturation 

The madence of the disease m imce is greater in 
females than m males, which has suggested an m- 
fluence of the sex hormones, and the administra- 
tion of estrogen or androgen has been found to 
mcrease or reduce, respectively, the susceptibilit> 
of these animals to the experimental transmission 
of the disease ll-dehydro-17-hydrox> corticoster- 
one for a time reduces the number of leukoc> tcs m 
the leukemia of mice and causes the shrinkage of 
lymphosarcomatous tissue, htde lastmg effect 
upon the course of the disease has been obsen ed 
Adrenalectomy has a pronounced effect m mcreas- 
mg the susceptibilit) of imce to the experimental 
disease 

The thymus appears also to have a definite 
effect upon the madence of spontaneous leukemia 
m mice, remoial of this structure causmg a very 
marked reduction The nature of the relationship 
IS unknown 

The leukemias are usually classified on the basis 
of the cell type — ^lymphoid or myeloid (e g , gran- 
uloiytic) — ^mvolved in the malignant hyperplasia 
Thus, lymphahe {lymphoblashc or lymphocytic) 
leukemia and myeloid {myelocylic or myeloblaslic) 
leukemia, resjiectively, are usual designations 
Either of these may be classed as acute or chronic 
This latter division is based not so much upon the 
dmical course of the disease as upon the degree of 
immatimty of the cells m the blood and bone 
marrow, the acute form, as compared with the 
chrome, bemg characterized by cells m the earhest 


stage of development In acute myeloid (myelo- 
blastic) leukemia the tj-pe cell is the myeloblast 
The myeloblast is an entirely abnormal cell and 
not simply an immature Icukoc} tc, as seen nor- 
mally m the bone marrow It is a large cell about 
20 microns m diameter uith a smglc round or 
oval nucleus which nearly fills the cell The chro- 
matin IS distributed evenlj throughout the nucleus 
with little condensation into masses The nucleus 
contains from 4 to 5 nucleoli The cjtoplasm is 
strongly basophilic, shows no granulation and is 
thm and irregular at the cell boundan In suiLablc 
preparations a slow snail like mo\cmcnt of these 
cells can be demonstrated by slow cincmatograph\ 
Undifferentiated m> elocjdes arc also found in the 
blood In the chronic form of myeloid leukemia 
{myelocytic leukemia) mjcloblasts arc infrequent 
and the m>eloc>tes more plentiful 

In acute lymphatic (lymphoblastic) leukemia, the 
characteristic cell is the lymphoblast This cell 
dose]} resembles, but can be distinguished from 
the m\clobIast bj the coarser chromatin structure 
m Its nudeus, b\ possessing onlj one or two 
nudcoli, and b> showing a charactcnstic move- 
ment desenbed bj Wintrobc as ‘'slalcK” and 
apparenti} purposeful In the chronic form of 
lymphatic (lymphocytic) leukemia, the Icukocj tosis 
IS due to small Umphoadcs, which male up over 
90 per cent of the total number of white cells, 
and ma> be 250,000 per cubic millimeter Few 
immature cells arc seen 

Leukemias in which the tvpc cdl is the mono 
evtc, basophil, or even the mcgakanoc>tc also 
occur rarely 

The somewhat redundant or contradictory 
terms Icukcmic leukemia, subleukemic leukemia and 
aleukemic leukemia are used, rcspectiveh, to 
designate the abundance, scaratj or absence of 
leukocj tcs in the blood The first mentioned term is 
applied to those leukemias in which the blood 
picture is dominated by leukocy tcs In subacute 
leukemia, the white cell count is normal or near the 
normal and only an odd immature form can be 
found, and m the aleukemic type few or no ab- 
normal cells are present, the total count is not 
maeased and may be subnormal But this is only' 
a phase of the disease, a rise m the leukocyte 
count eventually occurs, the leukemia being 
usually of the lymphatic type 

In the treatment of the leukemias, the destruc- 
tive action of the X-rays upon lymphoid tissue 
and bone marrow is widely employ cd The life of 
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sufferers from the chronic form IS thereby prolonged, 
but neither X-ray nor any other agent is of any 
avail in the acute forms Internal radiation with 
radioactive phosphorus (P«) is also used m the 
chronic form and acts like X-rays, but has a more 
selective action Withm recent years several 
chemical agents have been advocated for the treat- 
ment of chronic leukemias, eg, urethane (ethyl 
carbamate), especially m the chronic myeloid type, 
nitrogen mustards, 4:-amino-methyl-pteroylglutamic 
acid (aminoptenn) or other folic acid antagonist 

In Hodgkin’s disease, which is allied to the 
leukemias, there is general enlargement of the 
lymphoid tissue and usually a moderate leuko- 
cytosis (15,000 to 25,000 per cu mm ), m which 
neutrophils predommate and lymphocytes are 
reduced 

The monocytes and lymphocytes are increased, 
in the condition originally named glandular fever 
by Pfeiffer (1889) and tnfechaus mononucleosis by 
Sprunt and Evans (1920) There is enlargement of 
the cervical lymph glands, spleen and hver, and a 
leukocytosis, usually not exceedmg 20,000, of which 
the mononuclear leukocytes (monocytes and leuko- 
cytes) constitute from 60 to 90 per cent or more A 
characteristic serological feature of this disease is 
the usual, though not invanable, finding of a high 
titer of agglutmins agamst sheep corpuscles 
(heterophil antibodies), as first shown by Paul and 
Brunnell 

XEUKOPENU 

Leukopenia means a reduction 
circulating leukocytes It is seen m certam dis- 
eases, notably typhoid fever, and may be mduced 
experimentally by mjections of the toxin of the 
typhoid bacillus — or emulsions of the dead organ- 
isms, and also by the mjection of Menken's 
leukopenic factor (p 98) , the action of the adrenal 
cortical hormones and ACTH m produemg a 
reduction m lymphocytes {lymphopenia) has been 
mentioned (p 96) Leukopema is also a feature of 
“folic acid” deficiency m some species, e.g , monkey 
and chick In some cases m which the white cells 
are reduced m number m the blood, the reduction is 
due to their attraction to some solid organ such as 
the lung or spleen This has been shown by takmg 
blood counts from vanous regions In other 
words leukopema may be due to a redistribution 
of leukocytes m the body, rather than to an actual 
reduction m their number A temporary fall m the 
leukocyte count may precede a leukocytosis Cer- 
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tarn poisons, e g , benzol, cause leukopema by 
depressmg the activity of the bone marrow (see 
also p 90) 

Granulocytopenia, agranulocytosis, etc Granulocyto- 
penia is the term applied to an abnormally low leukocyte 
count due to the reduction in granulocytes The 
lymphocytes and monocytes are but shghtly reduced or 
not at all, so that their proporbon of the total count is 
increased One or both of these types of agranular cells 
sometimes show an absolute increase There may be 
complete absence of granulocytes when the term 
agranulocytosis is apphcable In most mstances the 
absence of granulocytes is associated with a severe 
septic or necrotic condition of the throat This con- 
dition, called agranulocytic angina, is fatal m the 
great majonty of cases The cause of these states is un- 
known but the fault is evidently one of the bone mar- 
row, and IS probably mduced by some toxic agent The 
marrow shows, frequently, an almost complete suppres- 
sion of granulcKyte formation but is normal so far as 
erythropoiesis is concerned In animals reduction in the 
granulocytes is readily mduced by the admmistration of 
benzol, which acts specifically to depress marrow ac- 
tivity, and there is a behef that m some cases agranulo- 
cytosis IS induced by certam benzol denvatives em- 
ployed for their antipyretic or analgesic properties The 
arsenobenzenes, dmitrophenol and, though rarely, sul- 
anilamide and sulfathiazole have been menmmated 
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Fig 10 3 Showmg the effect of folic acid upon the gran 
ulocytes, m agranulocytosis (After Black and 
Stanbury, slightly modified ) 




102 


BLOOD AND LYMPH 


Section I 


Anudopyrme was the first drug shown to exert this 
effect but other drugs, e.g , sulfonamides, arsenicals, 
certam denvatives of quinme, and chloramphenicol 
sometimes cause the disease. In the treatment of these 
condibons, pentose nucleotide has been employed mth 
the object of stimulatmg the granulopoietic funcUons of 
the marrow, but pteroylglutamic acid (“fohc acid”) 
appears to be the most promismg agent yet discovered 
for the treatment of granulocytopema (see fig 10 3) 

In some cases of agranulocytosis the bone marrow 
shouE an mcrease m the number of primitive cells of the 
granulocyte senes (myelocytes and myeloblasts), and 
cells of these stages appear m the circulation The 
maturation of granulocytes is apparently arrested at an 
early stage (p 110) From the analogy between this 
fault m granulopoiesis and the erythropoietic abnor 
mahty seen m permaous anemia, the condition has been 
termed pernicious leukopenia, or the maturation type of 
the disease 

The Blood Platelets (Throubocvtes) 

These are commonly stated to be simply frag- 
ments of protoplasm (i e , non-nudeated) denved 
from the cytoplasm of the megakaryocytes (p 1 12) 
Their colorless cytoplasm contains two types of 
granules Those of one type are arranged centrally 
m dumps or chains and stam supravitally with 
neutral red or azure blue Those of the other type 
are discrete, stam supravitally with Janus green 
and are scattered throughout the body of the cell 
The platelets have an average diameter about a 
third that of a red cell, namely, 2 5 microns, and 
number from 200,000 to 400,000 per cubic milli- 
meter The most usual figure found m health is 
around 250,000 per c mm These blood elements 
vary considerably m shape Their best knoira 
function IS concerned with the mechanism of 
blood dottmg (chapter 12) The disintegration 
of the platelets is said to occur more readily in 
blood drawn durmg the digestion of a meal of 
meat The major portion of the histammc of the 
blood IS contamed m the platelets They possess 
insignificant amounts of thromboplastin (see p 
114) but furnish a factor which accelerates the 


first as well as the second stage of the dotting 
process 

Vanations m the number of platelets occur in 
the following conditions They arc increased after 
a meal of meat, after hemorrhage, and in certam 
allergic conditions, in my cloid leukemia and in 
convalescence from infections 

They are dmimshed in purpura hemorrhagica, 
aplastic anemia, pernicious anemia, in anaphylaxis 
and in the acute stage of septic infections 

The number of platelets per cubic milbmctcr is 
determmed most conveniently by diluting a sample of 
blood with a fluid composed of sodium atratc 3 8 per 
cent, formabn 0 2 per cent and brilliant cresyl blue 0 1 
per cent, and counting immediately The proportion of 
platelets to red cells (normally about I to 20) is de- 
termined If the number of red cells per cubic milli- 
meter be known then the corresponding number of 
platelets is readily calculated 

Besides their well-known r61e in the coagulation 
of blood (ch 12) the platelets probably serve other 
functions They have a pronounced tendency to 
agglutmate into masses and to form deposits upon 
any roughened surface or foreign material Parti- 
cles of India ink or microorganisms injected into 
the body become surrounded by a mass of agglu- 
tinated platelets They may therefore aid in the 
body’s defense against infective agents It is 
probable also that they' sen c to seal leaks in the 
capdlanes by adhermg to small defects which may 
occur from time to time in the delicate endothelial 
wall They constitute the first defense against the 
loss of blood from larger vessels Collecting around 
the margins of the vascular wound they help to 
dose It, or at any rate sene to fasten the clot, 
which subsequently forms, to the vascular wall, 
and through their action in inducing retraction 
and consolidation of the clot, to narrow the opening 
in the vessel and form a firm plug vvnthin its lumen 
They hberate a vasoconstnetor prinaplc (p 115) 
which acts locally', and also a hy'potcnsiv e matenal 
The length of life of the platelets has been esti- 
mated at from 3 to 5 days 
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Inthoduction 

There are two mam schools of thought concern- 
mg the development of the blood cells m postnatal 
hfe (a) The umlanan or momphykhc school 
holds the view that aU types of blood cell are 
derived from a common primitive free cell which 
they term the “stem cell” or hemocytoblast (b) The 
diialishc school believes m the existence of two 
distinct types of stem cell, one m the bone marrow 
which gives nse to the myeloid elements — ei3i;hrO' 
cytes, granulocytes and megakaryocytes — and the 
other m lymphoid tissue which is responsible 
solely for the genesis of the Ijnmphocyte It is not 
possible to speak unreservedly for either theory , 
though the umtanan view seems to have the 
balance of evidence m its favor and will be fol- 
lowed m this text Both schools are agreed, how- 
ever, that m the early embryo the mesenchyme 
gives nse to a primitive free cell from which all 
the blood cells are denved It is also generally 
conceded that certam cells (reticular cells) of the 
bone-marrow and lymphoid tissues of the adult 
(p 108) are the representatives of the mesenchyme 
cells of the embryo and to such cells all the blood 
cells trace their Imeage 

The pomt at issue is, “Do the bone-marrow and 
lymphoid tissues give nse to two cell types, with 
their potentialities restncted, the one to the devel- 
opment of myeloid elements, the other to the 
development of lymiphocytes?” Or, “Do both 
types of tissue give nse to a pnrmtive free cell — 
the stem cell or hemocytoblast — with potentiahties 
for the production of all types of blood cells, but 
whose development along one or other hne is de- 
termmed simply by its imm ediate environment?” 
The latter is the monophyletic view (Pappenheim, 
Maximow) 

It IS not mamtamed, however, that the mdi- 
vidual blood cells anse, under ordmary arcum- 
stances, m direct Ime of development from the stem 
cells, that is, each blood cell from a hemocytoblast 
In health, the blood cells are produced through the 
multiphcation of cells belongmg to later stages of 
hemopoiesis (erythroblasts and myelocytes, p 111 
and p 110) In other words a single stem cell is the 
ancestor of many miihons of mature blood cells 


This type of development, mvolvmg the prolifera- 
tion of cells of later stages and the production of 
daughter cells of the same type which then undergo 
maturation, is called homoplashc hemopoiesis 
Under pathological conditions, on the other 
hand, the stem cells may undergo active prolifera- 
tion, and produce, directly, immature blood cells 
(erythroblasts of vanous ages, myeloblasts and 
myelocytes) This is termed heteroplashc hemo- 
poiesis 

The scheme, p 104, and figures 114 and 115 will 
enable the reader to foDow the descnption of thr 
blood cell ongms which will now be given 

Hematopoiesis (Blood Formation) at 
Dieferent Embryonic Ages 

IN THE EARLY EMBRYO 

The yolk sac The first signs of blood and blood 
vessek appear m the mesenchyme of the wall of the 
yolk sac, i e , outside the embryomc area proper At a 
very early stage groups of mesenchyme cells in this 
situation — the blood islands of Pander — are first observed 
to arrange themselves into cords or columns which soon 
separate mto a central and two outer layers 

The outer two enclosmg layers form the walls of 
the primitive blood vessel — fnmitne endothelium Of 
the central group some go to form the first blood cells, 
while the secretion or actual solution of others forms 
the plasma m which the cells are suspended These 
free elements are known as the primitive blood cells 
After this the mesenchyme loses its power to produce 
blood cells directly A few pnraitive blood cells may 
arise from the primitive endothehum from tune to bme, 
but they are few m number and the process is behoved 
to be relatively ummportant m most mammals, and 
does not persist for long The further development of 
the pnrmtive blood cells followrs one or another of tw o 
courses (a) Some of the cells — primary erythroblasts 
and erythrocytes — acquire hemoglobm and serve as 
oxygen earners These are short hved and soon dis- 
appear forever (b) The rest remain colorless and 
apparently unchanged from their primitive state, they 
are very similar to, if not identical in appearance iotth,the 
large lymphocyte These cells are found in adult hone 
marrow and Ijnnphoid tissue, and m small numbers in 
circulating blood They are termed by Maximow “hemo- 
cytohlasts” and upon them the monophylcUc conception 
of blood formation m post-embryomc life is based They 
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are the ‘ stem cells" and are, according to tbeunitamns, 
potentiabx capable of producing an> of the blood cells 
m the adult. Though these cells are identical, mor- 
phologicalli , with the pnmitive blood cells of which 
thei are an older stage, appaxentlv the> are functionalI> 
different, for thei form sceondary erj-throblasts and 
en'throci'tes (which the prmiibve cells do not) but 
nei er primary, cryll roedu (see chart, aboi e) Th^ also 
gi\*e nse to megakan ocytes The latter are enormous 
cells (40/1) with mulb lobed nuclei The pnmiUve 
endothehum as well as the prunihi e blood cells gii es 
nse to hemoci'toblasts and also to a few hisbotytes 
(p 106) which show phagocctic prochnties, devounng 
degenerated red cells In mammals few granulocytes 
are formed within the >olt. lessels Thej arise extra- 
vascularli from hemocctoblasts denved from the 
mesenchime cells. 

Is the Bods or the Esibreo tlTnle these stages 
of blood-dei elopment are proceeding m the mesen- 
chvmc of the j-olk-sac, the heart and lessels are de 
\ eloping m the embnomc area. Soon the embnomc 
and eitra-embn onic si-stejns of \ essels form commum- 
cations with one another and the pruniUie blood- 
plasma, pnman enthroevtes and hemot^'toblasts flow 
into the bodi of the embrjo The mesenchvme cells 
of the general coimectiie tissues of the embryo’s body 
also form hemocvtoblasts at this time. From these 
stem cells secondarj en-throevtes and later, grannlo- 
cites andli-mphocjtes are produced Blood formation 
throughout the general mesenchyme is, howeier, of 
short duration Hemopoiesis soon becomes localized 
m the liier, spleen, bone marrow and Ijnnph glands 
Nonnalli it is onli m these situabons that the mesen- 
chi-me cells exhibit their powers of producrnghemoccto- 
b lasts, therefore, it is eiclusiveli m these tissues that 
the hemopoietic funcUon for a time is earned on. 


IN LATE EUBREOVIC A>'D POST-VATAL UTE 

In the later part of pre-natal hfe of most animals, 
the hver and spleen (except the Ij-mphoid tissue 
of the latter) lose the power to produce stem cells 
and so no longer sen e as blood forming organs 
The hemopoietic function from now on resides 
soldi m the bone marrow and Innphotd tissues 
(p 108) The marrow is concerned mth the pro- 
duction of red cells, granulocv-tes and platelets, 
the IjTnphoid tissue of liinph glands, of the Pey er’s 
patches of the intestme, and of the spleen and 
thymus form lymphocvtes In certam animals, 
such as the opossum and frog, the formation of 
red cells (erythropoiesis) and of granulocvtes 
(granulopoiesis) is continued throughout adult life 
b\ the spleen In the bird, though the marrow is 
the chief organ for blood formation, the hi er still 
reiams mpart its embrj omchemopioietic function 

In late embrj omc and post-natal hfe the mesen- 
chime gii es nse to three mam types of cells 

(a) Those which retain them embryonic potenaes 
throughout adult hfe, bemg capable of produemg 
bemocytoblasts (stem cells) and so of generatmg anj 
or all of tbe blood cells. Some of these, called the 
embryonic reitcular cells, are situated m the leticuluia 
of the bone marrow and of the limphoid tissue. Ordi- 
nanl) these cells, as stated on page 111, are restricted 
m their hemopoietic activities, the great majontx ol the 
blood cells m condibons of health bemg formed bj the 
divisioiis and re-dixTsions of cells of their own kmd 
homoplastic hemopoiesis) Cells hax’ing similar po- 
tenaes are also present m the general connechx e tissues, 
and m these situations are spol en of as undiJerentiaScd 
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mesenchyme cells Under ordinary circumstances these 
latter cells do not give nse to stem cells As the result 
of some abnormal stimulus, however, their dormant 
powers inhented from their mesenchyme ancestry may 
become aroused and they may then give nse to the 
vanous types of blood cells For example, areas re- 
sembling marrow tissue may be produced by the expen- 
mental stimulation of these undifferentiated cells, the 
several types of blood cells are formed within such areas 
Maximow rendered the kidney of the rabbit necrotic 
by tieing the renal vessels, and thereby induced m this 
situation hemopoietic activity resemblmg that which 
occurs in adult red marrow Marrow-hke tissue pro- 
ducing erj'throcytes and granulocytes may also anse 
as a result of an abnormal stimulus m the spleen, hver, 
adrenals, aorta, lymph nodes and other sites In 
certain forms of anemia, espeaally of infants, the 
extra-medullary formation of red cells sometimes occurs 
(in kidney, spleen, hver, etc ) and in leukeima, granu- 
locj tes, vhich normally arise only m the bone marrow, 
are produced by the spleen 

(b) The second type of cell has retained a certam 
measure of its embryome charactenstics These cells 
are endowed with the remarkable power of altenng 
their form and funebons under appropriate stimulation 
They are found in the general coimective tissues lymg 
among the fibroblasts They are alUed to the con- 
nective tissues on the one hand and on the other to 
certain white cells (monocytes) of the blood and so 
form a connecting link between the tissues and the arcu- 
latmg cells 

The cells of this group constitute what has been 
termed by AschoS the reltculo-endolheltal system (see 
below) 

(c) In the general connective tissues the great ma- 
jonty of the ongmal mesenchyme cells become trans- 
formed mto the ordmary and completely difierentiated 
connective tissue elements — the fibroblasts These, 
once formed, remam practically imchanged m structure 
and m function 


The Reticxjlo-eniiotheliai. System 

To the cells of this system the general term 
histiocyte has been apphed The term simply 
means a tissue-cell, and on this account is without 
desenptive value But it would be difficult to 
com a word that would embrace all the vanous 
cell-types of this system, and yet would be suffi- 
aently exphat to distmguish them from some of 
the blood cells Pyrrol cells is a term that has 
been used m the past for a reason that wiU appear 
presently The different types of histiocytes 
possess one characteristic m common They are 
phagocytic for foreign particles of all sorts, and 
for this reason they were called macrophages by 
Metchnikoff to distmguish them from the much 
smaller phagocytes of the blood — the neutrophils 
or mtaophages In one particular, however, the 
histiocytes differ from all other cells of the body — 
neutrophils mcluded They are stained m the 
Iivmg state by weak solutions of certam colloidal 
dyes — pyrrol-blue, trypan blue, lithium carmine, 
etc The vital or supravital stairung reaction is 
simply a process of ultrarmcroscopic phagocytosis 
That IS, the fine ultramicroscopic particles of the 
dye are taken up from the solution (which is too 
dilute to stam ordmary cells) and as a result of 
their accumulation mto larger masses m the cyto- 
plasm become visible under the microscope It is 
by means of this reaction that the macrophages 
are able to be detected among the ordinary tissue 
cells from which it is sometimes difficult otherwise 
to distmguish them 

VARIETIES or RETICULO-ENDOTHELIAL (r E ) CELLS 

The reticulo-endothelial cells or histiocytes may 
be divided for the convenience of description mto 
two groups— fixed and wandering (Cf chart, 
p 104) 


ReUculo-Endothehal Cells or Histiocytes — ^Macrophages 
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I FtxedR^ cells 

(1) Or THE Common Conkecuve Tissues (“Tissue” 
HisnocvEEs) and of the loose tissue of the serous 
membranes, e.g , omentum, pleura, etc. These are also 
sometimes referred to as “resting ivandermg cells” 
Their morphological characteristics are \-anous. Some 
are round or spmdle-shaped, others are squamous, 
i\hile man\ have long mobile processes The} he 
among the fibroblasUc elements and often can be 
distinguished onl} vnth difficult} from the latter except 
b\ their speaal staining reactions. They ma} at an} 
time as a result of some stimulus, particular!} one of an 
mflammator} nature, become free and vander through 
the tissues After the stimulus has been remor ed the} 
mar agam come to rest. 

(2) Of the Reticulum of the spleen, l}-mph glands, 
and bone marrow These are large cells jomed to one 
another br means of long branchmg processes Ther 
he among, and are attached to, the fibers of the reticular 
stroma The} too, given the necessar} stimulus, ma} 
become detached and acUrel} motile. 

(3) Flat Endotheual-iiee Cells hmng the blood 
smuses of the spleen, bone marrow, adrenal cortex and 
pitmtarr This group also mcludes those most mterest- 
mg structures — the large flattened stellate cells m 
the blood smuses of the hver (Kupffer cells) The latter 
possess many branching processes and project mto the 
capillar} lumen In man} instances the} are almost free, 
bemg moored to the capillar} wall b} a dehcate strand 
of protoplasm At other times the} ma} become de- 
tached and are earned away m the blood stream (fig 
111) 

(4) Micpogua of the central nervous s}'stem 

II Wandering ILE cells or free histiocytes 

(1) Of the Solid Tissues From the foregomg it is 
seen that man} of the fixed hisboi^-tes ma} upon 
occasion become acti\ el} motile. Large cells of this t}pe 
are found m the general cormective tissues, m the 
omentum, m the splemc pulp and m the l}-mph ginnrfg 



Fig 111 Li\er from an animal after the mtm\pn 


bone marrow, etc. (fig 11 2) The wandering cells may 
on the other hand come to rest and become fixed for 
the time. On account of the man} different forms 
which these wandering macrophages ma} assume as a 
result of an mflammator} stimulus (p 107) Manmow 
has named them polyllasts 

(2) Of the Blood (a) Of extraneous origin Under 
certam circumstances as a result of some intense 
pathological stimulus (e g , leukemia, bactenal endo- 
carditis), the ordmai} tissue macrophages alread} 
mentioned ma} be found m large numbers m the blood 
stream. The} arise chiefl} from the spleen and bone- 
marrow and swarm mto the senous s}stem, but rarel} 
reach the artenal side for, on account of their huge 
size (30p), the} are stramed out b} the capiUanes of the 
lung Large numbers ma} be obtained from the nght 
heart but few if an} from the left. 

(b) Monocytes (see p 92) The ongm of these normal 
elements of the blood has been the subject of con- 
siderable control ers} Accordmg to some, the> arise 
solel} from histiocvtes, espeaall} of the spleen and bone 
marrow, and are therefore classed with the reticulo- 
endothehal s}stem Lewis has shown that m hangmg 
drop cultures macrophages ma} be transformed into 
monocytes, or nee lersa. Manmow, on the contrai}, 
belieies that the monoiydes arise from l}Tnphoc} tes, 
statmg that m certain situations, e.g , m the spleen, all 
transibonal stages from limphcK^de to moDOC}'te may 
be seen 

FUNCTIONS OF THE REnCULO-ENDOIHEUAL SI STEM 

The word “endothelial” is not quite appropnate 
The cells lining the blood smuses are not true 
endothelial cells The ordmary endothelial cell 
of the blood vessels is a highly differentiated cell 
like the fibroblast and has no characters m com- 
mon with the so-called endothehal cells of the 
smuses of the bone marrow, spleen, etc. These 
are called littoral (shore) cells by Maximow They 
are rehes of the pnmibv e endothehum 

From the account of the histiocydes which has 
been given it is qmte evident that phagocytosis is 
one of them chief functions In this they consti- 
tute one of the most important and powerful means 
by which the defense of the body is sustained 
Then- action, though similar to that of the neu- 
trophihe leukocytes, is less mobile and more local- 
ized m character They , with the aid of the lyunpho- 
cytes, contribute toward the repair process which 
follows the acute phase of a tissue mjuiy The 
various types are for the most part readily trans- 
formable, one mto another, the different forms 
which they assume bemg determined by local 
environmental conditions and the nature of the 
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stimulus Any of the stationarj' cells may change 
into wandering histiocjTes (macrophages) or 
mobile cells may become fixed and either retain 
m the sessfle state their special phagocytic prop- 
erties or lose these entirely and become converted 
into the ordinarj' connective tissue elements — 
fibroblasts — or into epithelioid cells The fibro- 
blasts, however, never undergo the reverse change 
and assume ameboid characters, once formed they 
remain fixed According to Maximow, lympho- 
cytes may gi\e rise to macrophages The latter, 
however, never give nsc to Iymphoc>'tes 

In chronic inflammation or in the repair stage of an 
acute process, the histiocytes plaj'' an important r61c 
Some (the so-called dust cells of the lung) arc responsible 
for the remo\al of foreign particles uhich have been 
earned into the pulmonarj alveoli by the inspired air 
The abiliU of the Kupficr cells to take up ingested 
thonum dioxide (thorotrast) which is opaque to the 
X-ra}*s is made use of to delineate the hver in the hving 
subject The spleen, placenta, ureter and kidnej’ pelvis, 
the vessels of the extremities or of the brain and the 
cerebral ventnclcs, can also be outhned radiographically 
by means of this agent The administration of thorotrast 
IS not, however, free from danger It is radioactive, the 
alpha ray activity of 25 cc of thorotrast being cqmva- 
lent to that of 1 micrograra of radium which is sufScient 
to produce pathological changes in susceptible persons 
Thonum dioxide is chminatcd from the body m in- 
significant amounts, almost all being permanently 
stored in the reticulo-cndothehal cells of the bone 
marrow, spleen and lungs, as well as in the Kupflfer cells, 
and exen though no dclctcnous effects result from its 
radioactive properties it sets up a proliferation of 
connective tissue bj' acting as foreign matenal 

The epithelioid and giant cells of certam speafic 
inflammatory processes, c g , tubercle, w'hich arc denved 
from the histiocytes is but another instance of the 
latter’s protean nature, and it is owing to these activities 
that the tissues are rendered so remarkably adaptable 
and plastic in their reactions to altered conditions 
The omentum for example has long enjoyed a reputation 
as a protective structure, owing to its ability to form 
adhesions which serve to seal perforations of the gastro- 
mtestinal tract or to isolate infected regions within the 
abdonunal cavity The omental tissue is particularly 
richly supphed with both stationary and wandermg 
histiocytes It contains also, even m health, immense 
numbers of lymphocytes, which, m part, are denved 
from division of thar oxvn kmd locally, and, m part, 
have come from the blood stream Normally the 
presence of these vanous cells m such numbers gives an 
appearance closely rcsembhng a defense reaction — the 
“physiological inflammation” of Rossle Histiocytes 
and lymphocytes are continually being cast in showers 



Fio 112 j 4, macrophage loaded with particles of In- 
dia ink, B, macrophage showing processes C, red cell 
(semi-diagrammatic) 


into the pentoneal cavity at all times but to a much 
greater extent in irntative conditions Monocytes have 
been studied m transparent chambers mserted into the 
tissue of the rabbit’s ear They have been observed to 
leave the arculation and to become moble and phago- 
cytic, and otherwise mdistinguishable from tissue 
histiocytes 

The formation of bile pigment (p 537) and the final 
destruebon of the blood cells (p 73) m the spleen are 
other w ell-cstabhshed funebons of the hisbocytes The 
rebculo-endothelial system is also beheved to be con- 
cerned with anbbody formation 

In certain pathological conditions, the hpemia of 
diabetes, Gaucher’s disease and Niemann-Pick’s disease 
(p 73) the rebculo-endothehal elements, espeaally of 
the spleen, arc markedly increased m number and be- 
come loaded with hpid matenal 

T/te ajth-rcljciilar cytotoxic serum (A C S) of 
Bogomoletz 

The Soviet saenbsts, A A and H O Bogomoletz 
and their followers, beheve that the rebculo endothehal 
sj’stem and mesenchyme cells m general are of funda- 
mental importance m the promobon and mamtenance 
of bodily vigor and well-being, through their ability to 
raise bssue resistance m various pathological states and 
strengthen reparabve processes Directed by the theory 
suggested by MetchmkoS that, whereas large doses of a 
serum containmg anbbodies produced by the mjeebon 
mto animals of rebculo-endothehal cells, are destruebve 
to the correspondmg cells in another ammal, small doses 
of the anbbodies are sbmulabng These workers m- 
jected ammals with extracts of organs of mesenchjmal 
ongin and nch m rebculo-endothehal elements, e g , 
hver, spleen and bone marrow They claim to have 
demonstrated a salutary effect of small doses of the 
tissue-specific anbbodies produced m this way m such 
diverse condibons as scarlet fever, h 3 q)ertension, 
caranoma, erysipelas, rheumatism, tuberculosis and 
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certain mental states He serum is also said to mitigate 

the degenerative changes due to age and to stimulate 
the heahng of fractures Though the latter effect has 
been confirmed by Straus and others further confirma- 
tion of the benefiaal effects of A.C S from other labora- 
tones IS required 

The Blood-Foeiung Organs of Post-Natai. 

Life 

Red cells, granulocytes and possibly platelets 
are formed m the bone marrow, and lymphoc 3 rtes 
m the lymphoid tissue The stroma or rebculum 
of these structures is the essential blood-fonmng 
tissue The latter consists of (1) a fine network 
of cyhndncal or nbbon-hke fibers which can be 
stamed by sfiver preparations and (2) large cells — 
reltcular cef/r— which are fused together by branch- 
ing processes to form a loose network, the latter is 
mtimately assoaated with the network of fibers 
(1) which appear as reinforcmg strands The 
reticular cell (embryomc reticular cell, p 104) is 
the nearest approach m the adult body to the 
primitive mesenchyme cell The blood-fonmng 
capacity of the myeloid and lymphoid tissue de- 
pends upon the abflity of these cells to form 
hemocytoblasts which m turn, accordmg to the 
environment m which they are situated, are ca- 
pable of de\elopmg mto red cells, granulocytes or 
megakaryocytes on the one hand or lymphocytes 
on the other 

THE BONE MARROW 

The red bone marrow is the hematopoietic tissue 
for erythrocytes and granulocytes m post-natal 
life In the adult, this tissue is almost entirely 
confined to the flat bones, such as, the sternum, 
nbs, diploe of the skull and the bodies of the 
vertebrae There is httle or none, usually, m the 
long bones, such as, the tibia and the bones of the 
forearm, though small amounts may be found m 
the ends of the femur and humerus m young ro- 
bust adults The total volume of red bone marrow 
m the adult human body amounts to about 1400 
cc. In infancy red marrow is present, not only m 
the ends of the long bones but fills the cavity of 
the shaft which m adult life contams only a yellow 
fatty matenal, this is not hematopoietic. But even 
m the adult the fatty marrow retains the essential 
reticular structure of hematopoietic tissue and is, 
therefore, capable under appropriate stimulation 
of blossommg mto red marrow So, under certam 
conditions, for example m pemiaous anemia, and 
to a much less extent dunng residence at high 


altitudes, or m any state associated with long- 
contmued oxygen lack, the red marrow is increased 
m amount. It encroaches upon the medullary 
cavity of the shaft, replaang to a greater or less 
degree the fatty tissue ' In aplastic anemia on the 
other hand the fatty marrow mcreases at the 
expense of the red marrow 

In old age the volume of the red marrow is 
much reduced most of the flat bones contammg 
minimal amounts 

Drinker has shown that the arculation of the 
marrow is closed, i e , the blood and the reticular 
tissue are separated by a complete membrane 
This IS contrary to the older view that the blood 
came mto duect contact with the marrow cells 
through gaps m the capillaiy walls The vascular 
bed of the marrow is a mesh-work of small blood 
smuses (smusoids) hned by flat endothehal-likc 
cells simflar m character to those Iinmg the sinuses 
of the spleen (p 71) Not all the smusoids, how- 
ever, are open at one time It has been estimated 
by Doan that the marrow contains a great many 
more of these vessels than could possibly be accom- 
modated withm the resistant bony encasement, 
were they all m the dflated state Some of the 
smusoids are completely collapsed and impervious 
to the blood Others are dilated but, owmg to 
the vessels which lead to and from them being 
constricted, they are isolated from the general 
circulation Regions of low oxygen tension are m 
this way provided It has already been pomted 
out (p 12) that a low oxygen tension serves as a 
stimulus to red cell formation 

The blood cells, if the observations of Maximow 
be accepted, are formed extravascularly and subse- 
quently enter the blood stream * Their pressure 
upon the endothehal wall causes its erosion or 
rupture and the cells mvade en masse the lumen 
of the smusoid where further growth and matura- 
tion of the cells follows Fmally, through the 
opemng up at certam periods of the vessels leading 
from the hemopoietic region, the mature cells 
escape mto the general arculation The sudden 
showers of young cells that occur m pemiaous 

'In some cases of rapidly developing anemia fat 
droplets may appear in thepenpheral blood, and after 
some cases of hemorrhage the fatty aads of the blood 
mcre^ These facts suggest a dispersal of the medul- 
jet in order to make room for an extension of the 
blood forming tissue — the red marrow 

*Sabm, Doan and others contend that onlj the 
granulocytes have an extravascular ongin, the er> thro- 
CTtes being denved, not from reticular cells but from 
the endothehal elements (httoral cells of Maiimon) of 
the marrow capillaries 
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anemia (blood enses) may be explained by a proc- 
ess of this nature That the dehvery of red cells 
mto the circulation is normally intermittent is also 
suggested by the fact that the red cell count is not 
constant but shows a diurnal rhythm, the highest 
counts occumng m the mormng hours There 
may be a difference of 300,000 cells or so between 
the maximal and minimal daily levels of the red 
cell count Normally no cells enter the general 
blood stream until maturation is nearly com- 
plete Dnnker, for instance, was unable to cause 
the passage of immature forms mto the blood by 
prolonged perfusion of the marrow or by muscular 
exercise The perfusion fluid evidently was unable 
to open a way mto these isolated pools and wash 
out the imm ature forms From what we know of 
the capiUaiy orculation in other situations this 
result is not unexpected (ch 28) 

Since the mtroduction of the techmc of bone- 
marrow puncture and of culture methods our 
knowledge of the cellular structure of human 
marrow under normal and pathological conditions 
has been greatly advanced The total number of 
nucleated cells per cubic millimeter m the bone 
marrow is around 75,000 Cells of the granulocyte 
senes make up about 25 per cent and those of the 
erythrocyte senes from 50 to 60 per cent The 
remamder are megakaryocytes and umdentified 
cells (See Plate 1 ) 

THE MATURATION OF THE BLOOD CELLS 
(tt) Erythrocytes— Erythropmests 

The red cells pass through several stages before 
they attam fuU matunty In the exammation of a 
simphfied (hypoplastic) marrow, such as may be 
induced m the pigeon by underfeedmg or m mam- 
mals after poisonmg with benzol, most of the 
stages ran be followed (cf fig 113 and frontis- 
piece) The relicnlar cell, as we have seen, gives nse 
to the hemocytoUast The latter divides mto two 
daughter cells which stain deeply with basic dyes 
These are called hasophthc erythroblasts by Maxi- 
mow, they contam no hemoglobm The next 
stage which may be distmguished is, followmg 
Maximow’s termmology, the polychromatophil 
erylhroblasl The earhest cells of this stage are large, 
with a large, roimd and often vesicular nucleus, 
their cytoplasm is nch m basophflic material but 
also contains traces of hemo^obm The hemo- 
globm concentration mcreases m amount as 
development advances, the more mature cells 



Fig 113 Diagram showmg maturation of the red 
cells The view of Sabin, Doan and assoaates is mdi- 
cated by the parenthesized terms (see footnote, p 108) 
As mentioned m the text the early and late erythro- 
blasts of these observers are termed polychromatophil 
eryrthroblasts by Maximow This term has been onutted 
from the diagram for the sake of simpliaty (modified 
from Sabm) 

bemg well supphed with pigment Hemoglobm is 
aadophflic, so the cells of the erythroblast stage, 
smee they have retamed a relatively large amount 
of basophflic substance, stam with both aad and 
basic dyes This property of dual stammg, known 
as polychromasia, diminishes agam as the cells 
mature beyond the erythroblastic stage and grad- 
ually lose then basophflic matenal 

Several authors (Sabm, Doan and assoaates) dis- 
tmguish three types of cells dunng this stage of develop- 
ment — the megalohiasl and the early and late erythro- 
blasts The megaloblast of these authors corresponds to 
the youngest of the polychromatophil erythroblasts 
mentioned above, i e , a large nucleated cell u hich, 
owmg to Its relatively large proportion of basophihc 
matenal, shows only a very slight tendency to poly- 
chromasia Maximow avoids the term megaloblast, ad- 
vismg that it be reserved for the large cell of pemiaous 
anemia to which it was ongmally apphed He as well as 
other hematologists claim that the latter cell, though 
resembhng the pnrQiti\ e cell of normal marrow, is not 
identical wath it (see p 84) 

The older erythroblasts give nse to norvwblasls 
The normoblast, as the name itself unphes, re- 
sembles the mature erythrocyte m size and hemo- 
globm content but stfll retains its nucleus which, 
however, shows condensation of its chromatm 
matenal {pyknosis) and stains more deeply In 
the final stage of the matiuation process, the 
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nucleus is extruded from the cell and the now 
nearly mature erythrocyte is discharged from 
the marrow into the general circulation It be- 
trays its youth only by a fine basophihc reticnila- 
Uon of its cytoplasm and is therefore called the 
rettailocyte (p IS) It is probably not until the 
reticulocytes have reached a certam concentration 
m the marrow that they become discharged into 
the general blood stream 

In healthy marrow the multiphcation of the red 
cells which occurs to replace those lost from the 
arculation through wear and tear is effected almost 
entirely by the division and redivision of later 
forms, 1 e , of normoblasts and older erythroblasts 
(homoplastic development) and to a neghgible 
extent through the multiphcation and subsequent 
maturation of the more pnmitive forms The 
youngest erythroblasts (basophflic and poly- 
chromatophihc erythroblasts), for example, m nor- 
mal marrow are absent or amount to no more than 
0 01 to 0 04 per cent of the total nucleated cells 
of the erythrocyte senes, accordmg to Sabm, the 
older erythroblasts make up about 30 per cent 
and the normoblasts 70 per cent or so In pemiaous 
anemia, on the other hand, large numbers of very 
primitive cells mdudmg the charactenstic megalo- 
blast are present In this disease erythropoiesis is 
abnormal m that the cells produced are not only of 
a. more primitive type but are different from ones 
ever seen at any stage of normal erythropoiesis It 
ts not then merely a matter of reversion to a primi- 
tive but otherwise normal mode of red-cell develop 
ment The benefits of liver therapy apparently 
depend upon the power of the hepatic prmciple to 
restore the normal mode of red cell development 

(6) Granulocytes — granulopoiesis 

The earhest stage m the differentiation of the 
granulocytes from the pnmitive reticular cell of 
the marrow is that of the so-called myeloblast It 
IS generally agreed that the ongm of the gianulo- 
tytes IS extravascular and that the> pass mto the 
marrow vessels only after they acquire motdity 
Maximow considers the myeloblast to be nothmg 
more or less than the polyvalent hemocytoblast or 
stem cell, identical with the large lymphocyte, 
the nunute differences in structure between it and 
the latter bemg due, it is thought, to the environ- 
ment m which It IS placed, i e , the bone marrow 
Here It gi\ es nse to the three types of granulocyte 
The myeloblast is given added mterest smee a cell 
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Fig 114 Diagram showing maturation of the gran- 
ulocytes Parenlhesuied terms are those of Sabm, Doan 
and assoaales (modified from Sabm) 

similar to, but not identical with it, is predominant 
in the blood and marrow of certam forms of leu- 
kemia (p 99) when it may constitute 90 per cent 
of the white cells It forms only a very small 
percentage of the cells of normal marrow 

After the stage of the myeloblast a few specific 
granules begm to appear in the cytoplasm which 
at the same time becomes less basophilic in char- 
acter Also present are a few azurophyl granules 
In the subsequent history of the cell up to its 
discharge mto the circulation four stages, based 
upon the development of specific granulation and 
the reduction m basophilic matenal, are recog- 
nized The cells of the first three of these stages 
are termed myelocytes A, B and C, respectively 
The cells of the fourth stage arc called vtclamyelo- 
cyles (fig 11 5) In the youngest stage (A) the gran- 
ules, as mentioned above, are very few* and are m 
greater numbers m myelocyte B and m maximum 
quantity m myelocyte C The nucleus m these 
stages IS oval or spherical and shows no attempt 
at lobulation The metamyelocyde is character- 
ized by slight indentation of the nucleus and the 
first evidence of typical ameboid movement Fi- 
nally the nucleus becomes deeply mdented or con- 
stricted at one or more pomts and is discharged 
into the circulation as a young leukocyte (neutro- 
phil, eosinophil or basophil) This is the first 
stage of Arneth mentioned on page 93 It is also 

* This cell, myelocyte A, resembles closely its 
progenitor the my eloblast and represents a transition 
stage between the latter cell and the older myelocyde 
It IS often referred to as the promyelocyde Some use 
this latter term to mclude also myelocyte B 
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referred to by Schfllmg as the older metamyelocyte 
or the band cell As shown m figure 114 three 
levels of development are distmgmshed Level I 
extends from the reticular cell to, and mdudes, the 
myeloblast Level 11 embraces the myelocyte and 
the metamyelocyte, cells at thus level multiply 
actively and have the power of growth Level HI 
mdudes those forms present m normal blood 
(Ameth stages), the cells have lost the power to 
divide and grow 

As m the case of erythropoiesis the earliest stages 
of white cell development — myeloblastic and early 
mydocytic — are little in evidence m normal 
bone marrow The leukocytes are supphed to 
the blood through the division and redivision of 
the later forms of white cell elements — i e , the 
myelocytes A census taken of the colorless de- 
ments of the marrow m normal rabbits gives an 
average of about 1 per cent myeloblasts, 90 per 
cent mydoc 3 rtes C and metamydocytes, of which 
the great majonty are neutrophilic, and about 
4 per cent young leukocytes Younger mydocytes 
make up the balance The number of leukocytic 
elements is three times greater than the number 
of red cell elements — erythroblasts and normo- 
blasts The ratio of granulocytes to red ceUs in 
blood, on the other hand, is 1 to 600 The differ- 
ence m the cell ratios m marrow and m blood is 
ascnbed to the greater mortality of the leukocytes 
and the consequent necessity for a greater hemo- 
poietic activity m order to replace them 

In mydoid leukemia the process of granulo- 
poiesis is pushed back to a more embryonic type 
and immature forms appear m the blood The 
marrow picture indicates a great activity of the 
early mydocytic and mydoblastic stages The 
marrow of the fetus and to a less degree that of 
the new-born show also a relatively large propor- 
tion of immature cells 

(c) Lymphoid tissue and the formation of 
lymphocytes 

The central areas of the follides m Ijnnphoid 
tissue (lymph glands, spleen, etc ) stain more 
lightly with the ordmary stains than the penpheral 
zones These lighter areas, about 1 mm m di- 
ameter and pierced near the center by a small 
artenole, are generally known as the “germ cen- 
ters” In the embryo and m new-born animals 
the earheststage m the devdopmentof thelympho- 
cytes IS represented m lymphoid tissue as well as in 
the bone marrow by a large lymphocyte or hemo- 
cytoblast It is analogous and practically identical 


m structure with the mydoblast It is called thr 
lymphoblast In postnatal life, lymphocytes ansf 
only from lymphoid tissue The ancestral cell oi 
hemocytoblast stems from the undifferentiated 
prmntive reticular cell of the lymphoid stroma 
similar to that m the marrow from which the 
myeloblast and, accordmg to Maxunow, the eryth- 
roblast arise but, as m the case of the myeloid 
cells, the Ijunphocytes normally anse from the 
division of cells of later stages 

The total mass of lymphoid tissue amounts to 
between 1 and 3 per cent of the body weight, and 
its output of cells IS relatively enormous Yoffey 
estimated the daily production at 35,000,000,000, 
the tremendous wastage has already been men- 
tioned (ch 8) 

An mterestmg experiment of Maximow’s sup- 
ports the view that the large lymphocyte or hemo- 
{ytoblast is the common precursor of the granulo- 
cyte and lymphocyte and that the course of 
development which the stem cell shall follow is 
determmed by its immediate environment. 
Lymphoid tissue was cultured m an environment 
prepared to simulate that of the bone marrow by 
the use of a preparation of blood plasma and 
marrow extract Proliferation of the large lymph- 
ocytes and then differentiation mto myelocytes 
were clearly observed 

DlSTlNGtnSHlNG FEATURES OF THE 

Different Stages of the 
Leukocyte Series 

oxtoase granules 

The mature granulocytes, the myelocytes and myelo- 
blasts (except the very youngest) and the pnmiUve 
monocytes, contam fine, reddish-brown granules (oxi- 
dase granules) which become evident when the cells are 
stamed m the foUowmg way (Washburn technique) The 
cells are first treated with a solution consisting of benzi- 
dme, 0 3 gm in 99 cc of alcohol and 1 ccm of a satu- 
rated solution of sodium mtroprusside Ten drops of this 
solution are apphed to a dned blood film and allow ed to 
stand for 4^ minutes Five drops of a solution of hydro- 
gen peroxide m 25 ccm of water are then added After 
standmg for another 4J mmutes the film is washed and 
dried and stamed wnth Lieshman’s stam Cells of the 
lymphoid senes do not contam oxidase granules 

MonuTY Aim phagocytosis 

When stamed supravitally the primitive monocyte is 
phagocytic and actively motile, whereas myeloblasts 
and lymphoblasts are usually stated to be non-motile 


< 
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In hanging drop preparations, howe\ er, Rich states that 
both of the last mentioned cells also show definite tno- 
tilit> and that the mode of locomotion of each t>-pe is 
charactcnstic The mj’cloblasts and the j ounger mj elo- 
cj'tcs exhibit a worm like motion, whereas the Ijanpho- 
blast protrudes a long tongue of cytoplasm m a direction 
opposite to that in nhich it is mo\mg, it thus assumes 
a shape resembling that of a hand mirror or a fryong 
pan 

NtJCLEAK STRUCTDEE 

The nucleus of the m> eloblast shows a dehcate rebcu 
lar structure and no definite nuclear membrane, the 
nucleoli are indefimtelj marked off from the rest of the 
nuclear matenal The nucleus of the lymphocyte on the 
contran is well defined, as are also the nucleoh, and the 
reticulum is coarser 

These distinguishing features of the various cells 
t\pes arc employed in diagnosing the different forms 
of leul emia 

(d) The platelets 

These are generally stated to anse from giant 
cells of the marron (40;i or more m diameter) 
known as megakarj ocides The latter have an 
irregular, nng shaped nucleus, and are capable of 
ameboid movements It was first suggested by 
Wnght that fragments of their protoplasm became 
detached to form the blood platelets Normally, 
the marrow contains only a few of these cells, but 
It has been stated that an increase or decrease m 


their number is followed by correspondmg changes 
m the number of circulating platelets^ 

(e) The origin of monocytes {see p 106) 

* Wnght’s view of the ongm of the platelets from 
megakary ocy tes, though \ ery widely held, has not gone 
unquestioned Various alternate theories have been ad- 
vanced with respect to the ongm of the platelets Some 
beheve that they are formed from the cytoplasm of 
leukocytes, and others that they are simply preapitates 
from the plasma Howell and Donahue concluded from 
their experiments that the platelets are denved from 
megakary oc\ tes m the lungs They based then view 
on the toding that both m cats and m man the platelet 
count was somewhat higher m arterial than m xenous 
blood The ratio of platelets to erythrocytes m artenal 
blood was 1 21 4, as compared with 1 23 8 m the blood 
of the correspondmg vem, which unphes that platelets 
are destroyed or removed from circulation m the capil- 
lanes and replenished in the lungs Further evidence 
was denved from the observation that a smear of lung 
tissue show ed large numbers of giant cells, whereas only 
a few were found m a similar specimen of bone marrow 
It IS probable, howe\ er, that the lung megakary ocytes 
do not ongmate m the lungs but have their source m 
the bone marrow and, owing to their large size, are 
merely trapped m the pulmonary' capillanes Se\ eral ob- 
servers have expressed the behef that they are frag- 
ments of degenerated red cells In support of this view 
Watson reports the observation that phenylhy drazme 
which damages the erythrocytes causes a sharp nse m 
the platelet count and a reduction m the number of red 
cells This observer also found that, when ery throcytes 
were suspended m a counting chamber, degeneration of 
the red cells occurred while bodies mdistmguishable 
from platelets app^red Furthermore, the platelet 
count, as shown bv Bedson, is mcreased by splenectomy, 
or by “blockmg” the reticulo-endothehal macrophages 
(which, as ne have seen, engulf red cell fragments) by 
injections of India ink The term “blockmg” refers to 
the overloadmg of the rebculo-endothehal cells with the 
ink particles and the consequent suppression of their 
phagocytic properties 
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General Description op Clot Formation the fibnn threads, and m some unexplamed way 

n blood IS collected mto a test tube it wdl be anjdsl^nmg of the latter Clots 

found at the end of 5 or 6 mmutes that it has lost formed in blood deficient in platelets are'soft and 

Its fluidity and has set into a jelly The tube may fnable, and do not retract m the normal way 

be inverted, but the blood, which is now said to used to be thought that the mtact platelets 
have doited or coagulated, does not escape If it were seen m sections of blood clots served 

\\ ere possible to magnify this clot many tunes and f^o® which the fibrmogen to fibnn con- 

to look vithm it, one would see a mesh of very version started, but it has been demonstrated by 

dehcate fibrils, among which were entangled, as m Tocantins that the platelets t^e up their positions 

a net, the red and vhite cells and many fragmented fibnn has formed The full retraction of 

platelets The fibrils can be readily revealed when separation of the serum ordinarily 

a thm section Of the dot is exaimned~under 'the ^ considerable tune, but separation can be 

hlihpow’^Tor the nucroscope^ They are composed about_withm^. a^Jew^ mmutes_by_ rapid 

oijibnn formed by the conversion of the fibrinogen • — - - — * 

of the plasma from a soluble, (hydrosol) mto an “ centrifuged ns soon asatjs shed 

msoluble form (hydrogel) The fibnn forms ultra- ^he cells m this way separateddroradie.plasma, 
microscopic crj'stal-hke needles which, as they are m the latter, due as before to the 

deposited, create tenuous, mterlacmg filaments ionnation.of fibnn.threads After a time the 
withm the structure of the protem The proems by as m the case of whole 

which this change of fibnnogen from a hqmd ton — Wood,^ expresses the transparent serum The 
more or l^s rigid'stnicture (fibrin) is effected has ‘^"^ting proems is therefore essentiaUy a phenome- 
bern compared by Mommaertz to the manner m straw-colored layer-the 

wTIch a matted fdt-hke mais-lS-ionned.from so-c^ia My coat -which forms on the sur- 
clon^redlobj^cts-^r^SdTflStyig^ be-^ Wood which dots slowly, and so aUows a 

■^S^em^gledand-cohcrent It wiU be^recaUed^that W sedimentation of the ceUular 

fibnS^gen itself is composed^olUong'fiber-like elements to occur, is dotted plasma 

mole'cules .The immobilization of the molecules m ^ Clotting Mechanism 

this manner is called coacervalton^ by de Jong 

If the dot IS permitted to stand for an hour or In the very mtneate mechanism underlymg 


so, it i\ ill be found to have shrunk, and m shrink- the coagulation of blood the foUowmg substances 
mg to have expressed from its mterstices a dear, take part (1) Prothrombin, (2) thrombin, (3) 
faintly straw-colored fluid This is the serum The thromboplastin (or ihromboktnase), (4) ionized 
latter remains perfectly fluid and is qmte mcap- calcium and (5) fibrinogen By the action of throm- 
able of clotting The shrmkmg ^d condensation oty boplastm, prothrombm, which is mactive, is 
the c lokjs-due to_the .gradual shortenmg . of the . converted m the presence of calaum ions mto the 
fihrin tK rnadsavhinh enmesh thecorpusdes In this active thrombm Thrombm then acts upon the 


retracti gnjif the clokpr ^nere^j^as it is termed, 
t h^e platel ets j)lay. an. essential r61e Thqugh_num- 
bers of platdets undergo disintegration when the 
blood-is shed (see below), othem^co me att ached 
here and there in groups or knot-hke dumps to 


* There is a duect relationship between the platelet 
count and the rapidity and degree of dot retraction and 
the resulting firmness of the clot The effect of the 
platelets upon clot retracbon is exerted only when they 
disintegrate The concentration of thrombin, which in- 
duces lysis of these elements, therefore influences the 
retraction of the dot The concentration in the blood 


^ De Jong defines this as the process occumng m a 
condensed colloidal system, m which particles with posi- 
bve and negabve electnc charges are mutually at- 
tracted According to the view of Mommaertz, a pro 
fibnn IS first produced and then, through electrostabc 
attracbon of its parbdes, a mesh-like mterlacement 
occurs to produce fibrm 


of the other formed elements affects clot retracbon m 
the opposite w ay In anemia, for example, clot retrac- 
tion 's more pronounced than normally, whereas, in 
polycythemia the clot is soft and fnable Increase m th^^ 
■fibrmogen. concentration acts i n a mann er similar tcT 
.that cruised by a high platelet count, h^tenlng the re- 
traction of the clot 
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soluble fibnnogen of the plasma to convert it into 
the insoluble fibrin spoken of above as forming 
threads m which the solid elements of the blood 
are enmeshed Thus the clot is formed 
The clottmg mechanism m the sunplest possible 
terms is shown m the following scheme 

Prothrombin + thromboplastm + calaum -* 
thrombm 

Thrombm + fibnnogen — * fibnn (clot) 

These four primary factors have long been recog- 
nized as bemg fundamentally mvolved in the 
coagulation of the blood 

Prothrombm and ionized calaum are present 
m the circulation, but thromboplastm, though 
contained m the solid tissues, is virtually absent 
from the blood 

Normally, the blood rem ains fluid m the vessels, 
nof, ^ nas thought at oiie tune, because.it.isjn 
mobon, but most probab ly for th^e^ns,that 
t£romK3astajsj)f:esenLiiiJhexircuIatiQn4riJDnly. 
rmnute amounts, or m an inactive form , and that 
the platelets remain mtact Thrombm, the coagu- 
lating enzj^e, is, therefore, not form^, morMver,^ 
an anUthrombm is present^m^normal bloo d, nLiA 
serv es as a safeguar^gainst any„thron}bm which 
ini^t arise in sufficien^^mouiy; ^to cause mtra- 
vascular clottmg^ ^ This rnatenal, the so-called 
normal anitlhromhn of the plasma, is present m 
low concentration m mammahan blood but m 
much larger quantities m the blood of birds 
Accordmg to Quick, it is closely assoaated with 
the albumm fraction of the plasma 

No field m physiology is so complex and has 
been so confused by contradictory results, differ- 
ences of mterpretation and diversity of opimon 
than that of blood coagulation Each fact dis- 
covered, instead of simplifying the subject, usu- 
ally bnngs new problems m its train The rela- 
tively sunple mechanism expressed above must 
now be elaborated m the fight of modem research 

The dot accelerating factor in plasma (Ac- 
glohuhn) The work of several laboratones had 
mdicated the existence m blood of a factor which 
accelerated the conversion of prothrombm to 
thrombm m the presence of ionized calcium and 
thromboplastm In 1943 Quick concluded from 
his expienments that prothrombm was not a 
fingle substance but consisted of two components, 
A and B Component A disappeared from stored 
plasma — component B, which could be adsorbed by 
dlummum hjdroxide (Al(OH),), was dirtumshed 


by dicoumarol (p 118) and in hypoprothrombme- 
mia caused m other ways Component A was later 
called the labile factor by Quick,’ and is considered 
to be identical with a factor subsequently reported 
by Owren, as well as by Fantl and Nance, and by 
Seegers and his assoaates Fantl and Nance de- 
scribed this factor m plasma Owren named it 
factor V This substance is also called plasma accel- 
erator globulin (Ac-globulm) by Seegers and his col- 
leagues, who believe it to be an inert protein or 
pro-enzyme Accordmg to these latter workers, 
plasma Ac globulm is inactive but is con\ erted to 
an active form, serum Ac-globulm, by small 
amounts of thrombin 

The role of the plaldcls Contrary to premous 
behefs Quick has shown that the platelets contain 
little or no thromboplastm, yet the platelets are 
responsible, mdirectly, for the production^ of 
thromboplastm The latter substance, it is postu- 
lated, IS present m the plasma m an inactn c form 
which has been named thromboplashnogcn It is 
converted to active thromboplastm by a factor 
liberated from lysed platelets and know n as 
thromboplastinogcnase The disintegration of 
platelets is a prerequisite for the production of 
thromboplastm and, therefore, for the clotting of 
blood Thrombin m minute amounts causes the 
lysis of platelets Seieral anticoagulant agencies 
prevent coagulation by retardmg platelet dissolu- 
tion 

Prothrombm is also present m blood m the form 
of a precursor known as prothrombinogcn, which is 
converted to prothrombm by contact with glass 
or any rough surface The mechanism of this con- 
version IS obscure. 

A general summary of the clottmg mechanism 
can now be given 

The coagulation of blood mvohes a senes of 
autocatalytic reactions — a sort of chain-reaction 
which once started contmues to completion 
Though everj' step m the complex process has not 
been firmly established bejond all possibility 
that at some tune new discovenes wall not require 
modifications to be made, the sequence'’of events 
IS probably as follows "When blood is shed and 
comes mto contact with glass or a rough surface, a 
certain amount of prothrombmogen is at once 
converted to prothrombm and a few platelets are 
broken up A small amount of thrombm is therefore 

’ Quick states that the labile factor (Ac globulm) is 
«s^Ual for the prothrombm -f thromboplastm + 
-* thrombin reaction, and is not mereK an accel- 
erator 
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produced winch brings about a greater lysis of 
platelets The platelet factor (thromboplastino- 
genase) thus hberated converts thromboplastmo- 
gen to thromboplastin and if the blood comes mto 
contact TOth damaged tissues more thromboplastm 
IS made available This substance m the presence 
of Ca++ and the labile factor reactmg with pro- 
thrombm produces thrombin which acts upon the 
soluble fibrmogen to form msoluble fibrm Part of 
the thrombm causes a further dismtegration of 
platelets and the production of more prothrombin 
from its precursor to sustain the clottmg mecha- 
msm 

Qmck doubts whether the dot has much im- 
mediate mechamcal effect m arrestmg the bleed- 
mg, that IS, of actmg as a plug to doiF" the wound 
m the vessel Factors of greater importance, as 
stated on p 28, m brmgmg about hemostasis are, 
reflex contraction of the vascular wall, the hbera- 
tion of vasoconstnctor and hypotensive substances 
from the platdets, and the stickmess of the endo- 
thehal hnmg of the vessd, which by “gluemg” 
together the apposed surfaces helps to seal the cut 
or tom vascular wall Unless the blood flows'frefely 
to_the extenor, an additional factor is the pressure 
of the blood extravasated mto the tissues upon tfie. 
bleedmg vessel The fibnn. threads of the dot, 
apart from any effect they may have m actmg as a 
plug, serve to provide a rough surface for the 
production of prothrombm from its precursor, - 
to adsorb fibrm, and thereby to prevent the mtra- 
vascular extension of the dottmg process, and to 
trap dumps of agglutmated platelets which are 
thus hdd at the site of the bleedmg to exert a 
persistent hemostatic action 

The several factors m the dottmg mechanism 
are shown m the foUowmg scheme 

Prothrombmogen 
-f- glass or 

"rough~sufface* Thrombin (m minute amounts) 

i 

>Platelet factor . 

_ „ . * -(thromboplastinogenase) 
thrombo|)lastinogen 

^Prothrombin -j- thromboplastin -j- 

* a - — Ca^++ (injured tissues) 

•g labile factor (serum Ac-globhhh) 

I - - ' - 

” ^ ^Thrombin + fibnnogen 

i 

' Fibnn (clot) - - 


Heparin The action of certam impure extracts 
of hver m inhibitmg the coagulation of blood was 
discovered by McLean, a pupil of Howell, m 1916 
Later, a senes of studies was earned out by Howell 
and Holt upon extracts of hver from which they 
obtamed a powerful anticoagulant They gave it 
the appropnate name of heparin Howell and 
Holt obtamed theu material from dog’s hver, but 
it was later prepared m larger quantities by 
Charles and Scott from beef hver Limg, musde 
and mtestmal waU also contain it m relatively large 
amounts Smaller quantities are contamed m 
spleen, heart and thymus It is present m neghgible 
quantities, if at aU, m normal blood Hepann is 
active both in vivo and in vitro, when it is mjected 
mto the hvmg animal the blood remains mcoagu- 
lable for several hours A umt o f hepann is defined 
as the quanti ty.of. material which wfll prevent for 
24 hours the dott mg jiLLcc of cats’ blood ,wheq 
kept.mjhe-cold. A very potent crystaUme prepa- 
ration has been obtamed from beef hver by Scott 
and Charles This contams nearly 100 umts per 
milhgram 

Him anticoagulant action oLhepann is complex 

and depends upon at least three effects which it 

exerts, upon the dotting mechanism 1 

powe rful qniUhrombin, that i s, it inhibits the 

action of tIirombm_ m convertmg fibrinogen to 

AbnnT Qmck found that for this action a co-factor 
^ ’■1 

assoaated with the albumm fraction of the plasma 
is necessary, it has been named albumm Xi 2 
Hepann is also an anbproltoombm, i e , it pre- 
vents the activation of prothrombm to thrombm 
This property has been questioned untd recently, 
but the experiments of Ferguson and of Quick 
have firmly estabhshed this action of hepann 3 
Through its effects (1) and (2) m mhibitmg the 
formation and action of thrombm, hepann reduces 
or prevents the agglutmation and lysis of platelets 
and, as a consequence, the production (through 
thromboplastmogenase) of plasma thromboplas- 
tmog^n 

Joipes found that, like certam other anticoagulants, 
such as azo dyes and gennamn, the hepann molecule 
contams sulphunc aad groups, m virtue of which it acts 
as a relatively strong aad It belongs to the same chemi- 
cal group as that to which mucoitm and chondroitm 
sulfunc aads belong It is a complex carbohydrate 
containmg esters of mucoitm-sulfunc aad and yields 
glucuromc aad, glucosamine and sulfunc aad groups 
upon hydrolj^is Anticoagulants have been prepared 
by Chargaff and his assoaates by the introduction of 
sulfunc aad groups mto such polysacchandeaas cellu- 



116 


BLOOD AND LYMBH 


Sectum I 


lose, gUxogen and stardi and mto tie cerdirosides, 
cerebron and kcrasim 

SmcE heparm is absent from tie circulation, or 
present only in minute amounts, it cannot be 
responsible for mamtainmg the flmditj of the 
blood in the Irvmg bodj The most probable rea- 
sons that the blood does not dot mtra\-a£cularb 
ba\e been stated on page 114 

From the esndence procured bj HHander, 
heparm appears to be a product of the "mast 
cells” of Ehrhch (Le., mobfle cells m the tissues 
contammg fine basophil granules) vrhich maj be 
seen m dusters around the mmute I'essels of 
those tissue ivhidi gi\e a high \neld of heparm. 
Mellanbi suggests that the significance of heparm 
m tiisues is that it sen es as a local anticoagulant, 
preientmg the dottmg of blood circulating m the 
small ^ easels The fine granules to be seen m these 
cells shorn the metachromatic staining reaction, 
tummg \nolet when treated nth tolmdme blue or 
azure A. Heparm itself gi\ es this reaction and the 
granules are therefore beheved to be the antico- 
agulant m the form of mmute droplets 
Chargafc and Olson found that protamme 
(ea lmin e) annuls the action of heparm both i« 
and jr nro Protamme, a sunple protein with 
basic properties (see also p 623) combmes with 
heparm, the resultmg compound bemg qmte free 
from anticoagulant action. Thus it is possible to 
determine the quantitr of heparin m a sample 
of blood b> ascertaining the quantity of protamme 
required to give the shortest coagulation tune. 
Bi this means the great lengthemng of the coagu- 
lation tune m anaphi Ians (up to 2 dal's or more) 
and peptone shock has been shown bi Waters, 
Markowitz and Jaques to be due to the high 
concentration of hepann in the orculation {hepan- 
norap llSandp 122) Hepann is most effective 
when administered mtravenoush , much larger 
dctes being reqmred when it is given bi subcu- 
taneous mjections Besides its action m prolong- 
mg the coagulation tune, hejiarm, as shown bj 
Murrav and associates, hmders the agglutination 
and deposition of platdets and thus discourages 
thrombus formation. Hepann has been recognized 
for a number of vears as a s'aluable anticoagulant 
for use m pbvHological eqienments, but it is onlv 
comparativelj recently that punfied preparations 
suitable for dinical use hate become available. 
Its mobt nnportant field of usefulness is m blood 
transfusions, m operations upon the blood tessels 
and to check the estensjoa of coronary , and certain 


other types of thrombosis Its employment as a 
preventive against postoperative and other 
thrombotic states which cany the threat of fatal 
pulmonary embolism (p 124) has been advocated 
by Ee%eral m\estigatois (Howell, Mason, He- 
denius, and Murray and associates) Wldstrom 
and Wilander hav e suggested its use to pre\ ent the 
formaUon of fibnnous adhesions m pleurisy, m 
heparinized rabbits the infiammatoiy exudate 
caused by the mjection of iodine mto the pleural 
canty is mcoagulable 

The Properties op Ppothpohbin and Thrombin 
and op Thromboplastin 

Prolhromhr ard tl-rorrhn, accordmg to Seeg ers, 
are carboh i drate-contanung protemi Tfiis in- 
vSSgatbr has prepared from beef plasma highly 
potent preparations of these agents which contam, 
re=pecti\ el\ , 300 umts of prothrombin actmtv 
and 600 units of thrombm activity per milhgram 
At a pH of 7 0 protbrombm an d thromb^ are 
iughli^olutrejn water onphraolo^^ salmejjt 
GSng possible^o prepare a 60 per cent solution of 
* fefEer^matenal ,_£rothrombin-js-ia‘:oluble..at^g. 
pH of 4 9 and thrombin .at about 43 ,Both sub- 
fSnSs^art completely and_perinanently_inacti- 
vated.by.aad (pH 3^) and by alkali (pH 11 0) 
They are destroyed by_bcating to 60’C for 30 
mmutes The concentration of. prothrombin, in 
blood IS around_25 mg per 100 cc « 

Thrombi n is a n enzyme, but the. cony ergon of 
prqthrombm to thrombin by thromboplastin and 
ionized calcium, as well as the action of the labile 
factor, m\ohe straight stoichochemical reactiong^ 

A hnear relationship (m\ erse law) can be shown 
between the relatne concentration of thrombm 
m the plasma and the reaprocal of the coagulation 
time, 1 e , thejugher the thrombm concentration, 
^ffie shqrter^fhe time required for a dot tcTappear 
^ fig 12 1) 

T/-C origin of proll romhn Prothrombinisjonned 
m^^hyer and this appears to be its principal 
^oiH-«,^ougfa the experiments of Drinker pomt 
to its.bemg produced to spme_eitent as. welLhy 
bone marrow This obsener obtamed a fluid 
nch m protbrombm b\ perfusion of the bone 
marrow The production of protbrombm is go\- 
enied bi \-itaimn K. (ch 35) 

TlTorrboplasitn is present m all tissues, lung 
and bram bemg ffipeaally“narsources.,Though 
it.is the general custom to speak of thromboplastm 
^ a smgle prmaple, there are actually at least , 



Chapter 12 


COAGULATION OF BLOOD 


117 


CLOTTlNG-TlME MINUTES 



INVERSE OF CLOTTING-TIME 

Fig 12 1 Relating clotting time in minutes for pure 
fibnnogcn (ordinate) to\ar>ing concentration of throm- 
bin (abscissa) (After Ferguson ) 

t\\o classes of thromboplastic subsUinccs To one 
of these classes belong the phospholipids, c g , 
ccphalm, first sbowm by Hot\cU to have this action, 
and lailhw They arc fat soluble and present m 
relatively large amounts m brain and nervous 
tissues, though also contained in tissues generally 
The otlicr class arc water soluble and chemically 
arc lipoproteins They arc m especially high con- 
centration in pulmonary tissue The thrombo- 
plastin formed in plasma belongs to this latter 
class The phospholipids arc much slower in their 
action than the lipoproteins 

The means used to prevent or retard coasnlation— 
anticoagulants 

Cold Since Uic clotung mechanism consists of a 
senes of chemical and enzymatic reactions, it is to be 
expected that coaguIaUon will be retarded by lowenng 
the temperature Keeping blood at a temperature of 
from 5° to 10°C postpones coagulation but docs not 
absolutely prevent its occurrence Cold, e g , ice, etc , 
applied to the surface of the body as a means of arrestmg 
hemorrhage has, however, no effect in retarding the 
coagulation process Actually a hemostatic action is 
exerted in such instances as a result of the vasoconstric- 
tion reflexly induced 

(2) Avoidance of Contact of the Blood with 
Foreign Materials or Injured Tissues Draw mg the 


blood directly from an artery or vein (m order to pre- 
vent contact mth the tissues — a source of thrombo- 
plastin), and collecting it into a receptacle whose walls 
have been made smooth and nnwcttahh by a coatmg of 
paraffin, or preferably of silicone, will slow greatly the 
coagulation process Silicone is the most eSective sub- 
stance known for this purpose, it acts hke the vascular 
endothelium in inhibiting the activation of prothrom- 
binogen (to prothrombin) and tends to preserv’C the 
platelets (Jacques and associates) Plasma, after collec- 
tion in silicone lined apparatus and centrifuged at high 
speed in order to remove the platelets as completely as 
possible, will remain fluid for 3 or 4 days even at room 
temperature Avian blood collected in this way will 
remain uncloltcd almost indefinitely The importance 
of a smooth surface in maintaining the fluidity of blood 
IS also shown clearly in the classical experiment of the 
"hving test tube” If a section of the jugular vein of an 
animal, e g , the horse, be isolated between ligatures and 
carefully removed with ils contained blood, this wall not 
clot for a long period, not until changes occur in the 
lining of the vessel wall and the necessary^ thrombo- 
plastin IS thereby' provided 

On the other hand, if the blood flows over a rough 
surface, coagulation is hastened The blood coming 
from a ragged w ound w hich involves a greater destruc- 
tion of tissue, IS also likely to clot more quickly than 
if it issues from a blood vessel that has been cleanly 
inased, as by a scalpel or a razor The contact of a 
sponge or a powdered substance to the wound by in- 
creasing the extent of surface exposed also hastens the 
formation of the clot 

(3) De-calcification The addition of oxalate (so- 
dium, potassium or ammonium) or of a fluondc to blood to 
the extent of 0 1 per cent or more, completely destroys 
Its power to cloi spontaneously' In the former instance 
the calcium is precipitated as calcium oxalate Oxalated 
blood recovers its ability to clot if shaken with chloro- 
form, but the fibnn which forms redissolves after the 
blood has stood for a time Fluoride does not preapitate 
the calcium but forms a weakly' dissocnied calaum 
compound Sodium citrate also prevents coagulation In 
this instance a double salt — calcium sodium citrate — is 
formed which again is only slightly' dissociated If cal- 
aum in the ionic form, e g , the chlondc, be added to 
the oxalated, fluondc orcitrated plasma (rccalafication), 
the power of the blood to clot is regained Also the addi- 
tion of thrombin or of thromboplastin to the decalcified 
blood causes it to clot 

(4) Nedtral Salts Magnesium sulphate soluPonin 
a strength of 27 per cent mixed m the proportion of 1 to 
4 of blood postpones coagulation for some time, but 
docs not prevent it indefinitely Sodium sulphate m half 
saturated solution added to an equal quantity of blood 
has a similar cflect, as has also a 10 per cent solution of 
sodium chlondc in the same proportion The manner in 
which these substances act is not clear They do not 
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decalafy the blood That the activity of some or other 
elements necessary for the dottmg process is merely 
suspended and that none is destroyed, is shown by the 
fact that mere diluUon of the "salted” blood is foUowed 
by dottmg Some think that these substances may act 
by preservmg the platelets and corpusdes from dism- 
tegration and so hmdermg the hberation of thrombo- 
plastin. Zmc sulphate m 0 5 per cent solution prevents 
coagulation by preapitaUon of the fibrinogen Sodium 
thiosulphate and germanm are anticoagulant, this ac- 
tion dependmg apparently upon them sulphur content. 

(5) A20-DYES, such as Chicago blue 6 B, Trypan red, 
Trypan blue, Chlorazol fast pink, B K.S etc., are power- 
fully anticoagulant. Chicago blue, the anti-coagulant 
property of which was discovered by Rous and his asso- 
ciates m 1930, IS more potent either tn um or in vitro 
thnn the earher preparations of hepann One nulhgram 
of purified Chicago blue mil prevent for 60 hours the 
coagulation of 1 cc. of rabbit’s blood kept on ice 

(6) Certain Substances or a Biological Nature 
(a) Einidin, a substance secreted by the buccal glands 
of the leech and extracted commeraallj , has a very 
powerful anticoagulant effect It is a tj-pical anti 
thrombinj^ 1 e , it inactivates thrombin Hirudin has 
been used extensivelj in the past to prevent coagula- 
tion durmg physiological experiments (b) Snake venomj 
The poisons of some snakes, particularly of the cobra, 
are powerfully anticoagulant One hundredth part of a 
milligram per kg of bod) weight will, according to 
Howell, entirely prevent coagulation Its anticoagulant 
effect IS thought to be due to some chemical change 
which IS produced m the thromboplastin The anti 
coagulant effect of cobra venom is probabl) intimatdy 
assoaated mth its hemol) tic action (p 65) Some other 
snake venoms, however, have just the rev erse effect and 
cause mtravascular dotting (c) Heparin (see p 115) 
(d) Peptone solution when injected prevents coagulation 
According to Howell it acts by stimulaUng the hbera 
tion of hepann from the hver Confirraator) evidence 
for this explanation has been furnished by others 
(Qmck, and Waters and assoaates) Peptones also have 
an anticoagulant action when added to shed blood The 
anticoagulant effect under these arcumstances is as- 
cribed by klills and b) Pickering to the increased re 
sistance of the platelets to disintegration induced by 
the peptone soluUon (c) In anaphilactic shock the 
blood remains mcoagulable indefimtely (up to 2 da)’s 
at least) Waters, Maikomta and Jaques have shown 
that this IS due to the liberation of hepann from the 
hver Anaph)laxis produced m hepatectomizcd dogs is 
not accompanied b) a prolonged coagulation time, (f) 
Cysteine (see p 546) (g) Dicoumarol 3,3' meth>lene 
bis (4-hydroxycoumann), present in spoiled sweet clov er 

hay, seep 120 Schofield in Canada and Rodenck m N 

Dakota showed that a hemorrhagic disease of farm am 
mals could be cured b) replaang spoiled sneet clover 
m the diet mth fresh fodder The latter observer also 


showed that the reduced coagulabihty of the blood was 
due to dimmuUon in prothrombm Link demonstrated 
that the toxic pnnaplc was the substance now gcncrall) 
known as dicoumarol, a denvaUve of coumann, 
(CfHiOj) the odorous pnnciple in new mown clover 
hay Dicoumarol docs not act in vitro as an anticoagu 
lant nor in the body except after it has been partiall) 
metabolixcd Link and his colleagues have procured 
strong evidence that in its metabolism salic) lie acid is 
produced and is the active agent When dicoumarol is 
administered intravenously, onl> traces can be detected 
m the circulation after from 20 to 24 hours, >ct it is 
not excreted in the unne or fcccs Most of the drug 
has disappeared before any appreaable reduction in the 
concentration of prothrombin in the blood has occurred 
In vitro experiments have demonstrated the conversion 
of dicoumarol quantitative!) to salic)lic aad It 
has long been known that the administration of salicyl 
ates, eg, acet) Isahc) he acid (aspirin) and sodium 
sabcvlate, is often followed b) spontaneous bleeding, 
which has been shown to be associated with hvqicriiro- 
thrombinemn Sahc) htes also cause a diminution m the 
number of platelets The anticoagulant action of sah 
c))atcs IS antagonized b) vrtamm K 

Dcfibrinotcd blood rtbrtnolysts 

If blood IS kept constant)) stirred or is whipped bv 
means of a faggot of fine twigs or wires, the fibrin 
graduallv collects upon their surfaces In this wav all 
the fibrinogen m a short time becomes converted into 
fibrin which is remov ed as it is formed The fluid which 
remains is compioscd of serum together with Uic red and 
white cells and resembles blood in appearance and con 
sistcnc) , but of course is totall) incapable of clotting 
Defibnnated blood 13 frequent)) used in physiological 
experiments instead of cmplo)ang an anticoagulant 
Though defibnnated blood closcl) resembles ordinar) 
blood It frequent!) contains tone substances developed 
dunng the clotting process and is, therefore, unsuitable 
for transfusion into man The formation of fibnn is 
actually hastened b) the whipping action, since the 
greater surface to which the blood is exposed and the 
violent agitation to which the cellular elements arc sub 
jeeted cause greater destruction of platelets 

Blood which Lis been extravasated into the pleural, 
pcntoneal or other bod) cavnl) 13 usuall) found to be 
fluid, if an) considerable time has elapsed since the 
hemorrhage occurred Such blood is found to be 
mcoagulable, for it has ahead) dotted and then under 
gone a natural process of defibrination, the clots having 
been dissolved as a result of the digestion of the fibnn 
(Jibrtnolysts) b) proteol)tic enz)'Tnes The fluidit) of 
menstrual blood is caused in the same wa) A fibnno- 
lysm, although not present m normal blood under or- 
dinary arcumstances, appears in plasma after shaking 
with chloroform 

A great deal of work has been earned out in recent 
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years on the fibrinolytic activity of the blood, and much 
has been learned of the mechanisms mvolved Fibrmoly- 
sis occurs m a number of pathological conditions It has 
been found, for example, that blood clots removed from 
a body immediately after sudden death undergo rapid 
dissolution due to the development of fibnnolytic ac- 
tivity Also, blood taken from patients immediately 
after surgical operations, or from those who have suf- 
fered severe bums or hemorrhage, contains fibnnolysin, 
sometimes m high concentration Through the agency 
of fibrmolysms the fibnflous exudate filhng the alveoh 
of the consohdated lung m lobar pneumona is dissolved 
preparatory to its absorption The blood normally con- 
tams a proferment, which has been called profihnnolysm 
or plasnnn (i e , fibrmolysm in an mactive form), which 
under certam circumstances may be converted to the 
active enryme by a second pnnaple denved from the 
tissues This is known as fihnnohtnase Activation can 
also be brought about artifiaally, as mentioned above, 
by chloroform and also by certam strains of strepto- 
coca, due to their possessmg an activatmg enzyme, 
known as streptokinase The latter substance together 
with sireptodornase {desoxyrthomiclease), an enzyme 
also produced by streptococa, and which hydrolyses 
desoxjnnbonucleoprotein of cell nuclei, has been em- 
ployed m surgery to hquefy thick pus, and thus to render 
It more amenable to drainage (Ch 48) 

Substances which hasten the dotting process 
(hmostahcs) 

Adrenalme when injected hastens the clottmg 
process Emotional exatement, muscular exercise and 
hemorrhage act similarly, probably through the hbera- 
tion of the hormone from the adrenal medulla Ad- 
renahne has no efiect upon the coagulation of blood 
after it has been died, which suggests that it does not 
act directly, but through an intermediary, possibly 
another endocnne secretion 

The effects of thrombin and thromboplastin have 
been discussed Tissue extracts espeaally those of lung 
and thymus which are nch in thromboplastin are power- 
fully coagulant, as are also the venoms of some speaes 
of snakes The coagulant property of such venoms de- 
pends upon their contaimng a proteolytic enzyme which 
converts prothrombin to thrombin, the conversion 
occurs m the absence of ionized calaum 

Thrombm sprayed upon the bleeding surface in con- 
junction with fibnnogen to form a covering film or foam 
of fibrm, IS an effective means of arresting bleedmg, 
espeaally from numerous small vessels Among other 
hemostatic agents used to hasten the clotting process 
are sodium alginate, denved from seaweed, and a gauze 
made of oxidized cellulose, which swells when soaked 
with blood When sodium alginate comes mto contact 
with the blood and serum of the wound, it is converted 
to calaum algmate, which “clots” to form a tenaaous 
layer 


Tests Emploveo in the Investigation oe 
Depects in the Clotting 
Mechanism 

Coagulation time This is the time which the 
blood takes to dot after it has been shed Ob- 
viously, any condition which decreases the co- 
agulabihty of the blood lengthens the coagulation 
tune and vice versa 

A number of methods have been devised to de- 
termme the prease moment when dotting occurs 
The dottmg time as determmed by different 
methods vanes considerably smce the mdex or 
cntenon of coagulation is not the same in all, and 
the conditions to which the blood is subjected are 
also different On this account the values are not 
absolute and the results obtamed by different 
methods cannot be compared stnctly with one 
another 

A simple but rough method when a considerable 
quantity can be secured is to collect the blood mto a 
small test tube and take as the coagulation time, the 
penod elapsmg from the moment the blood was shed to 
when It congeals, as mdicated by tiltmg the tube from 
time to time This procedure is employed m the Howell 
and the Lee-White methods In the latter, 1 cc of blood 
IS collected m a thoroughly cleaned Wasserman tube 
about 8 mm m diameter The coagulation time of nor- 
mal human blood as determmed by this method is from 
6 to 15 mmutes 

A more accurate method and one which requires only 
a drop of blood is the followmg The blood is drawn into 
a capillary glass tube about 4 or 5 mches long A section 
of the tube is broken off from time to tune The tune 
elapsing from the moment when the wound was made 
to that when fine threads of fibnn appear between 
the ends of the broken sections of the tube is taken as 
the coagulation tune The normal coagulation tune by 
this method is about 5 mmutes There are many other 
methods for determmmg the coagulation tune, e g , 
Brodie’s, Gibbs’, Cannon and Mendenhall’s, etc , 
but all have theu defects and the foregomg is probably 
just as accurate as more elaborate procedures 

Prothrombin time, determination of the prothrombin 
concentration Quick’s method is as follows Nine vol- 
umes (about 2 cc) oi blood obtamed from a vein in a 
sihcone-coated synnge are decalcified by the addition 
of 1 volume of 0 1 mol solution of sodium oxalate 
After centnfugmg, 0 1 cc of the oxalated plasma is 
mixed with 0 1 cc of thromboplastic matenal (prepared 
from fresh rabbit’s bram) and recalcified with 0 1 cc of 
0 025 mol solubon of calaum chloride The bme from 
the addibon of the calaum to when the first fine mesh 
of fibrm filaments appears is recorded by a stop watch 
The test is earned out m a water bath at 37 5‘’C The 
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prothrombin concentraUon m per cent of the normal is 
calculated as follows 

K 

Prothrombm concentration — — - ' 

C t ““ s 

(per cent of normal) 

c t ■= clotting tune, K, a constant = 303, a, a second 
constant = 87 Thus if the clottmg tune is 21 seconds 
the prothrombm concentration is 303/(21 — 8 7) = 25 
per cent of normal (approx ) 

Clot Tclraction time This is measured by collecting a 
few cubic centimeters of blood mto a test tube After 
clottmg has occurred the clot is separated from the walls 
of the tube by means of a fine wue and the tube placed 
m an mcubator set at a temperature of 37°C The clot of 
blood, normally, retracts to a firm mass, the serum 
separating out mthm a couple of hours In certain types 
of purpura (thrombocytopenic) the clot remains bulky, 
soft and friable. In hemophdia, on the contrary, when 
clotting does occur, the clot usually retracts normally 


The bleeding lime The determination of the 
bleedmg time simply consists m pnckmg the skm 
and noting the time the drop of blood takes to dot 
sufficiently m order to close the puncture in the 
skm and stop the bleedmg The precise moment 
when bleedmg ceases is determmed by touchmg 
the blood from the tiny wound every few seconds 
with a piece of filter paper The moment when the 
latter ceases to be stained is taken as the end 
point The normal bleeding time is about 2 j j 
mmutes'* One might suppose that the bleeding 
time would be a better gauge of the body's ability 
to protect Itself against hemorrhage than the 
coagulation time, but the fact that it is normal, 
is a rule, in hemophiha (see below) shows that 
this IS not so The ability to seal a wound m a 
minute vessel is dependent more upon vascular 
factors, contraction of the vessel wall and “glue- 
•Dg” together of endothelial surfaces, than upon 
the clottmg of the blood Actually, there is little 
rdationship between the bleedmg time and the 
coagulation time. The former is prolonged m con- 
ditions associated with low platelet counts It is 
shortened by the local application or mtravenous 
injection of platelet e.xtracts, by the apphcation of 
solutions wath a low pH (around 5), or by the in- 
jecUon of postenor pituitary extracts 


Iv\ and his assoaates recommend first raising th( 
venous pressure in the arm by constncting it above the 
point where the skm puncture is to be made A con 
^ncUng pressure of about 40 mm Hg is appUed 
Tocantins has devised an mstrument which makra an 
incision of approximately uniform length and depth. 


Hemorrhagic Diseases 

It is well to emphasize here that a low serum cal- 
aum IS never a cause of hemorrhagic disease 
In hypoparathyroidism, m which the serum 
ealcium may be depressed to less than half the 
normal value, the coagulation time is not 
lengthened 

Eypoprothromhincnm 

Depression of the prothrombin level in the blood 
— hypoprothrombincmia — occurs under several con- 
ditions, such as vitamin K deficiency and severe 
liver damage A bleedmg tendency^ is not shown, 
however, accordmg to Quick, until the prothrom- 
bm concentration falls to about 20 per cent of the 
normal Other obsen'ers, however, place the cntical 
level somewhat higher 

Eemorrhogic disease of the newhorn has been 
shown qmte definitely to be the result of a low 
prothrombm concentration At birth and up to 6 
hours thereafter, the prothrombm level is not far 
below normal, but apparently the baby comes into 
the world with a small reserve This tends to be- 
come quickly exhausted, so that the prothrombm 
concentration may reach a low level at the end of 
24 hours This physiological hypoprothrombincmia 
is due, mamly, to lack of vitamin K When the 
infant commences to take food, bactena t e intro- 
duced mto the mtestmal tract which, acting upon 
the contents of the intestine, synthesize the anti- 
hemorrhagic vitamin (ch 55) and the hvpopro 
thrombmcmia is corrected automatically Should 
the hemorrhagic state actually develop it is quickly 
arrested by the admmistration of vitamin K Large 
doses may be given to the mother m the later 
months of pregnancy as a preventive Hypopro- 
thrombmemia and a hemorrhagic tendency also 
occur m certain diseases, e g , acute yellow atrophy, 
associated vvnth severe liver damage, in certain in 
testmal diseases, c g , sprue and ulcerative colitis, 
and m the hemorrhagic disease of farm animals 
caused by eating spoiled sweet clover In the 
animal disease the low prothrombm lev el is due to 
a toxic substance (dtcoiitnarol, p 118) The mode 
of action of this compound is not explained by anv 
damaging eSect which it might have upon the liver 
for m therapeuUc doses it appears to have no such 
action though in large doses it may have In the 
latter mstance its anticoagulant action is then en- 
hanced as a result of the interference with pro- 
thrombm manufacture by the liver It appears to 
SBtagonize the action of vitamm K, being more 
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effective Tvhen the concentration of this \ntamin is 
lou It may, therefore, be classed with the anti- 
\ntatiiins 

The bleeding tendency which for years has been 
recognized to be a feature of obstructu c jaundice, 
or V hen bile is lost to the extenor through a biliary 
fistula, has been shown to be the result of \ itamin K 
lack The deficiencj is not due, hovc\cr, to any 
dearth of the vitamin in the intestinal tract, but 
simplv to tlic absence of bile salts vithout uhich 
the vitamin cannot be absorbed into the blood 
stream (p 541) 

Hjpoprothrombincmia ma\ be caused by bac- 
teriostatic agents, e g , sulfonamides actne against 
the intestinal flori responsible for the synthesis 
of vitamin K 

Hcmophha 

coag ulation t ime but no_t^c^bJccding,time 
as d^fincd_abovcJS greatlj" prolonged jnAhis^con- 
'^lon i^n some cases the blood after removal from 
the body may show no signs of clotting after an 
hour or so On this account a fatal hemorrhage may 
follow a wound that would be trivial in a normal 
person The extraction of a tooth, a slight accident 
-ora minor operation have resulted indcath on many 
occasions The subjects are known popularly as 
"bleeders'’ Hemophilia is transmitted as a -sex- 
Imkcd recessive character The males arc affected 
but do not transmit the disease, the females, 
though the> transmit the disease do not suffer 
themselves (law of Nasse (1820)) A father, then, 
who IS a "bleeder" docs not transmit the disease 
to his children in a manifest form His sons are 
cntirclj free from any tamt but his daughters 
inherit the disease in a masked ^or detent form and 
transmit It Jojhcir, offspnn^ Qf,thff,c thc^m alcs 
show the disease, and the daughters again are not' 
"bleeders” but are “earners” for the next genera- 
tion In other words the manifest^ disease skips, 
generation Some of thesp bleeder iarailics have 
beoTTraced'back for a hundred ycars^ or so and 
cover in some cases 5 generations and hundreds' of 
individuals The incidence of the disease in these 
Instances followed m general the plan outlined 

"^Not every person wath a tendency to bleed can be 
classed as a hcmophdiac True hemophilia answers to 
the following catena 

(a) Males only 

(b) Historj' showing charactensbc tj-pe of mhen- 
tance 

(c) Coagulation time of drawn blood, but not the 
bleeding tune, is greatly delayed 

(d) No reduction m platelets, but these show less- 
ened fragility 


above It is theoretically possible, should a' 
“bleeder” and a “transmitter” marry, for the 
female as vv ell as the male children to be “bleeders” ^ ^ 

Such a comcidence is so v'ery rare, and the cases of 
true hemophilia in the female, therefore, so few, 
that it IS usually stated that hemophilia is confined 
to the male sex 

'^The defect in the clotting mechanism of hemo- 
philiacs IS not definitely known, but a factor seems 
to be a lack of a sufficient amount of activ e plasma 
thromboplastin The plasma thromboplastin may 
be actuall> deficient in amount, fail to undergo 
conversion from an inactive to an active (Quick) 
form, or is inactivated or antagonized m some wav 
by inhibitory substances (Tocantins) Tissue 
thromboplastin or normal platelet-free plasma 
added to hemophiliac blood restores the normal 
clotting time Thus, there is no lack of prothrom- 
bin, nor IS lieparin responsible for the prolongation 
of the clotting time The platelets m hemophilia 
arc not reduced in number, but they are less fragile 
than normal Yet, platelet stability is not the 
cause of the bleeding in hemophilia The platelets, 
contrary' to a previous belief, do not contam 
significant amounts of thromboplastin so that 
they do not, through their failure to disintegrate 
readily, withhold this pnnaple from the plasma 
Morcov cr, complete disintegration of the platelets 
in hemophiliac blood by saponin (Pickenng) does 
not correct the defect in the dotting mechanism, 
and Quick found that platelets fromthe blood of a 
hemophiliac restored to normal the dotting time 
of blood which, due to a defiaency'of platelets, 
dotted slowly Quick draws the conclusion from 
his experiments that the fundamental difference of 
hemophiliac from normal blood is a congenital 
dcficicncv of plasma throinboplashnogcn (p 114) 

It may seem surprising that the bleeding time 
is not prolonged in hemophilia, but it must be 
remembered that the wound which is made in 
determining the bleeding time is very small, 
and ev'en though the dotting mechanism itself is 
defective, is capable of being sealed by the con- 
traction of the walls of the minute vessels, and the 
sticking together of the apposed endothelial sur- 
faces It IS when larger vessels are opened that 
persistent hemorrhage occurs in hemophiha 
Logically, the measure to be used to arrest bleed- 
ing in hemophilia, and the one that has prov^ed most 
effective, is to furnish the missing thromboplastic 
material either by blood transfusion or bj the ap- 
plication of tissue extract to the bleeding point 
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Bamet and Macfarlane have reported a senes of 
cases in which highly successful results were ob- 
tained from the apphcation of snake venom, which 
IS nch in thromboplastm, to the wound Aim 
10,000 soluUon of venom of Russell’s viper was 
used 

ParaJiemopInlta This is the name given by 
Owren to a very rare hemorrhagic state caused by 
the lack of his factor V Gabile factor or Ac-glo- 
bulm, p 114) 

Two other rare hemorrhagic conditions are 
hepannemta and afibnnogemui Hepannemia, as its 
name mdicates, is the presence of heparm m the 
blood This has been encountered after extensive 
X-radiation of either ammak or man or foUowmg 
the administration of mtrogen mustards for leu- 
kemia The blood may be rendered quite mcoagu- 
lable. The bleedmg is unaffected by vitamin K ad- 
ministration, but may be checked by protamme or 
tolmdme blue given mtravenously As already 
mentioned (p 118), the experimental production 
of peptone or anaphylactic shock is associated 
with the discharge of heparin mto the circulation 
Oddly enough, tumours of mast ceUs which contam 
relatively enormous quantities of heparm do not 
affect the coagulabihty of the blood A congenital 
absence or very low concentration of fibrmogen — 
afibrtnogemta — is a very rare anomaly of the blood- 
clottmg mechanism 

Purptira This^_term is^pphed_ to a variety of 
hemonhagic^sta^jn which^^ontaneous bleedmg 
oocure bCTjath ^e skin, ^om_the mucous_mem- 
biMes or mto jomts The subcutaneous hemor- 
rhages appear as smaU or, Jarge purplish spots 
(jittec/iiae and ecchymosa respectively) which 
graduahy pass through the color^changes char- 
aWetiStic of ^a bruise Smce purpura is so vari^ m 
Its Hiaracfers "and occurs m diseased states that 
are so widely different, it should be considered as a 
S3m]ptom of a disorder of the blood-vascular system 
rather than as a disease m itself It occurs m the 
mahgnant forms of many acute diseases — small- 
pox, scarlet fever, diphtheria, streptococcal m- 
fections, etc Subcutaneous and submucous hemor- 
rhages are also features of scurvy, leukemia, certain 
anemias and of the action of vanous toxic agents, 
e g , snake venoms, drugs and chgmicab In some 
types of purpura (e g , infectious and toxic forms) 
ddmoraiwn of the captlkry wall probably plays the 
chief r61e-the red celk escapmg mto the sub- 
(mtaneous tissues or from the mucous membranes 
through capillary defects On the other hand a 


great redudtoti tn plaldcls (thrombocytopenia) 
appears to be an important if not the essential de- 
fect m other types and a condition resemblmg pur- 
pura hemorrhagica (see below) has been induced 
m animals by the injection of an antibody de- 
veloped for the destruction of platelets Neverthe- 
less the experiments of Bedson suggest that reduc- 
tion of platelets or even their entire absence is not 
capable alone of inducing purpura Some injury to 
the capillary wall must exist as well This observer 
ako found that splenectomized guinea pigs were 
highly resistant to the action of the anti-platelet 
serum A theory has been advanced which causally 
relates the capillary defects to tlie thrombo- 
cytopenia It is probable that the platelets serx'e, 
normally, to protect the capillary wall and, by their 
dejxisition upon the endothelium, act as a seal 
agamst the escape of red celk through weakened 
points which arc constantly occurring from general 
wear and tear The reduction in platelets may 
result from several causes There may be increased 
destruction of these elements or the normal mech- 
anism of their production may be interfered with, 
as m aplastic anemia and leukemia 

The coagulation time in purpura is usually 
withm normal limits but^ the bleeding timeis-asn- 
rule*prolOTgfl“^he clol whicK’ forinsln thcliiooH 
'^£erlt has been shed is said to be softer than the 
normal and docs not contract and express the 
serum in the usual way 

The Capillary Resistance Test MTien cu- 
taneous purpuric spots do not occur spontaneously 
they may be mduced m susceptible persons Qatent 
purpura) by means of a tourniquet or blood 
pressure cuff applied to the upper arm so as to ob- 
struct the venous return but not the blood flow m 
the artery The obstruction is maintained for fi_mm- 
utes In scurvy and other conditions associated 
with weakness of the capillary membrane the 
mcreased intracapJlary pressure so induced results 
m the formation of small hemorrhagic points 
(petechiae) beneath the skin of the forearm A 
more precise method consists of the apphcation 
to the skin (usually of the forearm just below the 
antecubital fossa) of a small suction cup and 
determining the mmimum negative pressure w hich, 
when applied for one mmute, is required to produce 
petechiae In health this lies between —200 and 
—300 mm Hg A mmimum effective pressure less 
than —200 mm Hg is abnormal 

Purpura hemorrhapea or Werlhof’s disease (thrombo 
cytopemc purpura) is associated wnth a great reducUon 
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in tbe platelet count They may be almost absent from 
the arculation Splenectomy is followed by an mcrease 
m platelets ond frequently effects a cure Recently snake 
venom has been successfully employed in the treatment 
of this disease. The observations of Troland and Lee 
pomt to the spleen m this disease as the source of a tone 
material having a destrucbve action upon platelets 
An acetone extract of the spleens of patients suffenng 
from thrombocj'topenic purpura when mjected into 
rabbits caused a progressive fall (from 640,000 to 
20,000 in 24 hours) in the platelet count They have 
given the na.me ihromhocytopen to the unidentified acbve 
pnnaple in the extracts Extracts prepared in the same 
way from normal spleens were without effect upon the 
platelet count An abnormal number of megakaiy ocytes 
in the bone marrow especially of younger forms has been 
reported in purpura hemorrhagica and it is suggested 
that the failure of these to produce platelets is the fun- 
damental fault 

In one form of purpura — purpura fulminans — the 
hemorrhages are exceptionally severe and the subcu- 
taneous extravasations often extensive Death may 
occur within a few days from loss of blood In this state 
there is undoubtedly an affection of the capillary endo- 
thelium as well as reduction in the number of thrombo- 
cv tes Purpunc manifestations may occur with more or 
less severe symptoms of gastro-intestinal irritation — 
Henoch's purpura — or m others bleeding into the jomts 
(Schonletn's disease) is a promment feature In either of 
these forms the purpunc spots may occur in association 
with urUcanal wheals or more generalized edematous 
sw elhngs of the subcutaneous tissues Capillary damage 
IS probablj either the essential or a contnbutory factor 
in these states 

Calcium is commonly employed in the treatment of 
the vanous tjpes of purpura and appears to reduce the 
hemorrhagic tendency but the manner m which the 
effect IS brought about is obscure, it is not through in- 
creasing the coagulabihty of the blood 

INTRAVASCULAR CLOTTING — THROMBOSIS 

Coagulation withm the vessels may be brought 
about experimentally (a) IBy tHTTnjecti oh of 
SffdmTiur into the blood stream ^see p 116) Re- ' 
p eafed "iniecti ons^oLsmall amounts of thrombm 
cause the blood, _after -AeJ^t immediate increase 
of ^coa^labihty, to become for a few hours less 
coagukble than normal (negative phase) This is 
due apparently to the compensatory production of 
an antithrombm No permanent reduction m 
coagulabihty can however be produced by repeated 
injections of thrombm over a penod of several 
weeks (b) By the rapid mjection of a tissue extract 
(thromboplastm) particularly of the lung, thymus 
or lymph glands The repeated mjection of small 
amounts of tissue extract may have the reverse 


effect — decreased coagulabihty This was shown 
by MeUanby and later by Mills and his associates 
to be the result of the gradual deposition of fibnn 
upon the vascular walls The blood failed to dot 
sunply because it had been depleted of fibnnogen 
(c) By mjury to the vessel wall either by cheimcal, 
mechanical or infective agencies, a roughened sur- 
face being thereby exposed to the blood stream 
Thromboplastm is also liberated from the mjured 
vascular wall 

The formation of a compact and sohd mass of 
blood m a vessel (vem or artery) which partially 
or completely oedudes its lumen is spoken of as 
throinbosts The plug itself is termed a thrombus 
A thrombus may be formed simply by the dottmg 
of tbe blood m tbe usual way, as occurs m a 
grossly damaged vessel On the other hand the 
cellular elements of tbe blood may form a sohd 
mass wnthm a vessel and block its lumen mde- 
pendently of the dottmg process This occurs 
sometimes m the smaller vessels when the red 
cells become agglutinated into large dumps (ag- 
glutmative thrombus) as after the transfusion of 
mcompatible blood, or when the blood forms a 
sludge (p 10) Once the vessel has become 
plugged m this w’ay a true dot forms eventually 
m the stagnant column of blood behmd the block 
Thrombosis usually occurs m a vem, rarely m an 
artery 

When a thrombus, or a portion of it, becomes 
detached and earned away m the blood stream to 
become impacted m a vessel at some remote 
pomt in the circulation, it is spoken of as an em- 
bolus 'WTien ansmg from a venous thrombus the 
embolus is hkely to lodge in a vessel of the lung 
If formed m the left heart it may plug a cerebral 
artery The mam vessel leadmg to a cucurasenbed 
area may become obstructed and the anastomosmg 
channels be msufffaent to mamtam the nounsh- 
ment of the tissue The isolation of an area m this 
way by the obliteration of its artery is spoken of as 
infarction, and the necrotic area as an infarct 

Causes of thrombosis in man 

Tbe causes of thrombosis in the human subject 
may be grouped under the foUownng heads 

(1) Injury to the Vessel Complete mechanical 
obstruction of the arculation as bj a hgature or pressure 
upon a vessel from without does not alone cause throm- 
bosis The latter is usually assoaated with some injury 
to the inner coat of the vessel, unless this occurs the 
blood may remam fluid for a considerable time A 
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thrombus, often very small m size, may form later 
mercl> as the result of the slowing of the stream, the 
formation of eddies m the bhnd pocket and the depoa- 
tion and K-sis of platelets SepUc infection is one of the 
commonest causes of endothchal damage leadmg to 
thrombosis Some degree of thrombosis is always asso- 
ciated with acute inflammatorj processes of septic on 
gm The thrombosis ma> be stnctlj localized to the 
smaller \ essels at the site of the infection, or may extend 
into larger venous trunks, and is then due to the spread 
of the infection along the vem walls (phlebitis) The 
thrombosis of the femoral vem dunng the puerpenum 
or of a cerebral anus following mastoid disease are 
typical examples of infective thrombosis 

(2) AGGLnTD.ATION OF CoBPOSCLES (uggluUnaUve 
thrombus, p 44) 

(3) Toxic Thrombosis Certain chemical poisons, 
e g , arsenical compounds, mercury, potassium chlorate, 
etc , may cause mtravascular clottmg Poisonous mush- 
rooms, certain snake venoms, as well as toxins formed 
within the body, as in eclampsia, or extenave burns, 
may induce thromboas The manner m which these 
vanous agenaes act, nhether by mjury to the vessel 
wall, disintegration of blood elements, or through their 
effects upon some phase of the clottmg process is 
obscure 

(4) SpoN’rAVEOUs OR Post Operative Thrombosis 
P oLMOWRt EImbousm, Spontaneous thrombosis may 
occur under a variety of conditions, and in practically 
anv \cin in the body Thromboas, particularly of the 
veins of the lower limbs, not infrequently follows op- 
erations upon the abdominal or pelvic organs When it 
occurs under these arcumstances it is always a cause of 
anxiety to the surgeon because of the danger of the dot 
becoming detached and canned to the lung where it may 
block a branch of the pulmonary' artery (pulmonary 
embolus) Infection is frequently blamed for the throm 
bosis, but in most cases no ciidence for this can be 
found Also, the pomt where the thrombus forms — 
usually in the deep veins of the lower limb, such as the 
plantar or calf leins, or the femoral vem — lies at a 
distance from the field of operation and is separated 
from it by a considerable extent of healthy tissue This 
precludes direct spread either of infection or of throm- 
bus formation from the site of the wounded tissues 

The pnncipal factors concerned in spontaneous 
thrombosis, especially following operation, will now be 
discussed 

(a) Endolhehat damage Some injury or a sbght 
alteration in the r oscular Iming whi^ makes it “wet- 
table” probably initiates the process 

(b) Slcnctng of the blood stream as a result of enfeebled 
heart action, prolonged confinement to bed, debihtatmg 
diseases assoaated with a low metabolic rate and 
hypotension, or immobihty of the hmbs, seems to be an 
important factor m causation It encourages the depo 
sition of platelets on the xascular wall, and may be ac- 
companied by “sludging” of the blood (p 10) 


(c) Deposition of platelets AschoS, some years ago, 
made an experimental study of posteroperative throm- 
bosis and gave an mterestmg and logical explanation 
of the processes mvolved He states that when the vem 
IS completely obstructed, as is usual, the thrombus has 
a white portion or head which is directed proximally 
(toward the heart) and a dark red portion or tail If the 
flow of blood IS not completely blocked the thrombus 
consists of the white portion alone A mmute exaimna- 
tion reveals a framework of nbs or beams extendmg 
from the wall of the vem and traversmg the entire 
substance of the white thrombus The nbs are made up 
chiefly of massed platelets coveted with a layer of leu- 
kocytes There is little or no sign of fibrin or of red cells, 
this white plug is not a clot m the ordmary sense The 
longer red portion or tail of the thrombus extends dis- 
tally for a variable distance along the vessel and is made 
up of all the elements of the blood m their normal pro- 
portions. Fibrm threads are plentiful This portion is 
evidently formed by the coagulation of the blood en 
masse The mode of deposition of the platelets is com- 
pared to the manner m which sand, though kept m sus- 
pension m a rapid stream, is depiosited m a nbbed pat- 
tern upon the sea shore or at a nver’s mouth where the 
current is slowed Though the flow of blood m the veins 
is contmuous it is not absolutely even, eddies occur m 
the venous current and even sbght muscular movement 
causes a certam irregular wave like motion of the blood 
column which accounts for the deposition of the plate- 
lets, not m a continuous even layer but in npples Also, 
owing to their lower specific gravity the platelets leave 
the ans or core of the stream and separating from the 
other blood elements come to occupy the more slowly 
movmg zone next the vessel wall Finally, it is the re- 
duction of the velocity m this outer zone of the current 
to a certam critical level that causes the platelets to 
settle upon the vascular walls The nbs or ndges in- 
crease in height by the aggregation of fresh platelet 
masses, and secondary ndges are later formed upon the 
pnmary ones until at last the fabne extends like a coral 
growth into the axis of the stream 

In the view of later mvestigators, some change m the 
endothehal Immg must occur to render it “wettable”, 
(a) above, before platelets will adhere and undergo 
lysis 

In the Buncles dunng auncular fibnllation, m the" 
slowmg of the stream caused by a local dilatation of the 
blood channels, e g , m an aneurysm or vancose vem, 
and wherever eddies are produced, a white thrombus 
either with or without a covenng of clotted blood, is 
likely to form as a result of platelet deposition 

The observations of Sandison are pertment to the 
question of thrombus formation Exammmg the blood 
flow through the capillanes of the rabbit’s ear by the 
transparent chamber method, he observed thrombi m 
the process of fonnabon When the blood flow was, 
retarded platelets were seen to chng to the wall of the 
caniUaiy or venule. By the deposibon of successive 
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layers, a white thrombus was formed which as it grew 
extended a considerable way along the blood chaimels 
A small proportion of leukocytes were mduded m the 
mass, but no erythrocytes 

(d) Blood changes The platelets are mcreased after 
operations, and these elements show a greater tendency 
than IS normal to clump together The greater sticki- 
ness IS due, accordmg to Wnght, to new ly formed cells 
discharged from the bone marrow The fibnnogen also 
IS increased and, as a result of this, the rate of sedimen- 
tation of the corpuscles is hastened (p 66), clot retrac- 
tion is usually more pronounced than normally 

The coagulahon time is shortened for the first few 
days after operation but it is doubtful whether an 
altered relationship between the diSerent factors con- 
cerned m the clottmg mechamsm itself is of prime rm- 
portance in the production of post-operative thrombo- 
sis At first sight the hberation of thromboplastm from 
the damaged tissues would seem to be a probable cause 
of the thrombosis Yetif thiswereresponsibleonewould 
expect that thromboses would occur immediately 
following operation and not as is actually the case a 
■vs eek or ten days later Moreover, thrombi composed of 
masses of platelets have been mduced m animals whose 
blood had been rendered incoagulable, and post-opera- 
tive thrombosis may occur in subjects ■vs hose blood 
shows a clottmg time ■withm the normal range 

Though some alteration m the vascular endothehum 
and slowing of the venous blood flow are probably the 
most important factors m the production of post-opera- 
tive thrombosis, alterations m the blood itself which 
follow tissue mjury, namely, the mcrease m the number 
of platelets and the nse m fibnnogen concentration, no 
doubt encourage the formabon of the white thrombus 
Anhjdremia by mcreasmg the ■viscosity of the blood 
may also favor its occurrence 

Resume 

The most probable sequence of events m the 
formation of a thrombus postoperatively is as 
follow’s First, some abnormahty occurs m the 
endothehal Immg of a vessel and its unwettable 
property is abolished Platelets adhere and agglu- 
tinate at this pomt and a white thrombus forms 
Platelet accumulation and the growth of such a 
white thrombus are favored by a sluggish blood 
flow As the platelets dismtegrate, the senes of 
reactions leadmg to thrombm production and the 
formation of a fibrm net (wath or without en- 
trapped red cells) is imtiated The platelet throm- 
bus with the dot subsequently formed may adhere 


firmly to the vascular hnmg, m which event the 
thrombus remams fixed and, though it may ocdude 
the vessel, there -will be relatively httle danger of 
its bemg swept away m the blood stream to block a 
distant vessd Quick attaches much importance to 
dot retraction as a factor to the further gro^wth of 
the dot and the production of an embolus If dot 
retracbon is pronounced, as m anemia or when the 
platelet count is high, thrombin is expressed from 
the mterstices of the fibnn net and causes extension 
of the dot The latter, attached by its base to the 
endothehum, but ■with its other end floatmg m the 
circulation and pomtmg m the direction of the 
blood flow, IS contmually adding to its length by 
fresh accretions of dotted blood This elongated 
mass has a rather precanous hold and after a tune, 
loosened by the force of the blood stream or per- 
haps by some sudden movement of the patient, is 
detached and earned away Accordmg to this 
conception, dot retraction which draws the throm- 
bus from the vascular wall (except at its base to 
which for a time it is moored) favors its enlarge- 
ment m the blood stream, and is an essential fac- 
tor m its ultunate detachment as an embolus 
The abnormahty in the ■vascular hnmg which 
starts the tram of events leadmg to thrombosis 
can not always, nor perhaps often, be demon- 
strated, even histologically, but from mdirect e^vi- 
dence some such alteration is beheved to be present 
almost mvanably 

The following are the chief measures which have been 
employed m attempts to prevent post-operative throm- 
bosis 

(1) Early movement of the limbs, to favor the 
venous flow 

(2) Avoidance of any restriction to respiration — 
which IS an important factor m aidmg the venous return 
from the hmbs 

(3) Thyroid extract administration, to raise the 
metabohsm and mcrease the arculation rate 

(4) Plenty of fluids, to prevent dehydration, and a 
diet composed largely of carbohydrate smee the platelet 
count and the fibnnogen are raised by a high protem 
diet 

(5) The treatment of any anenua which may exist, 

(6) The use of anticoagulants such as hepann by 
contmuous mtravenous admmistration (p 116) or of 
dicoumarol by mouth, which tend to prevent platelet 
agglutmation 
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When certain chemical substances, such as acetic 
aad, hydrochlonc aad and many others, are dissolved 
m ivater a proportion of their molecules the propor- 
tion vanes vnth the particular substance — undergo dis- 
soaation into their constituent tons The latter move 
through the solution m all directions, some colhde with 
one another and recombine, while a corresponding num- 
ber are produced by the dissociation of other molecules 
By the junction of some ions and the separation of 
others, the balance between undissociated (umomzed) 
and dissociated (lonired) molecules is kept constant 
That IS, equihbnum is established Substances whose 
molecules are dissoaated m this way are known as elec- 
trolytes An ion IS an electncally charged atom or group 
of atoms and IS referred to as a cotton or axt anion respec- 
bvely according to the nature of the charge — positive 
or negative — which it holds Cations are denoted by a 
plus sign or sunply by a dot placed above the atomic 
symbol The negative ion (amon) is mdicated by a 
minus sign or an obhque dash Thus HCl dissociates 
mto the ions H"*" and Cl~, H:0 itself into H''" and OH” 
and H CO» mto H'*’ and HCOj” When an electnc cur- 
rent IS passed through the solution each ion cames a 
charge of electnaty to one or other electrode, the arnons 
(negative ions) rmgratmg to the positive electrode or 
anode and the cations (positive ions) to the cathode 
The conduction of an electnc current through the solu- 
tion mil therefore be mfluenced by the concentrations of 
ions in the solution (i e , upon the degree of dissoaation 
of the particular electrolyte) Solutions of such sub- 
stances as sodium chlonde are good conductors, whde 
solutions of others like cane sugar which undergo httle 
or no dissociation are not much better conductors than 
pure v\ ater 


WTien (1) the degree of dissociation of an acid or 
other electrolyte and (2) the total concentration of the 
aad m the solution are known, then the concentraUons 
of dissoaated and undissoaafed molecules can be calcu 
lated It 13 found that after equihbnum has been 
established the product of the concentrations of ions 
divided by the concentraUon of the undissoaated mole- 
cules gives at a given temperature and for a given elec- 
trolj te, a constant value which is known as the tonita- 
twn or dissociation constant This represents the opera- 
tion of the mass law' as appbed to the dissoaation of 


' The mass law states that the veloaty of a che 
rcacUon is proporbonal to the concentrations o 


electrolytes So if HA represents on aad which is dis- 
soaated mto cations H+ and anions A” then K, repre 
sents the dissoaation constant of the aad The brackets 
enclosmg the letters represent molar concentrations 
Thus 


Dissoaated 


IH^-} X 1A-] 
IHA] 

Undissoaated 


K, (Ionization constant) 


After equihbnum has been reached the veloaty at 
which the molecules HA dissociate into H+ and A” 
is equal to that at which the latter combine to form 
HA In this way an equdibnum between dissoaated 
and undissoaated molecules is maintained, thus, 
HA H+ -1- A" For weak electrolytes the degree of 
dissoaahon maeases with dilution, so that at infinite 
ddution the dissoaation is complete The greater the 
degree of dissoaation the higher will be the numerator 
of the equation, and the bgher consequently mil be 
the value of the dissoaation constant 


HYDROGEN ION AND HYDROXYL ION 
CONCENTRATIONS 

The wntsahott of aetds 

If a measured amount of a normal solution of 
acetic aad be titrated against a normal solution of 
sodium hydroxide a definite amount of the base 
will be requued for neutralization If the same 
quantity of a normal solution of HCl be taken and 
titrated as before, it will be found that precisely 
the same amount of base will be required for com- 
plete neutralization From this it might be assumed 
that the two acids are equally strong But it is 
known that at similar concentrations the acid prop- 
erties of hydrochlonc are mcomparably greater 
than those of acetic acid The former inverts cane 
sugar more powerfully, it tastes more aad, it has 
a greater destructive effect upon anim al tissues, 
and It will displace acetic aad from its salts 
Hydrochlonc acid is dissociated mto hydrogen 
ions and chlonne ions To the H-ion it owes its 
acid properties, i t is the hvdrogen _to>i concentra; — 

reactmg substances This law while it holds for dilute 
solutions of such weak electrolytes as are present in 
blood is maccurate m the case of strong electrolytes m 
concentrated solutions 
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faon andLn o.t the .total .numbeii of hydrogen atoms. 
m its moleail e ^at is rraponsiWe for the^^d char- 
acters_of^any acid The greater the degree of dis- 
sociation of the aad, the greater is the number of 
H-ions which it will yield m solution, i e , the greater 
will be the H-ion concentration, and the greater 
consequently will be its acid nature Thus HCl 
though it contains only one atom of hydrogen in 
its molecule undergoes almost complete dissocia- 
tion and IS m consequence a much stronger acid 
than carbomc (HjCOj), whose molecule contains 
two hydrogen atoms but dissociates to a very small 
extent into H+ and HCOa", carbonic acid dis- 
sociates in two stages Phosphonc is another weak 
acid which contains three atoms of hydrogen It 
dissociates, however, to a greater extent than car- 
bonic acid and in three stages 

HjPO* H+ -h HjPOr 2H+ + HPOr 

3H+ -t- por 

The greater the degree of dissoaation of an acid 
the higher will be the value of its dissociation con- 
stant The latter therefore is a true measure of 
“acid properties” The dissociation constant of a 
very weak acid such as carbomc is only 0 0000003 
(first stage) , the first dissociation constant of phos- 
phoric acid is 0 011 

The iomzaUoti of bases 

The OH ion on the other hand gives to bases in 
aqueous solution their charactenstic properties, 
and when a base and acid neutralize one another 
it is the umon of the hydrogen ion of the acid with 
the hydroxyl ion of the base with the formation of 
a molecule of water that bnngs about neutraliza- 
tions, thus 

H+ + Cl- -1- Na+ + OH- i=F Na+ + Ch -h HjO 

The ionization of a base may therefore be repre- 
sented by an equation analogous to that given for 
an aad Thus 

Dissoaated 

[B+] X [OH-] ^ 

[BOH] ^ 

Undissociated 

If the hydrogen ions are in excess the solution is 
acid, if the hydroxyl ions are m greater concentra- 
tion the solution is alkahne 


The tontzaiton of water — The readuni of a solution 
expressed tn terms of hydrogen ion 
concentration 

The dissociation of water may be represented by 
the equation 

[H+] X [OH-] _ 

[HjO] 

Pure water has a definite though very shght con- 
ductivity value The concentration of the mole- 
cules that are dissociated mto H+ and OH- as 
compared with those undissociated is almost in- 
fimtesimal, the concentration of the H+ and OH” 
is so small that their presence produces no measur- 
able decrease in the concentration of the total 
water molecules The equation then may be wntten 
simply — 

[H+] X [OH-] =. Kw 

Kw, the dissoaation constant for water there- 
fore represents the product of these ionic 
concentrations and amounts to no more than 
0 00000000000001 

Expressed more bnefly, though perhaps more 
cryptically, the value is 1 X 10-*^ The symbol —14 
to the nght of the figure 10 is termed the negative 
exponent or mdex, and means that m order to ex- 
press the value m the form of a decimal fraction, 
as in the precedmg paragraph, the figure 1 must be 
placed 14 places to the right of the decimal point 
Expressed as a vulgar fraction 10-^< would be 

Other examples of this sytem of notation are 

10-^ means 0 1 or 

10"* means 0 01 or 

10“’ means 0 001 or -nfjnr so on 

We already know that the H+ and OH- must be 
present in equal concentration and that the dis- 
soaation constant 1 X 10-'< is the product of these 
concentrations, i e, the square of either Therefore 
the square root of 1 X 10-i< i e 1 X 10“^ indicates 
the concentration either of the H+ or of the OH- 

The actual weight of ionized water in 1000 cc (1 
hter) of water is therefore 

1 X 10-^ grams H ions (atomic weight of 
hydrogen = 1) 

17 X 10-’ grams OH ions (atomic weight of 
oxygen = 16) 

Total 18 X 10“^ grams ionized HjO 
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A solution contammg 1 gram of h^ drogen ion per 
bter IS Inown as one basing a normal concentration 
of hs drogen ions Sexenteen grams of OH ions m 
the same quantitj of fluid is known as a normal 
solution of h\dros>l ions Water is therefore IQ-'' 
normal in both H+ and OH' ions Since both are 
m equal numbers per umt of flmd, water is neutral 
m reaction 

If hsdrochlonc aad be added to water it is dis- 
soaated to the extent of o\ er 90 per cent mto H+ 
and Q- The concentration of H+ in the water will 
therefore be greatls mcreased bs the addition of 
aad But It has alreads been seen that the product 
of the concentration of H'*' and OH" in water is 
constant (Kw) This statement apphes not onlx to 
pure water but to all aqueous solutions This is a 
fw dan a lal fact and upon it the determinations 
of the hx drogen ion concentration and the nota- 
tions used for its expression are based When there- 
fore the H* are mcreased the OH" must undergo a 
reaprocal reduction. If, for instance, the H'^ con- 
centration IS mcreased aboxe its x-alue m pure 
xvater, that is from 1 X 10"' to sax 1 X 10"* 
(0 OOOOCOl X toO 00000001 X), then the concentra- 
tion of OH" must undergo a reduction to 1 X 10"> 
m order that the product of these two shall remain 
tbesamed X 10"* X 1 X 10"* = 1 X 10"“) On 
the other hand if a base be added to water and the 
OH" concentration increased from its xalue m pure 
nater, i e., from I X 10"^ to, let us sax , 1 X 10"*, 
the H" concentrapon must undergo a correspond- 
ing diminupon from 1 X 10"^ to 1 X 10"* 
(0 0000001 X to 0 00000001 X) Therefore aU that 
IS required m order to mdicate the concentrations 
of both H'*" and OH" ions is an expression which 
denotes the concentraPon of either one The oon- 
centrauon of the H+ has therefore been chosen to 
express the reacpon of a soluPon The term ‘Tij dro- 
gen ion concentraPon” is abbrexnated to the 
sxTubol cH. If the hx drogen ion concentration 
(cH) IS greater than that of pure water the reacPon 
IS and, if less than this xalue, the reacPon is alla- 
tme, and if preaselx the same, the reacpon is 
neutral Thus 

If cH equals that of pure xrater ue. 1 X 10"' the 
reaction is neuPah 

If cH exceeds that of pure vater e.g from 1 X 
10" to 1 X 10~i the reacpon is aad. 

If cH IS less than that of pure xxater e g from 
1X10" to 1 X 10"» the reaction is alkalme 

The xalues represent the H+ concentraPons m 
turns of a normal soluPon (i e , one contaimng 1 
gram of ionized hj drogen per bter) Xo matter 


how concentrated m a soluPon the H+ max" be, 
some OH+ are alxxaxa present, and xnce versa, xxnth 
maximum alkahmtx there are alwaja present a 
small number of H"*" 

The symbol pH 

The xalue of the hx drogen ion concentraPon as 
mdicated aboxe xxas found mconxement WTien 
the cH xxas 1 X 10"*, 1 X 10"* etc , the first factor 
could, for the sale of simphcitj , be omitted The 
expression then became cH 10"*, etc But when 
the fiist factor was other than umtj , e g , as in 

5 X 10"* or 1 3 X 10"' or 4 X 10"*, this ohxnouslx 
could not be done The xxTiPng of such e,xpressions 
became cumbersome and the hx drogen ion con- 
centraPons which the> represented were diflScult 
to keep m mind 

Sorensen m 1909 introduced a sx-stem of notaPon 
bx which the negatixe e.xjK>nent of the common 
loganthm (i e , to the base 10) of the deamal frac- 
tion expressing the H-ion concentration is cm- 
plox ed as a posiPx e number For example the H- 
lon concentraPon of serum is 0 OOOOOOdl normal 
The cH might be expressed either as 4 X 10"’ N, 
or as 1 X 10"' '* X The latter e.xpression is sim- 
plified bx omitting the 10 and replacing the minus 
sign of the negatix e e.tponent bx the sx mbol pH 
(hx drogen ion exponent) The x-alue 7 40 is dcnx ed 
as folloxvs The log of the figure in the cH e.xpres- 
sion abox e, i e , 4, is 0 6021 (cf log tables) This 
log subtracted from the negaPx e e.xponent, i e , 
8, gix es the required figure 7 40 Similarlx a solu- 
Pon 0 000005 normal m H-ions max be expressed 
either as cH 5 X 10"* or as cH 1 X lO"*-* The log 
of 5 IS 0 6990, the pH is, therefore, 6 — 0 6990 = 
53 

It must be remembered that a nse or fall in the 
pH mdicates a change m hj drogen ion concentra- 
Pon (cH or [H+]) m the opjxisite direcPon Thus a 
pH of 5 00 mdicates a higher aaditj than a pH of 

6 00, and a pH of 9 00, a lower hx drogen ion con- 
centration than a pH of 8 pH 7 00 of course indi- 
cates neutrahp IttenPon should be drawn to 
another pomt that is not quite so obxaous, namelx 
that a soluPon of a pH 5 00 is more aad not simplj 
bx a sixth than a soluPon of pH 6 00, but is in fact 
ten times more aad A pH of 3 00 represents an 
aadip 1000 times greater than a pH of 6 00 
Sumlarlx a soluPon of pH 11 00 is 1000 tunes more 
alkalme than one of pH S 00 Recalhng the decimal 
fracPon xvhich these figures represent xx-fll make 
this dear Thus pH 5 00 = 0 00001 normal and 
pH 6 00 ■= 0 000001 normal 
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TABLE 15 


HCl ADDED 

HjCO. 

NaHCOi 

1 

1 fe] 

[oh] 

BELATIVE ACIDITY 

RELATIVE 

ALKAimiTY 

f:ram5 

1 




■IHI 

0 

2 27 11 9 

0 000000057 N 

0 000000176 N 

0 57 


10 

2 27 11 5 

0 000000059 

0 000000170 

0 59 


50 

2 27 10 0 

0 000000068 

0 000000142 

0 68 


100 

2 27 8 2 

0 000000083 

0 000000120 

0 83 


150 

2 27 6 3 

0 000000108 

0 000000093 

1 08 



2 27 4 4 

0 000000154 

0 000000065 

1 54 


250 

2 27 2 6 

0 00000026 

0 000000039 

2 6 


300 

2 27 0 68 

0 0000010 

0 000000010 

10 


310 

2 27 0 31 

0 0000022 

0 0000000045 

22 

BBB 

318 

CO 

0 00026 

0 00000000039 

1 260 


320 

— ! 

0 00045 

0 00000000022 

1 450 



— 

0 0027 

0 000000000037 

2700 

0 00037 


BOTFERS 

These are substaaces which when present m a 
solution maintain the latter at a relatively constant 
pH when an acid or alkah is added to it That is, 
a buffer has the power to “soak up” or “tampon” 
the acid or base, it takes up the shock so to speak 
of the strong acid or base, hence the term buffer 
A buffer or buffer system consists of two parts — a 
\s eak acid and one of the salts of that acid Acetic 
acid and sodium acetate, carbonic acid and sodium 
bicarbonate, phosphoric acid and sodium phos- 
phate, are a few examples of such buffer pairs 
Solutions of buffers are used m physiological ex- 
periments when for any reason it is desired to main- 
tain the fluid medium at a constant hydrogen ion 
concentration, as for example in the study of the 
action of ferments 

The hydrogen ion concentration of a Infer solu- 
tion IS proportional ta the ratio of the concentration 
of the free acid to the concentration of acid bound to 
base The ratio of the buffer pan may be expressed 
as follows 


Concentration of free acid 
[HA] 

[BA] 

Concentration of bound aad 


The hydrogen ion concentration of the solution is 
equal to the product of the dissociation constant 
of the acid (K) and the ratio of the buffer pair 
Thus 


Hydrogen ion concentration [H] = K 


[HA] 

[BA] 


In order to express the H ion concentration in 
terms of pH, the value for K is converted bj^ means 
of loganthms to the corresponding pK figure The 
equation then becomes o 


pH = pKi -f log 


[BA] 

[HA] 


This IS knouTi as the Henderson-Hasselbalch equa- 
tion (see also ch 32) 

The effect of a buffer in preventing changes m 
reaction of a solution when acid is added may be 
illustrated bv an example given by L J Henderson 
(table IS) 

One hundred liters of a 1 per cent solution of 
sodium bicarbonate is made up and kept in con- 
tact with an unhmited atmosphere containing 0 1 
per cent of carbon dioxide Time is allowed for the 
solution to absorb CO; and for equilibrium to be 
estabhshed between the pressure of gas in the at- 
mosphere and that in the fluid The temperature 
IS kept constant at 17°C The solution to start with 
is slightly alkahne Hydrochloric acid is added in 
successive amounts up to 330 grams It may be 
seen from the accompanying table that the reac- 
tion of the solution is little altered after as much as 
150 grams of HCl have been added Even after the 
addition of 250 grams the H-ion concentration is 
no more than 2 6 times that of a neutral solution 
It is not until the bicarbonate has been completely 
used up that the acid exerts any great effect The 

ratio remains almost unchanged until 

some 50 grams of HCl have been added 

The reaction may be expressed as follows 

HCl -F NaHCO, = NaCl -F H^CO, 
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In tins reactica three things have occnrred 

(1) The veiy strong aad, hi drochlonc, has dis- 
appeared, the I'en veak aad, carbonic, haimg 
taken its place. 

(2) The iveak carbonic aad is loIatSe and is 
qmckli got nd o^ bi dinusion into the atmosphere. 
This contmues untfl equilibnimi between the pres- 
snre oi gas m the atmosphere and that m the solu- 
tion has been re-established. 

(3) The bicarbonate has sened as a reserve of 
base which soaked up o- buffered the added 
aad The bicarbonate has of course been reduced 
and finalli completeli used up in the process 

THE DOWAIn THEOPT OE SrESTBEAirE EQCIUBRIUII 

The Dorman effect is a state of lomc equflibnnm 
set up between two s de of a membrane b\ the 
presence m a solution of electroh'tes oi an ion (such 
as protem) to which the membrane is impermeab’e. 
It IS erplamed best bv an illustrative example. Let 
rw) dectroh-tes, Na'Tn~ and Na^P“, be separated 
bv a membrane which is permeable to the ions Na* 
and Q~ but unpermeable to P- Thus, 

Na- Na-^ 
p- o- 

When eouHibnum has become established the 
product of the coacentratioas of the dtfusible ions 
(Na~ and Q”) on one s de of the membrane 
equals the product of the concentration of these 
ions on the other ade. 

I 

[Xa-] X la-] = [Xa-] X [Q-] 

II^]I 

M=o on either ade of the membrane the total con- 
centration OI anions (whether diffusible or non- 
diffuiible) 1:, equal to the concentration of cations, 
each Eolutioa being electncaHj neutral 

[Xa-] = [a-] 

Smce tne anion p- is noa-diffusible it follows that 
the dumsible ions Xa~ and Q- mnst be unequalli 
distributed on the two s des of the membrane. In 
other wo*ds, the non-diffusihle ion hmders throng 
electrostatic attraction the tree diffusion of the 
oppositely charged Xa- ions The concentiatioa of 
the Q- ion is therefore Iss and that oi the Xa- 
ion greater on the side occup ed b> the non-drffus- 
ible ion, thus 


[cr] < [C1-] 

[Xa^] > [Xa+] 

M I 

The labo of the Na- concentrations on the tao 
sides of the membrane (which ma} comementlv 
be sUled rgH and It^l) is the same as, but reap- 
rocal to, the ratio of the Q- concentrations Thus 

[Na~ left] _ [Q~ nght] 

[Na"^ nght] [Q" left] 

A difference m electnc potential — Trcrrbrcrt po- 
tcri al — IS created between the solutions on the 
two sides of the membrane which is proportional 
to the logarithm of this ratio When the ratio is 
I 10 the potential difference at I9°C amounts to 
58 miTln olts The ionic distribution maj be repre- 
sented thus 



iVurvJo-r corcerJraiiorj in crhlrory ur !s 

The Dorman equilibnum is responsible for man> 
physico-chemical effects of the utmost phj-siologi- 
cal importance, eg a difference of pH on two 
sides of a cell membrane across which H ions can 
diffuse, differences of dectncal potential between 
two sides of a membrane and differences m csmotic 
pressure between the mtenor of a cell and the ex- 
tracellular flmds (see also th. 32) 

Tee Regcxazion of the Acid-base Eqciltbruwi: 

OF THE Biood 

-Aads such as phosphonc, sulphunc and hr dro- 
chlonc, carbomc and lactic as well as certam or- 
gamc aads are contmnally bemg formed m the 
processes of metabolism. In disease, e g , diabetes. 
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aads sudi as /3-hydrox>'butync and aceto-acetic 
acids arc produced in excess Yet in health the 
reaction of the blood remains remarkably constant 
at about pH 7 4, and even in disease may show 
little or no x'anation from the normal, for the ad- 
justing mcdianisms called into play to neutralize 
and remove excess acid perform tlieir duties wath 
extraordinary efiicicncj 

The reaction of tlie blood is protected by three 
lines of defense 

(1) Tlie buffer systems of the blood 

(2) Excretion of carbon dioxide by Uie lung 

(3) Excretion of fixed acid by the kidney 

The intestinal mucosa also assists to some extent 
in the removal of aad, particularly of a part of the 
phosphoric The role played by the kidneys in the 
regulation of the acid-basc balance is considered 
m chapter 35 

The Buffer Sxstfms of the Blood may now 
be enumerated 

I Iv the plasma {primary btijj'crs) 

(1) Carbonic acid (free acid) and acid bound 
as sodium bicarbonate Ratio 1 to 20 

lE.COj _ 1 
NaHCOa 20 

(2) The aad and alkaline phosphates of 
sodium Ratio 1 to 5 

Acid sodium phosphate NaHoPO^ _ ^ 
Alkaline sodium phosphate NajHPO^ 5 

NaH*PO« may be regarded as a weak aad 
and Na-HPOl as the salt of the buffer 
pair 

(3) Plasma proteins which at the reaction of 
the blood behave as acids and so combine 
■witli base 

H protein 
Na proteinate 

H In the corpuscles {secondary bujfers) It is 
to be remembered that whole blood consists of 
two liquid phases separated from one another by 
die membrane of the corpuscles Different 
materials m different concentrations exist within 
the red cell and in the plasma The corpuscles as 
well as the plasma contain important buffers and 
an interdiange of water, anions and H+ occurs be- 
tween the two across the membrane The corpus- 
cular membrane, on the other hand, is impermeable 
to K+ and almost impermeable to Na+ as well as 
to the colloidal anions, hemoglobin and plasma 


protein The buffers of the red cells are 

(1) Oxyhemoglobin and reduced hemoglobin act 
each as a weak acid of a buffer pair of which the 
potassium salt of the pigment acts as the other 
half Thus 

H oxyhemoglobmate HHbOi 
Potassium oxyhemoglobmate KHbOj 

and 

H hcmoglobmate HHB 
Potassium hcmoglobmate KHb 

(2) The potassium salts of phosphoric acid 

Acid potassium phosphate (KHiPOO 
Alkaline potassium phosphate (K 2 HPO 4 ) 

The reactions by which acids arc buffered in the 
blood may now be considered m more detail They 
may be grouped under the following heads 

(1) Fixed acids formed dunng metabolism, e g , 
lactic, sulphuric, phosphoric, etc , are buffered by 
the bicarbonate in a way analogous to that already 
described on page 129 Taking lactic acid (HL) as 
a t>pe the reaction may be expressed by the follow - 
ing equation 

HL + NaHCOs = NaL + HjCOj 
Lactic Sodium Sodium Carbonic 

aad bicarbonate lactate acid 

The comparatively strong fixed acid is thus re- 
placed by a neutral salt Phosphates, sulphates, 
lactates, etc , ate excreted in the unne, lactic acid 
is also removed to a large extent through its con- 
version to glycogen in the liver and muscles Car- 
bomc aad is removed through the diffusion of CO5 
into the alveolar air The great value of bicar- 
bonate in maintaining neutrality of the body fluids 
IS not due so much to its true buffering action, 1 e , 
to the replacement of a strong by a w'eak acid, but 
to the fact that the latter is volatile and can be 
eliminated by the lungs 

Some of the fixed acid also reacts with the al- 
kaline phosphate witli the production of a salt of 
the acid and a greater proportion of acid phosphate 

HL Na2HP04 = NaL + NaH 2 P 04 

Lactic Alkalme Sodium Acid 

acid phosphate lactate phosphate 

The ratio NaH.POi/NajHPOx is readjusted by 
the excretion of the excess acid phosphate in the 
unne The phosphate mechanism for removal of 
acid from the body is much less efiBcient, however, 
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than m the bicarbonate system, for the reasons 
that (a) the excretion by the kidney is relatively 
slow, and (b) base is lost from the body m combi- 
nation with the acid Plasma protem also yields 
base to neutralize fixed aads 

HL Na protem =» NaL -h H protein 

(2) Carbonic acid which as a product of tissue 
activity IS produced m much greater quantities 
(800 to 900 grams daily) than any other aad, is 
buffered mamly by base released from hemoglobin 
AVhen carbon dioxide enters the blood the sodium 
bicarbonate oi the plasma increases The increase 
occurs to a much less extent if plasma separated 
from the red cells is exposed m the same way to a 
high tension of COs The nse in the sodium bicar- 
bonate of whole blood is the result of mterchanges 
between corpuscles and plasma 
It was thought at one time (Zunz) that the nse 
m plasma bicarbonate was due to the passage of 
base from the corpuscles mto the plasma It 
was shown by Giirber and by Hamberger, how- 
ever, that the nse of bicarbonate was accom- 
panied by a reduction in chloride It was concluded 
that chloride derived from the NaCl of the plasma 
diffused mto the red cell and the base (Na) thereby 
released combmed with carbonic acid to form 
bicarbonate This mechanism is referred to as the 
“chloride shtjl” The mterchanges between the 
corpuscles and plasma are believed to occur as 
follows As the blood passes from the arterial to 
the venous side COj is absorbed and diffuses mto 
the red cell Herem, through the action of an en- 
zyme — carbonic anhydrase — (ch 32), it is con- 
verted to carbomc aad (HjCOj) The oxyhemo- 
globm becomes at the same time reduced Reduced 
hemoglobm is a much weaker aad than oxyhemo- 
globin and so gives up its alkah to the carbomc 
aad Bicarbonate (KHCOj) and HHb are formed 
The base which previously had been bound to the 
non-diffusable hemoglobm is now bound as bi- 
carbonate The concentration of bicarbonate ions 
(HCOr) m the cells is thereby raised above that 
m the plasma and, as a result, this anion diffuses 
across the corpuscular membrane Smee the cations 
cannot diffuse, the ionic equilfbnum between the 
plasma and the mtenor of the cell will tend to 
become disturbed The equdibnum (p 130) is 
sustamed by the diffusion of Cl ions from the 
plasma mto the corpuscle where they combme 
with base The HCOi ions which leave the cells 
combme with the sodium released from chlonde 
to form plasma bicarbonate (see fig 32 8) 


The exchanges just described increase the con- 
centration of osmotically active substances within 
the cells, water therefore passes from plasma to 
corpuscle, which as a result increases in volume 
Though described in steps, the reactions actually 
occur simultaneously In the lungs reverse ionic 
interchanges occur between the cells and plasma 
HiCO, within the corpuscles is acted upon rever- 
sibly by carbonic anhydrase, COj enters the plasma 
and diffuses into the alveolar air, oxvgen is ab- 
sorbed and diffuses mto the cell The oxyhemoglo- 
bin so formed, being a stronger aad, recaptures the 
base which it had lost Q ions leave the cells and 
recombine with plasma base, while HCOj ions en- 
ter the cells and recombine with base released from 
chlonde Thus the plasma bicarbonate is reduced 
and the plasma chlonde increased Water leaves 
the cells for the plasma 

Carbonic aad is also buffered to a minor extent 
in the plasma through the protein and phosphate 
buffer sj stems The plasma protein >iclds base 
and more free (acid) protein is produced The 
alkaline phosphate is converted to the acid phos- 
phate with a consequent fall in the NajHPOi/ 
NaHjPOi ratio 

It IS evident from the foregoing descnption of 
the interchanges between the corpuscles and the 
plasma that whole blood as compared with plasma 
possesses a much greater power to buffer COj For 
this reason plasma separated from the red cells 
without precautions to prevent the escape of COi 
is called “separated plasma” to distinguish it from 
plasma of whole blood, i c , plasma m contact with 
the red cells Only when precautions have been 
taken to prevent the escape ot COj dunng the 
separation of plasma from the cells will the sepa- 
rated plasma have the same reaction and amount of 
bicarbonate as existed when it was in the body 
Onl} then will the equilibrium between cells and 
plasma be maintained unchanged Such plasma is 
therefore referred to as "true plasma” (sec also p 
397) 

Alicau Reserve — Acidosis A^■D Alkalosis 

THE ALKALI EESERV’E 

This term was brought into use bv Van Slyke 
and Cullen to denote the amount of base in the 
blood which is available for the neutralization of 
fixed acids, e g , lactic, hydrochlonc, etc I\Tien 
COi enters the blood, base is liberated m the man- 
ner already desenbed and bicarbonate, NnllCO,, is 
formed in the plasma The plasma bicarbonate then 
IS a measure of the base left over after all acids 


t 
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stronger than HjCOj have been neutrahzed and 
indicates the reserve of alkah readily available for 
the neutralization of such aads The quantity of 
plasma bicarbonate therefore gives indirectly a 
measure of the extent of the production of fixed 
acids in the body For if aad production be m- 
creased the bicarbonate becomes reduced, its base 
being given up for the neutralization of the stronger 
aads The term alkali reserve, it should be em- 
phasized, refers only to base bound as bicarbonate 
and not to the total base of the blood A large quan- 
tity of base, Na, K, Mg and Ca is already bound 
as salts of fixed aads, chiefly sodium chloride, 
which the weak acid HiCOi is unable to displace 
(fig 13 1) Though changes m the alkah reserve may 
result from alterations m the body’s store of total 
base, they also occur quite independently of any 
such change, i e , simply from vanations m the dis- 
tnbution of base between carbomc acid and fixed 
acids 

It is also important to remember that the term 
alkah reserve refers to the absolute quantity of 
bound COs m the plasma and has no reference to 
the ratio between this value and the quantity of 
the free COj Upon this ratio — ^HjCOj/NaHCO, 
— the pH of the plasma depends The plasma bi- 
carbonate may therefore be greatly depleted, yet 
if the free carbomc aad be reduced to a correspond- 
mg extent and the normal ratio of 1 20 thereby 
main tain ed, the hydrogen ion concentration will 
show no appreaable change Large quantities of 
aad may be formed m the body yet such is the 
store of bicarbonate that these, as m the case of 
the example given on page 129, are taken care of 
and not until extreme depletion of the bicarbonate 
buffer occurs does any great change m blood reac- 
tion result 

Rapid adjustments of the ratio HiCOj/NaHCOj 
are brought about through the exquisite sensitiviy 
of the respuratory mechanism to changes m pH, and 
to the chlonde shift between plasma and red cells 
The slightest reduction m plasma bicarbonate 
through its decomposition by aad is met by m- 
areased pulmonary ventilation and an equivalent 
reduction m the numerator of the above expression, 
1 e , by the ehmmation of COj by the lungs Low 
arterial and alveolar COs tensions are therefore 
assoaated with a low alkali reserve 

On the other hand, when excess CO* is contained 
m the blood a compensatory inaease m bicarbon- 
ate results (chlonde shift) So high artenal and 
alveolar CO* tensions are associated with a high 
alkah reserve 


CC 01 N 

per 100 CC of plasma 



Fig 13 1 Diagram lUustratmg normal aad-base bal- 
ance (modified from Gamble, Ross and Tisdall) 

When excessive amounts of COt are removed 
from the body (e g , by forced breathmg) a move- 
ment of chlonde and bicarbonate ions occurs m the 
reverse direction, the plasma bicarbonate is re- 
duced 

Measurement of the alkah reserve 

The alkah reserve is measured by exposmg a sample 
of plasma to an atmosphere of carbon dioxide under 
conditions similar to those existing m the body, and 
determmmg the volumes of gas which are combmed 
as bicarbonate This is spoken of as the carbon dtoxtde 
combining power, or the carbon dioxide capacity of the 
plasma The detenmnation is made as follows Blood 
(15 cc ) is drawn from a vem mto a syrmge containing 
oxalate Venous stasis, which would cause the accumu- 
lation of carbon dioxide and so mcrease the plasma bi- 
carbonate through the chlonde shift mechamsm (p 132) 
IS avoided The blood is then centnfuged under a layer 
of parafiBn oil which prevents the escape of carbon di- 
oxide, and so a reduction m plasma bicarbonate After 
centnfugmg the plasma is pipetted off, placed m a satu- 
rating vessel and equilibrated with air contaimng 5 5 
per cent carbon dioxide, i e , the percentage of carbon 
dioxide m normal alveolar air The observer’s own 
alveolar air is usually employed He expires as deeply 
as possible after an ordinary inspiration mto the satura- 
tor, through a bottle filled with glass beads, these con- 
dense the moisture from the breath, which would other- 
wise dilute the plasma sample The saturator is turned 
end over end for a couple of mmutes, the plasma is thus 
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spread over the interior of the vessel m a thin film 
After equilibration a measured amount of the plasma 
(3 cc.) IS mtroduced mto a Van Slyke gas apparatus 
(fig 13^) The COi IS then hherated by the action of an 
aad m the presence of a mcuum, and measured The 
result gives the total carbon dio-ade content of the 
plasma In order to obtam the quantity combined as 
bicarbonate, the lalue for the dissohed carbon dionde, 
obtamed by calculation from the absorption coeffiaent 
of carbon dionde, and the tension of the gas (40 mm 
Hg) at ivhich the sample u as eqmhbrated (ch 32), is 
subtracted (p 137) Ihe normal ralues for the carbon 
dioxide combinmg power of plasma as so determined 
range from 53 to 75 volumes per cent A reduction below 
50 volumes or so would therefore constitute “acidosis”, 
above 75 volumes, "alkalosis” (see below) 

THE NORMAL ACID-BASE BALANCE ANT) 

ITS VARIATIONS 

The pH of the artenal blood m health % ancs be- 
tween 7 39 and 7 44 The normal \ alue for the 
plasma bicarbonate of venous blood ranges betu ecn 
53 and 75 volumes COj per cent The free CO , 
bemg one-twentieth of this, amounts therefore to 
from about 2 5 to 3 5 volumes per cent 

In disease the pH of the blood, unless in the 


terminal stage, c g , diabetic coma, never becomes 
actually aad, i e , reaches a pH below 7 0, and as 
just stated, a reduction m the alkali reserve may 
occur with little or no change in blood reaction 
The hmits of pH compatible with life arc probably 
not higher or loner respectively than 7 8 and 0 8 
A pH of the latter value has been observed m a 
case of diabetic coma which ultimately recovered 
under insulin treatment The pH of venous blood 
during rest is lower by 0 02 than that of artcrnl 
blood The red cells arc more acid thin the phsma 
by 0 08 to 0 14 pH 

ACIDOSIS ANT) ALKALOSIS — DEFINITIONS 

Few terms in phy siology have caused more con- 
fusion than these "Acidosis” has been used with 
at least two different meanings Tlic term was 
onginally introduced by' Nauny'n to denote the 
production in the body of the abnormal acid 
metabolites, /3 hvdroxybutync and aceto acetic 
acids 

The term was used later by Van Slvkc and 
Cullen to mean simply a decrease in the all all 
reserve (plasma bicarbonate) below the normal 
level This is tlic sense m which the term has been 
usuallv employed Since the bicarbonate repre- 
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sents the base in the blood which is left over after 
the non-volatile acids have been neutralized, a 
reduction in alLah reserve indicates frequently — 
though not necessarily — that an excess of fixed 
aads are being produced or retained in the body 
We have seen how very efficient the compensatory 
mechanisms are m Leepmg the pH constant, and 
that an acidosis either m the sense of a reduction 
m alkali reserve or of an mcreased acid production 
may or may not be assoaated with a depression of 
the pH (reduced alkalmity) We also know that 
the term acidosis cannot mean any real acidity of 
the blood — a pH below 7 00 — for this is mcom- 
patible vnth life, and only occurs nhen the alkali 
reserve is veiy' greatly reduced and the bicarbonate 
buffer ratio cannot be mamtamed anj'vhere near 
the normal value Alkalosis cames the corre- 
spondmg meamng of an mcreased alkah reserve 
This may or may not be associated with a rise m 
blood pH (i e , increased alkalinity) 

Van Slyke in a later paper recognizes nine pos- 
sible acid-base states, one normal, and eight ab- 
normal (fig 13 3) He avoids the terms aadosis 
and alkalosis, usmg the more precise designations, 
alkali deficit or CO. excess, and alkah excess or 
CO- defiat, respectively In any one of these, the 
ratio HjCOi/NaHCO, may be either mcreased or 
dimmished, with a consequent elevation or depres- 


sion of pH, the aad-base condition is then said to 
be uncompemated On the other hand, when ad- 
justments occur to mamtam the ratio at the normal 
value the condition is said to be compensalei 

The nme acid-base states are descnbed as 
follows 

(a) Uncompetisakd alkah excess In this condition the 
P^aHCOj] IS mcreased without a proportionate rise m 
[HjCOi] The pH is raised ([ e , the alkalmity of the 
blood IS mcreased) This may result from the mgestion 
of large quantities of alkah (sodium bicarbonate) or 
from the loss of HCl by vomitmg as m pylonc obstruc- 
tion (area 1, m figure 13^) 

(b) Uncompensated COt d^cit In this the [HiCOj] is 
reduced below normal, the [NaHCOj] is also lowered, 
but not suffiaently to mamtam HjCOi/NaHCOj ratio 
at its normal value The pH therefore is raised A dis- 
turbance of this nature may result from forced breath- 
mg, or the hyperventilation mduced by hot baths, high 
altitudes or shallow breathing (p 426) It is sometimes 
also referred to as “gaseous alkalosis” Partial compen- 
sation occurs as evidenced by the reduced excretion of 
aad and ammoma m the urme and the mcrease m the 
unnary bicarbonate (areas 2 and 3) 

(c) Compensated alkah excess The [NaHCOj] is raised 
but a parallel nse occurs m [HjCOi] The pH is there- 
fore normal A disturbance of this nature will result 
from conditions which cause (1) but of less severe degree 
(area 4) 



Fig 13 a Normal and abnormal vanaUon of the [BHCOj], [HjCOj], CO 2 tensions and pH m oxygenated human 
whole blood drawn from resting subjects at sea-level 

The curved fines are the COj dissoaaUon curves m 397) of reduced (upper curve) and oxygenated blood 
(loi\ er curve) The straight slanUng fines indicate diHerent NaHCOj/HjCOi ratios, the pH at each ratio having 
been calculated from the Henderson-Hasselbalch equaUon (p 129) The CO 2 present as bicarbonate at any point 
is obtained by subtracting from the total COj the relaUvely small amount present as HiCOj, mdicated by the fine 
near the bottom of the chart. The raPo, and so the pH, is the same at all pomts along a given fine Thus, the 
mterseePon of the COj dissociation curves by these so-called isohydnomc fines marks off nme areas correspondmg 
to the aad-base states descnbed above (after Van Slyke ) 
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(d) Ccj-pcnscled CO~ excess [H CO-J nicr^sed bnt 
ECCOinparLcd b a propo'tioiial n£S in [NaHCOx], 
pH IS no-mal Tbis state ocems m conoitioas m trh.cb 
tbe^ IS retention CO_ , e.g^ crnDbisema (area *x) 

(c)ycrr-clucJ-i^etjl!:nce [H.COj], [NaHCajand 
pH zte noTnal (area 5) 

(il Ccr-fcnssled dKh defat pCaHCO ] is reduced 
and [H.CO'] tnminisbed p'opo"nonateIj , pH nonnaL 
Tbe condition resnl.s rrom tie abnoTnal p”odaction o’ 
fixed aad as in diabetes, aco retention as in nepinlis, 
o~ from the ingestion of mineral aads os aad producing 
salts (CaCK ^CH,Ci) Tnis and (9) are the aad base 
states to ivhich the term **aadosis*’ has been nsnalli 
aoplied. The compensate”! aajustments are evident 
m the mcreased acd and ammoma excretion in the 
nrme and the lomered CO: tension m the alieolar air 
■\Ikah cefiat mav aLo result rrom the mcreased eicre 
non o base as occurs m oelndrated states (p 23) and 
m anTrt?k loHoTing the p'oduction o^ a pancreatic 
fistula farea 6) 

(g) Ca^fen-o'ed CO. defc ' Th-s is a reduction m 
[H COi] and a parallel reduction m [bTaHCOi] The 
pH La therefore noTnab This smte results from less 
severe grades o^ the condinons vhich cause (2) aboi e. 
The eicrenon o' XaHCOi bv the kidnev is much sloiver 
than the excretion o CO: b\ the lungs, so a condiUon 
o' CO. dehat, tvh-ch is nneompensated to s^art mth, 
later tenoi to become compensated (area 6) 

(h) UrccT'pcnsated CO. excess [H.COjJ is mcreased 
but IS no balanced b\ a proportional rise m [XaHCOj] 
The pH IS lo'rered (Le^ blood is less altaLme) This is 
sometimes reierred to as “gaseous aadosis” Such a 
state results from a hmdiance to the excretion of CO; 
as maj occur m pneumonia, obstruction to b'eathmg o* 
dqnesmon o the respirato-> center bj mo-phine. 
There is partal compensabon, nt, the b carbonate is 
raised aboie the normal and there is an mcreased 



excretion of aad and amm onia bv the kidnevs (areas 
7 and 8) 

(0 Urcoirpaisaied clkch defat [XaHCOj] is reduced 
nthout there bemg a parallel redurtioa m [H.COj] 
The pH IS lowered (Le^ the blood becomes less alhahne) 
Such an aad base state occurs when large quantities of 
fixed aads — ;S-h} droxjdiutjTic and accto-accjc — are 
proQueed as m diabetic coma and m the terminal stages 
01 nephntis when aad excretion is greatlj impaired 
The plasma b carbonate is severelv depleted, the CO; 
combinmg power of the plasma mav be less than 20 
volumes per cent (area 9) 

It win be evndcnt after a consideration of some 
of the foregojig aad-base states that the terms 
“aodcfew” 2 nd “alLa]osi=” if used to denote rc- 
spectiv elv a fall or a nse m plasma bicarbonate arc 
misleadmg, smee the blood mav be no mo*e aaa 
or alkaline than normallv For example, in (b) 
above, the blowmg off of CO will result m a cer- 
tam degree of compensatorv reduction of XaHCOj 
The reduction m the alkali rescrv e v ould therefore 
entitle it to be called aadosis though the blood 
vas actuallv more alJjilme than normallv In (h) 
on the other hand tbe blood is less allmline than 
normallv vet a certam degree of compensatorv in- 
crease m the aBah reserve would have occurred 
The term alkalosis would therefore applv , though 
Its use vould give an erroneous idea of the true 
state of the aad base balance On account of the 
ambigiutv of these terms and the confusion which 
IS likelv to arise from their use it has been recom- 
mended bv the BnUsh Medical Research Counal 
that the term acidcrr a be used for a state m which 
the pH IS lowered and that the term aadosis be 
restneted to mdicate a lowered all all reserv e vnth 
unaltered pH Tbe term alkalosts would be re- 
tained as the corresponding term to indicate the 
reverse condition, namtlv an mcrcase m the reserv c 
alkalinitv The term clkalctria would indicate a 
blood state m which the pH wms raised 

itEASUREMENT OE THE HYDROGEN ION 
CONCENTRATIOV OF THE BLOOD 

U) Eleclrorrclnc rrc'J od 

(a) Bv veans of hydrogen electrodes Two hv- 
drogen electrodes are emploved The method is 
denved from the fact that m a suitable concentra- 
tion ceU a difference of potential betv ecn a metal 
electrode (e g , mernm) and a solution of its ions 
(eg, mercurous chlonde) is set up which is 
proportional to the ion concentration \hvdrogen 
electrode, composed of spongv platinum saturated 
vnth hvdrogen gas, is therefore used to determme 
the hvdrogen ion concentration of a solution 
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The platinum is contained m a small tube and 
partially immersed in a normal solution of 
KQ The tube above the solution is filled with 
hydrogen gas, which is adsorbed by the platinum 
The hydrogen electrode is balanced agamst a 
calomel electrode (metaUic mercury m contact 
■with a normal KCl solution saturated with 
HgCl), or against another hydrogen electrode 
dipping into a solution of known hj'drogen ion 
concentration \\Tien, as in the latter instance, the 
two hydrogen electrodes are connected, an 
electromotive force is developed, which vanes 
with the difference m hydrogen ion concentration 
of the two solutions This can be measured by a 
suitable instrument Another electrometric method 
involves the use of quinhydrone — qiiinhydrone 
electrode One platinum or gold electrode is placed 
m a solution of known hydrogen ion concentration, 
and the other dips into the unknown solution 
A small quantity of qmnhydrone is added to each 
solution The quinhydrone undergoes oxidation 
to qumone or reduction to hydroquinone accord- 
ing to the hydrogen ion concentration of the 
solution A potential difference is set up between 
the two electrodes and from its magnitude the 
H ion concentration is calculated 

(b) By means of the glass electrode Like the hy- 
drogen electrode the potential of the glass electrode, 
m an electneal system similar to that just de- 
scribed for the latter, vanes w'lth changes in pH 
It must be cahbrated ivith solutions of known 
hydrogen ion concentration 
The glass electrode, as shown m fig 13 4, con- 
sists of a tube G of thm (0 001 mm ), soft glass of 
special composition, closed at its lower end and 
sealed into tube A of ordinary glass Filling the 
larger tube and surrounding the surface of special 
glass IS a 0 1 N solution of HCl, into which dips a 
silver-silver chloride electrode S The solution, 
whose hydrogen ion concentration is to be de- 
termined, IS introduced mto the cup D, which 
fits the tube G C is a calomel electrode and R 
a reservoir of saturated solution of KCL Through 
the stopcock H contact is made with the glass tube 
containing the solution to be tested The theory of 
the electrode is complicated and not fully under- 
stood Electrolytic dissociation must occur ■within 
the speaal glass itself, smee a minute electneal 
current can pass through it 
The glass electrode has largely superseded other 
types of electrode which have been used for the 
hydrogen ion determinations It has the ad- 
vantages of being less cumbersome, more durable, 


being unaffected by oxidizmg agents and of re- 
quirmg only a small amount of fluid for testing, 
for the tube D need contain only a drop or so 

(2) Colorttnelrtc method 

In the method of Levy, Rowntree and Mamott as 
modified by Dale and Evans, the blood is placed with- 
out loss of CO 2 in a collodion sac and dialyzed for 15 
mmutes against a solution of normal salme A few drops 
of 0 02 per cent of the mdicator neutral red are added 
to the dialysate The latter is then placed m a compara- 
tor and its color matched with that of a phosphate mix- 
ture of known pH and contauung neutral red m the 
same concentration as the blood dialysate The reader 
IS referred to Dale and Evans’ article for the details of 
the method 

It might be thought that the H ion concentration 
would be reduced through the dilution of the dialyzed 
substance by the salme m the apparatus But, since the 
pH of a buffered solution depends upon the ratio of 
free to bound aad and this of course ■will not be altered, 
so, moderate dilution does not effect the result In the 
colonmetnc method of Cullen, the pH is determined 
directly (1 e , without dialysis) upon plasma which is 
diluted 20 times, phenol red is used as mdicator In this 
method a correction must be made for dilution and also 
for protein content 


(J) From the BtCOs/NaHCOi ratio 
The total COj in a sample of plasma is obtamed as 
desenbed on page 133 The free COj , 1 e , the COs in 
simple soluPon, is obtamed by calculation from the 
partial pressure of COj with which the sample was 
equihbrated The calculation is made as follows The 
figure for the partial pressure of COi is mulPplied by the 
absorption coefficient of CO 2 m plasma, which at 38°C 
is 0 510 (p 366) If, then, the partial pressure of CO 2 
IS 40 mm Hg (as in normal artenal blood), the quan- 
tity of gas dissolved m 100 cc of plasma is 


40 X 


100 X 0 510* 
760 


= 2 68 


The total CO 2 is, say, 56 volumes per cent Then the 
combmed COi is 56 — 2 68 = 53 32 volumes per cent 
The pH may now be calculated from the Henderson- 
Hasselbalch equation (pp 128 and 395) 

pH = pKi -f log 

The value of pKif for plasma is 6 10, therefore 

53 32 

pH = 6 10 -f log 


H2CO, 


* 100 X (0 510/760) = 0 0672 is a constant factor 
by which the CO 2 parPal pressure (m mm Hg) is mul- 
Pphed to give the volumes of dissolved CO 2 

t Ki mcludes the first dissociaPon constant of HjCOi 
and a figure representmg the dissoaation of NaHCOi 
under the conditions existmg in plasma 
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Generai OcmJNE of the Vasojlae System 

The mam anatomical features of the circulatory 
system may be very briefly recalled The vessels con- 
sbtuUng the vascular bed differ widely m their calibers 
m different regions and on the basis of their siaej struc 
turc and physiological relationships are divisible mto 
four main groups — the arteries, arterioles, capillaries and 
veins The arteries are constructed to withstand a high 
pressure. Their walls are thick and contam a large 
proportion of elastic tissue and some mvoluntary muscle 
fibers, an outer sheath of connective tissue and an inner 
hnmg of endothelial cells The outer coat is called the 
tunica adventitia, the middle coat the tunica media and 
the inner coat the tunica intima The relative pro- 
portions of muscular and elastic tissues vary with the 
size of the artery The largest vessels, such as the aorta 
and the pulmonary artery, are relatively poor m 
muscular tissue but contam a large proportion of elastic 
fibers The medium sized arteries contam a relatively 
large amount of muscle and less elastic tissue, while m 
the smaller vessels the muscle is greatly in excess The 
walls of the artenes are supphed with mmute vessels — 
vasa vasorum — which ranufy m the outer and middle 
coats They also are furnished with nerves As the 
arterial system is traced peripherally, the vessels are 
found to break up mto innumerable branches whose 
cahbers become reduced with successive divisions 
But with each subdivision of the artenal system the 
total cross area of the vascular tubmg mcreases The 
sum of the cross-areas of all the capillanes, for example, 
is man> times greater than the cross-area of the aorta 
This fundamental fact m the dynamics of the circulation 
should alwaja be borne m mmd The final divisions of 
the artenal s>stem proper are mmute vessels called 
artenoles These vary m size but on the average are 
about 0 2 mm m |^heir,outside diameters Their walls 
are relativelj thick and composed almost entirely of 
smooth muscle hned by an endothehal layer and 
sheathed b^ a scanty adventitia The muscle fibers are 
supphed with exator and inhibitor nerves (ch 27) The 
artenoles after a course of vanable length lose their 
muscular and connective tissue coats while the inner 
endothelial tubes that remam are contmued on as ex 
tremeh fine, hairhke v-essels, the capillaries The capil- 
lanes, a number of which arise from a single artenole, 
are from 2 to 18 microns m diameter, dependmg upon 
volume of blood flowmg through them, and from a half 


to one millimeter long Lying upon the outer surface of 
the capillary wall m amphibians and certam other cold 
blooded vertebrates a scattenng of peculiar cells with a 
number of long processes is to be seen These are called 
after their discoverer, Rouget cells (see also ch 28) 
The processes of the neighbonng Rouget cells jom with 
one another to form a loose mesh work which encloses 
the capillary The capillanes form maze like plexuses 
with one another and connect the artenal and venous 
systems Them venous ends converge to form first the 
smaller veins or venules By the confluence of these to 
form larger channels, and the successive junctions of 
veins of ever increasmg cahber, the blood is finally 
poured mto the nght auncle by two large trunks, the 
supenor and infenor venae cavae whose cross-areas are 
together httle more than double that of the aorta 
The vems have much thinner walls than the artenes, 
but like these they possess three coats — mtima, media 
and adventitia The middle coat is only a fraction of 
the thickness of that of a correspondmg artery It is 
composed of a relatively small amount of unstnped 
muscle and a large amount of connective tissue the 
elastic bssue is scanty The outer coat of the vessel 
IS disproportionately thick, bemg several times thicker 
than the tumca media The valves which are present 
m some of the larger veins, such as the femoral, are 
formed by foldings of the tunica mtima 

The course of the blood through the body from the 
left ventncle to the nght auncle is spoken of as the 
greater or systemic circulation From the nght auncle 
the blood enters the nght ventncle from which it is 
discharged into the pulmonary artery and thence 
through the lesser or pulmonary circulation The heart 
serves as a two-cyhnder pump situated between these 
two systems The left ventncle receives artenal blood 
from the lesser circulation, and dnves it through the 
systemic vessels The nght ventncle is supphed with 
venous blood from the systemic vessels and pumps it 
through the pulmonary circuit Both sides of the heart 
contract synchronously and obviously must eject the 
same quantity of blood m a given tune Otherwise 
blood would be dammed back m some part of the 
circulation 

The PEiNcrpLEs Governing the Flow of a 
Liquid Through a System of Tubes 

The vascular system may with advantage be 
considered here m its purely physical aspect, and 
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Its more ph} siological diaracters be left to be dealt 
wath later The moxement of the blood wjthin 
the \ oscular channels is governed bj' those phj'sical 
laws whidj gov cm the flow of liquids m any other 
dosed svstcni of cvhndncal tubes For this reason 
the dvnannes of the circulation may be more 
cimph explained and the more readih understood 
from illustrations furnished by artifiaal models 

Figure 14 1 represents a model comprising a reservoir 
and a long honzonlal tube from which upnght tubes 
of the same liorc and numbered 1 to 6 lead oil The 
honznnni tube can be closed or opened to any desired 
cvlent bv means of the stop-cock T The level of fluid 
in the reservoir is at all times kept constant bj means 
of the faucet 

If the stop-cock IS closed and water poured into 
the system, the fluid w ill nse to exactly the same heights 
in the reservoir and all the side tubes The heights of 
the liquid in the reservoir and in the upnght tubes 
represent a certain amount of polcnltal energy — cnergv 
of position If the fluid were allowed to flow, a certain 
projioriion of the potential cnergv would be converted 
into l-iitelic et ergy — cnergv of motion The total 
height of the column of fluid in the reservoir is spoken 
of as the rescT~oir lead, H The height to which the 
column has nsen in a given side tube represents the 
pressure that is exerted at that point upon the wall of 
the horizontal tube— that is, the lateral pressure 
Thus if the column, saj, is 100 mm high then the 
lateral pressure in the honzontal tube at that point is 
obviouslv 100 mm of water In this model the heights 
of the narrow columns arc the same as the reservoir 
head, therefore the lateral pressure and the total 
(wtenlial cnerg) arc of equal value, in other vvords, the 
entire jioicnlial cnerg3 available is exhibited as pres 
sure 

1 cl us now suppose that the stop-cock is opened to 
Its fullest extent or removed entire!}- as m figure 14 2 
Ut It also be assumed that the outflow of liquid is at a 
h}7>otlicticnl maximum — ^just as though a large opening 
were made in the bottom of the reservoir chamber 
and that there is no friction or other impediment to 
the outflow In such an instance the entire potential 
cnerg) would be transformed into cnergv of flow 
(kinetic cnerg)) Tlie fluid would not nse at all in the 
side tubes, that is, there would be no lateral pressure 
The fluid vvould leav'c the s)stcm at a v'clocit) equal 
to that which the same body of water would attain 
if It fell free through a vertical distance equal to its 
own height, le, the height of the reservoir column 
From the two foregoing examples of two extremes, it is 
seen that a given amount of potential cnerg) may re- 
main as such, or, theoretically, be converted entircl) 
into 1 inetic cnerg) 

In figure 14 3 the stop-cock is opened Part of the 
total jjotcnlial energy is now utilized in giving velocity 
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to the flow of fluid in the horizontal tube The re- 
mainder IS exhibited as lateral pressure which can be 
expressed as the height in centimeters of the fluid m 
the side tubes The vcloaty of flow (kinetic cnerg)) 
Will increase or diminish and the lateral pressure fall 
or nse rcaprocally From these considerations it ma) 
be slated that the greater the Tcloaty of outflow from 
the system the lower will be the lateral pressure and vice 
versa 

WTien, as in figure 14 3, the stop cock is parliall) open 
and, as in practice, the flow along the honzontal tube 
IS impeded by fnction, the water rises onl) part wa) 
in the side tubes, and not to the same height in each 
The level of the column m the first tube is a little lower 
than that of the fluid in the reservoir which is kept 
constant by the supply faucet. The second column is 
lower than the first, the third than the second and so 
on, there being a stead) dechne m the lev els of succes- 
sivc tubes A line joming the menisa is straight, and 
falls a httlc below the surface of the fluid in the res- 
ervoir 

The difference between the level of the first column 
and that of the reservoir is cvadentl) due to the flow 
of liquid along the honzontal tube, since when, as 
shown in figure 14 1, there was no flow the two levels 
were the same This difference between the height of 
the rcscrvoirand that of the first column represents the 
proportion of potential energ) which has been converted 
to kinetic cnerg), ic, which is responsible for the 
velocity of flow along the horizontal tube It is therefore 
termed the vcloaty head, V That the drop in lateral 
pressure in tube I is actually due to the velocity of the 
flow ma) be showm by havang its lower end project 
into the horizontal tube and bent so that its opening 
faces the stream as in figure 14 4 IVTicn this is done the 
vcloaty of the fluid causes the level of column 1 to 
attain practically the same height as the reservoir 
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column If the opening is tamed m the opposite direc- 
lon as m tube 3 then the le\el of the column is de- 
p-essed an equal distance beloic its ongmal level as a 
result of the \eloaU m the honaontal tube. 

Tne dtjercrce m the irater leiels ol succesnve tubes 
cannot, hoiveier, be explained by a progressiv el> 
greater amount of potential cnergj being coni erted into 
faneuc energ)-; the veloatj of flair must be the same 
throughout the length of the honaontal tube since 
its bom IS uniform and m a gir en time the same amount 
of flmd that enters at one end from the reservoir must 
leav e b> the other Furthermore, if a tube, (6) sav , be 
extended and turned to face the stream (fig 14 4) the 
fluid m It rises, but the nse m this tube onlj partially 
annuls the onginal fall m its lei el and is precisely equal 
to the nse vhicb occurred under the same arcumstances 
m tube 1, ue. it u equal to the veloatv head 

The progressive fall m lateral pressure along the 
system is due to the energj lost m overcoming fnction 
At the outlet the lateral pressure has fallen to xero 
Evidentlj then at this point the whole of the potential 
energy not used m givmg veloaty to the fluid has been 
consumed m ovcrcommg fnctional resistance. So, R 
(fig. ItS) win represent this lost energj and is called the 
TCSisUince kecd The proportion of energj used in tins 
waj IS very small m tube 1 since the length of hon- 
zontal tube traversed by the flmd is very short, but 
increases at the expense of the lateral pressure, in pro- 
portion to the distance along the horizontal tnbe 
trav er:ed bv the flmd and the greater fncticmal resist- 
ance that nmst therefore be o\ ercome. 

If the veloaty be mcreased by further opening the 
stop-cod- and allowing more flmd to flow out two effects 
will be caused. 

(a) The lateral pressures m all the tubes will show a 
greater fall below the level of the reservoir cohunn smcc 



more potential energy wBl be converted into kmebc 
energy , the veloaty head is maeased. 

(b) The slope of a Ime joining the menisa of the 
fluid columns wiH be steeper, ne., the differences m 
pressure between successiie tube levels — the pressure 
p-cdierJ— will be greater, more energy will be used m 
overcoming friction, for the resistance due to faction 
increases approiimatelj m proportion to the square of 
the veloatv (Sec 3 below ) Reducing the outflow from 
the tap vvill produce the reverse effects 

On the other hand, if the diameter of the outlet 
from the honrontal tube remain the same but the 
height of the flmd m the reservoir be raised or lowered 
(thus mcreasing or decreasing the pressure gradient), 
then the veloatj will vary proportionatelv 

Some of the more impo-tant laws governing the flow 
of VISCOUS hqmd through rigid tubes of small caliber 
mav now be bneflj summarized 

(1) Lateral pressure ts trrersely pTOporitord to ike 
'doctiy [BernoulU efed) 

(2) Lesuiarxe -ones anth tkx len^k of tkx tube, ije , 
ts proporiior^ to ike fncttonal surface Tke pres- 
sure falls, tk^efore, pro^essrelj dorg tk^ tube 

(3) Restslarxe ts proportional, approxnraldy, to tk^ 
square of the vdoaty, talk a consiad xdoctiy the 
restsiance ts trrersdy proportiond to ik,e cross 
area of tkj tube 

(4) Tkj sediemd area of ikz tube remaining conslarl, 
tkM ik^ tdociij of fira of a pren fmi ts pro- 
portiond to tke pressure grciiert 

(5) Tke pressure keai remaining censtant, lien the 
xdocity ts directly proportiond to Ike sediord 
area of tke tube, hut the quantity of fmd passing 
through tke tube per unit of time — -olurre foio — ts 
proportiond to tke fourth pereer of tke redtus of 
the tube and trrersely proportiond to the length of 
tke tube {Potseuille laid) 

So far, a model has been dealt with m which the 
horizontal tube is of unif orm caliber throughout. But 
u the diameter of the tube at any part be mcreased the 
veloaty of flow through this part will dimmish, con- 
versely the veloaty win maease through a narrowed 
section of the tube. We must therefore state a sixth 
law 

{€) In a lube tf sarying diameter tie zdccUy Tones 
ir~ersdy and ike lateral pressure directly {see {!) 
abere) irtlh tke sectiond area tf the tube 

In figure 14.5a, the horizontal tube is shown with a 
dilated region near its center Below the model is a 
more diagrammatic representation (i) The arrows 
mdicate the flow of hqmd through the tube Obviously, 
since bqmds are pracbcallj incompressible, the same 
quantitv of water must, m a given time, leave the tube 
as enters it Consequcntlj, equal quantities of wafer 
must tate the same time to pass any pomt along the 
tube. Section 2 of the tnbe has precisely the same 
capacity as section 1 or 3 But the length of section 2 
IS only half that of other of the other sections It is 
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clear then that the bodj’ of rvatcr m seebon 2 has onl} 
half the distance to tra\cl as has an equal body in 
Cither section 1 or 3 The \cloat} of the stream must 
therefore be reduced bj half 

Since the lateral pressure is m\crsclj proportional to 
thc\cloat> (first Ian, p 140), then the Jeic! of the fluid 
column in tube 4 (fig 14 5) leading from the dilated sec- 
tion nil] be higher than the levels of the tubes on either 
side These facts cxphin why an abnormal dilatation m 
the vascular sj-stem, such as an aneurj-sm or a varicose 
state of the veins tends to increase A vaaous circle is 
established and the sacculation tends “to go from bad 
to norse”, since the pressure is exerted over a greater 
area of the vascular nail The widened bed of the stream 
also causes a local reduction in velocity and a conse- 
quent increase in pressure These factors in turn cause 
a stretching of the vascular walls and further dilatation, 
and so on 

It is immaterial nhether the increase in the cross 
area of the stream is brought about bj a single dilata- 
tion or IS accompanied bj a div ision of the tube into a 
number of smaller channels as obtains m the vascular 
si-stcm(cf fig 14 5, candfig 14 9, p 144) Solongasthe 
sum of the sectional areas of all the subdivnsions is 
increased, no matter how small these arc individually, a 
reduction in velocitj results 

The honzontal tube of the model in figure 14 5o is 
narrowed between ihcupnght tubes 1 and 3 The veloc- 
itj in this section is therefore increased and the pressure 
reduced as is shown bj the height of the fluid in the 
second side tube 

In the final model, figure 14 6, the tap has been placed 
half wav along the honzontal tube so as to divide the 
sj-stem into two secUons If the tap be parUallj closed, 
a sharp drop in the curve of lateral pressures will occur 
between the tubes on the left of the tap, and those on 
the nght That is, the model has been divaded into a 
high and low pressure sj-stem Increasing the flow 
through the tap wall, as we know , cause the pressure in 
the left hand section to fall and the pressure in the nght 
hand section to nse Reducing the flow through the tap, 
on the other hand, causes contrary effects in the two 
sj'slems 

The Appiication’ of Some of the Foregoing 
PrhsCipi.es to the Circulation of the Blood 

The heart, of course, is the source of the energj-- 
whereby the blood is driven through the system 
at a given pressure and velocity 

the energy of the ventricular contraction — 

THE WORE OF THE HEART 

The energj’’ derived from the contraction of the 
cardiac muscle is expended mainlj^ m overcoming 
the fnctional resistance which opposes the flow 
of blood through the systemic vessels from the 
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left to the nght side of the heart m the case of 
the left ventnde, and through the pulmonary 
circuit in the case of the nght The energy ex- 
pended m this way and dissipated as heat amounts 
to from 80 to 95 per cent of the total energy (as 
calculated below) The remainmg fraction of the 
total energy liberated by the cardiac muscle ap- 
pears as mechanical or external work The latter 
was found by Evans and Matsuoka, employing the 
heart-lung preparation (p 251), to amount to 5 or 
6 per cent of the total energy when the heart was 
beating quietly and its output small This figure, 
which represents the efficiencv' of the cardiac 
machme, is therefore v ery low under these condi- 
tions The effiaenej' rises, however, to 20 per 
cent or higher when, as m muscular exercise, the 
output of blood from the heart per mmute is 
maximal and the cardiac action is vigorous * That 
IS to say, the efficiency of the cardiac muscle rises 
up to an optimum load as its work mcreases 
Also for a given load it works more efficiently at 
slow than at rapid rates 

The total energy expenditure of the cardiac muscle 
can be calculated from the oxjgen consumption of a 

* The difference m effiaency under the two conditions 
appears to be due simply to the fact that with hght 
work the constant amount of energy expended, le, 
the oxygen consumption required to maintain the basal 
metabolic processes, is a greater proportion of the total 
energy than when heavy work is performed 
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heart lung prcparatjon (p 251) Now, in the consump- 
tion of 1 hter of oxigen the heat which is generated 
amounts to about 5 large calones. The work equii-alent 
of one Calone is 426 5 kilogram meters (or 3086 foot- 
pounds) The consumption of 1 hter of oxigen, there- 
fore represents a total energj expenditure of 426 5 X 
5 = 2132 j kilogram meters The proportion of the 
total cncrg\ expenditure appearing as work gives the 
efSaenej of the cardiac machine The actual work per- 
formed IS calculated from the following formula — 


= 2qR + eX: 

<5 g 

MTicre W = total work m kilogram meters per hour, Q 
*=* quantity of blood expelled in kilograms per hour, R 
= mean arterial blood pressure m meieTs of blood Tins 
latter is obtamed bj multipljing the figure for the 
artenal blood pressure m mtUmelers of mercury by 
0135, mercurj u about 13 5 times heavier than blood 
The pressure m the nght \entnde is only one sixth of 
that de\ eloped in the left, so to obtam the value of QR 
for the whole heart this factor is mulhphed bj i 
nc factor QR means, m brief, that a certain amount 
of blo^ Q IS expelled from the heart against a resisUnce 
R and that the worl done is eqmvalent to that which 
would be required to raise the weight of blood through 
a certain heighL This latter corresponds m a given m 
stance as menUoned aboie to the artenal blood pres- 
sure (ch 15) WTen the output of the heart is smaU this 
part of the equaPon represents bj far the greater part 
of the work performed. \\Tien the bodj is at resr^ 
per Mnt of the worl performed b> the heart (which as 
menUoned aboie is from 5 to 6 per cent of its total 
energj e^enditure) is emplojed in raising and mam 
tainmg the pr^re of blood in the artenal sj-stem and 
m expanding the elasUc artenal walls. 

oJ* ' "^'■«ents that portion of the work 

. rrt L T tl>at IS con 

Sifthn facr^'" “ 


tion due to gravitj , a constant amountmg to 9 80 meters 
per second, per second. 

It has been pomted out bj Evans that smee m calcu- 
laPng the kmebc energj of the cardiac contraction it is 
the mean \ eloatj of the blood as it is expelled from the 
xentncle, ne., dunng the ejection penod of the cardiac 
cjcle, that is required rather than the mean velocity 
of the blood m the aorta throughout the entire cardiac 
cjcle, a correction must be emplojed to obtam the true 
value The \ eloatj of the blood issumg from the \en- 
tncle nses to a maximum about the nuddle of, and falls 
to zero at the end of the ejection penod The veloaty 
vanes inverselj with the length of this penod There- 
fore, when the latter has the usual duration of about f 
of the cardiac cj cle, the value for the veloaty of the 
blood m the aorta must be multiphed by the square of 
£ or by 7, approximately The equation therefore be- 
comes 7m\^/g, or the more generally apphcable one, 
m(\'C) /gl?, m which C »• duration of cardiac cycle 
and E •• duration of ejection penod 
The kinetic factor has the same value for each ven- 
tncle, since identical quantities of blood are ejected at 
equal v eloaties from each side of the heart at each beat 
When the output of the heart is large the kinetic fac- 
tor can be no longer neglected m calculating the work 
of the heart. It reaches an importance comparable with 
the pressure factor, QR. The magmtudes of these two 
factors maj be compared by the following numencal 
examples under conditions of small and large sj’stohc 
outputs, respectivelj 

A Heart of dog, small output, 6 kilograms per hour 
hfean artenal blood pressure 100 mm Hg Mean 
veloatj of blood at the root of the aorta, 0 085 meter 
per second 


W - - QR -f 


8 


^ 7(6 X 100 X 0013 7 X 6(0 085)> 

6 p"! 

“ 910 -b 0031 

•= 9 131 kilogram meters per hour 
p^hour^^^^ of ^ kilograms 

Mean artenal blood pressure 100 mm Hg Mean 
'eloatj m aorta 1 27 meters per second 


W 


° B 

, 100 X 0 013) 7 X 90 X (1 27)« 

® 9T 

136 5 -f 103 7 


■= 240.2 kilogram meters jier hour 
The kmehc factor m the above example is seen to con 
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sUtute a large part of the total work performed If the 
output IS sull further increased, say to 120 hters per 
hour, then the value of this factor may exceed that of 
the pressure factor QR, it may constitute 60 per cent 
of the total i\ ork The disproportionate increase of the 
kineuc factor o\ er the QR factor is due to the fact that 
the latter increases in direct proporUon to the output, 
whereas the former increases as the cube of the output 
For instance, ^ihen as in the above examples the out- 
put IS increased from 6 to 90 liters per hour, that is 15 
times, the QR factor is increased to the same extent 
(9 10 X 15 = 130) The \alue of the kinetic factor, bon- 
c\cr, is increased over 3000 times since the mass of blood 
IS increased 15 times, and (V)* is therefore increased 15 
X 15 = 225 times, and 7m(V)Vg is mcrcased 15 X 15 
X 15 = 3375 times Thus the value of the kmetic fac- 
tor in example A is 0 031, m example B with an output 
15 times greater it is approximatelj 0 031 X 15’ ■=> 
103 7 If the output is increased from one of ver^' small 
magnitude, saj of two or three hters per hour, to one 
\ei^f much greater, 120 hters or so, the value of the 
kinetic factor in the latter mstance may be mcrcased 
6000 times or more. 

Bj cmplojing data obtained through indirect meas- 
urements of the cardiac output (ch 26) and the arterial 
blood pressure (p 152) it is possible to ani\c at an 
approximation of the tiork performed bj the human 
heart The a\cnigc quantity of blood discharged from 
each %cntnclc (Q) when the body is at rest is around 
60 grams per second If the mean blood pressure is say 
100 mm Hg then the value of R is 1 35 meters There- 
fore, EXT58crXl 35 = 0093 kilogram-meters per 
second, or over 5 kilogram-meters per minute, is the 
work performed by the av'crage heart dunng rest Wth 
this small cardiac output, the kinetic factor may be 
neglected Evans took the diameters of the aortic and 
pulmonarj' onSces to be 2 5 cm , the duration of the 
sj'stohc discharge as 0 3 second and the v entncular out- 
put as 60 grams per beat, obtaining a figure of 0 4 
meters per second as the vcloaty of discharge during 
rest 

WTien, on the other hand, the output is of large mag- 
nitude (over 25 liters per minute), as in strenuous exer- 
cise, the veloaty of the blood as it leaves the ventncle 
IS over 2 meters per second The kineUc factor as calcu- 
lated from the output and vcloaty of ejection amounts 
to over 10 per cent of the total u ork (\V) performed The 
latter may reach a value exceeding 70 kilogram-meters 
— sufficient to lift the weight of an average sized man 
some three and a half feet per minute 

In aortic stenosis, with marked narrowing of the 
aorbe nng, the veloaty of ejeebon is greatly mcreascd 
over the normal even during rest The work of the left 
ventncle may be nearly doubled, and the increase is 
due to the enormous increase in the kinebc factor It 
may, even in the absence of muscular exerbon, almost 
equal the pressure (QR) factor That is, the kmcbc fac- 


tor will then increase the work of the heart by nearly 
100 per cent 

In hypertension {p 156), R, and consequently the 
work of the heart, is of course mcrcased 

THE PRESSURES AND VELOCITIES OP THE BLOOD IN 
DIPPERENT PARTS OP THE VASCULAR SYSTEM 

The artenes constitute a high pressure system 
which IS separated from the venous or low pressure 
system by the arterioles These latter represent the 
stopcocks m the artifiaal models (pp 139-142) 
The sphincter-like arrangement of the smooth 
muscle m the walls of these vessels enables their 
cahbers to be mcrcased or dimmished, when more 
blood passes from the artenal system mto the 
capiUanes and vems, the pressure in the artenes 
falls whereas that m the capillanes and veins tends 
to nse If the artenolar cahbers dimmish, capillary 
and venous pressure changes of a reverse order 
result 

The pressure throughout the artenal system 
falls in a very gradual slope from the larger to the 
smaller branches as a result of the greater distance 
over which the blood has travelled before reachmg 
the latter v'essels and, as a consequence, of a pro- 
portion of the energy denved from the cardiac 
contraction having been consumed m overcommg 
factional resistance The pressure fall from the 
aorta to the smallest artenes is 20 mm Hg or less 
The lateral pressure m an artery the size of the 
radial is verj slightly lower than that in the aorta 
The greatest fall in pressure occurs beyond the 
small artenes, namely dunng the passage of the 
blood through the artenoles The pressure drop m 
this part of the circulation amounts to from 50 to 
60 mm Hg (fig 14 7 and fig 15 1, p 147) 

Let us now consider the causes of this abrupt 
fall We find that when the blood reaches the region 
of the artenoles the factional surface is greatly 
increased as a result of the breaking up of the 
vascular bed mto smaller channels Yet the total 
cross area of the blood stream at this pomt is 
not very greatly enlarged The distmction betw een 
these two statements may be clarified by a refer- 
ence to the diagram (fig 14 8) The large circle A 
represents the curcumference of the aorta The 
column of blood withm has a certain sectional area 
and a certam surface w ith which it and the artenal 
wall are in contact Frictional resistance is propor- 
tional to the extent of this surface In B, which 
represents the artenolar region, a somewhat larger 
sectional area is composed of the sectional areas 
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Fig 14 7 Diagram shomng the pressure and v eloat> 
of the blood in different parts of the \-ascular s>'stem, 
1 e , from left ventncle to right aimcle (modified from’ 
Fredencrj) Note the rehbon betneen blood veloaty 
and vascular area, and the absence of rhj thmical vana- 
fions in pressure and veloat) m the capillanes and 
veins (see also p 149) 

of a very large number of separate blood columns 
The sum of all these cj'lmdncal surfaces must be 
enormously greater than that of the single aortic 
blood column Since the total sectional area of 
the vascular bed m this situation is only raodcratelj 
mcreased, the blood velocity shows onlv a moderate 
reduction (p 140) And, smce the fnctional re- 
sistance IS proportional to the square of the 
veloaty, the effect of the increased surface upon 
the resistance to the flow of blood through the 
arterioles will be very great. 

In the case of liquids flomng in stream hnes through 
narrow tubes, fncUon is not developed between the 
aovmg hquid coltinin and the inner surface of the tube 
ut betneen the molecules of the hquid itself The outer 
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layer of flowing hquid m contact mth the lining of a 
tube IS stationary No friction therefore develops be 
tween this layer and the walls of the tube The tubular 
lajer of liquid next within this stationary lajcr rides 
or “shps” upon it, the third ]a>er glides upon the sec- 
ond, the fourth upon the third, and so on Thus the 
cross seebon of a moving stream consists of a senes of 
concentnc layers hie the shms of an onion For this 
reason simple roughening of the mlcnor of an artcr) 
causes httle mcrease m the resistance to the flow of 
blood The movement of one laj cr upon the next di 
mmishes progressively in a central direction so that in 
the axial porbon of the stream the liquid is free from 
fnction and its veIocit> is mammal This more rapid 
movement in the axis of the stream can be observed in 
blood flowing m the small v csscis of a transparent tissue 
The corpuscles near the vessel wall progress compara 
lively slowly while those m the axial stream arc swiftlj 
moving The greater the viscosil> which the liquid pos- 
sesses, the further centrally do the fncbonal lajcrs ex 
tend and the smaller in extent is the fnctionlcss “core” 
For a given liquid the absolute depth of the lajers is 
pracbcallj the same whether the diameter of (he liuuid 
column is great or small Conscquentlj m the aorta 
where the cross area is great the proportion of this 
wherein fnction is developed is quite small as compared 
with that of the slender blood columns m the artenolcs 
where the greater part of the stream mi> be occupied 
bj fncbonal la) ers 


SXREAIILIKEP riotv IN TnE VTISSELS 

The blood fluid laminated as it were m the manner 
desenbed flows smoothl) and stcadil) through the ves- 
wls m stream bnes That is to sa>, in slnighi or cun cd 
Imes parallel with the vascular walls, each particle of 
the fluid follows m the same path as the preceding 
one Such a mov ement entails the minimum expenditure 
of energ) The pressure available from the heart’s con 
Reborns translated without loss into a propulsive or 
driving force which moves the blood through the smaU 
esl vessels Increase m the vcloai) of flow above a 
certain cnucal level, or some obstruction, marked local 
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izcd narrowing of the vascular bed, or massing together 
of the corpuscles, causes eddies to be set up The fluid 
particles and the corjiusclcs ihcmscUcs mo\c in cur\cd 
paths at \arious angles to the line of the \cssef, the 
flow is then said to be liirbiilait Such a motion is non- 
propulsis e, and causes a w astc of cnerg) , and ma> pro- 
duce abnormal sounds or murmurs 

BcAond tlic arterioles llirough the capillaries 
and veins to the right side of the heart, the slope 
of pressure is again a gradual one A further quota 
of energ> is expended in propelling the blood along 
tliese \essels against resistance The latter, 
though of vcr> moderate degree, is such that b}' 
the time the blood has reached the right auricle 
the pressure has been reduced to almost zero — 
about 5 mm of water (see also p 107) 

The vanatioiis iii icloctlv throughout the vascu- 
lar s\ stem arc quite different from those of pressure 
(fig 14 7) Tlic xelocit} is high in the arteries 
(p 176) but is reduced several hundred times in 
the capillancs and small veins In the capillary 
area, though cadi vessel is extremely narrow', 
having, on tlic a\ crage, a diameter no greater than 
that of a red corpuscle, tlic sum of tlic sectional 
areas of these fine divisions of the vascular sv'stem 
IS from 600 to 800 times greater than the cross 
area of the aorta This broadening of the vascular 
bed into the "capillaiy lake”, as this area is some- 
times called, causes a proportionate slowing of the 
blood stream (fig 149) The reduced v clocitj' here 
has obvious advantages since it is in this region 
that the interchange of gases and food materials, 


and of w'aste products takes place between the 
plasma and the extravascular fluids Since the 
V elocity of the blood flow' is so greatly reduced the 
frictional resistance in the capillary region is rela- 
tively small despite the narrowness of the individ- 
ual channels In consequence, any further fall m 
the pressure of the blood in its passage through 
the capillary is moderate From the arterial end of 
a capillar^' to the venous end, the fall in pressure is 
not more than 15 or 20 mm Hg However, con- 
sidering the short length of the v'essel, about a 
millimeter, this is a relatively steep gradient After 
traversing the capillary area the velocity of the 
blood increases again for, with the confluence of 
the smaller veins to form v'csscls of ev'er-increasmg 
size but fewer m number, the total cross area of 
the vascular bed becomes progressively reduced 
The sectional area of the great v'eins at their pomt 
of entrance into the right auncle is only about 
double that of the aorta The slow ing of the current 
m the capillaries and its quickening m the vems, 
though influenced from time to time by other more 
purely physiological factors to be considered later, 
arc due m the mam simply to the differences in the 
areas of the vascular beds in the tw’o situations 
Obv'iously this must be so since the vascular 
system IS closed and, except as a temporarj'^ ev'ent 
when the capacity of a part of the system is sud- 
denly increased or reduced, the same quantity of 
blood which leaves tlie left v'entricle must, m a 
given period of time, be emptied into the nght 
auricle 






difference between the djastolic and systoli c 
es IS tlic ^iilsc Pressur e This, clearly, is 
_by tlie ejection of blood into the aorta 
systol e Its magnitude, other things bcinR 
i\iri var^’^ with the quantity of blood elected 
heart at each beat 

diastolic pressure represents the constan t 
hich the artenal ^alls arc called upon to 
id tlic resistance \\hich the ventricular con- 
1 must overcome to throw open the aortic 
It shows a stead}' but slight decline from 
gcr to the medium siaed vessels The sys- 
•essurc shows a fall between the larger and 
lallcr artcncs which though not great is 
nore pronounced than that which occurs in 
stolic On this account the two pressures 
3 become more nearly equal toward the 
:r}, the pulse pressure being reduced 
he pulse pressure is the difference between 
stolic and diastolic pressures, it may be 
1 by an alteration in one or other of these 
in the systolic or a fall m the diastolic will 
lie pulse pressure to increase, while a fall 
systolic or a nse in the diastohc will lower 
Ise pressure If both systolic and diastolic 
es nse or fall to an equal extent the pulse 
c remains unchanged The mean pressure 
e as a result of a rise in either the diastolic 
olic pressure or of both together and wall 
en a reduction of either or of both of these 
es occurs 

Several Factors WmcH CojtniNE to 
KTA iN THE Normal Arterial Pressure 

e factors arc five in number and though 
points concerning the r61e which some of 
lay in the maintenance of the blood pressure 
een touched upon more or less incidentally 
lous sections, it will be necessary to consider 
here more categorically' They are — 

) The pimping action of the heart 
) The peripheral resistance 
) The quantity of blood in the arterial system 
) The vtscostly of the blood 
) The elasticity of the artenal waUs 

lout the cardiac cycle, i e , the true or geometnc 
IS somewhat lower than this, lying nearer the 
c than the systohe pressure If the pressure fell 
lady slope from its systohe to its diastolic level 
nout the cardiac cycle, and the pulse w’ave (see 
1) inscnbed a perfect tnangle, then the anthmetic 
omelnc means w ould be identical The descend- 
ib of the pulse curve, however, presents one or 
econdary waves which prevent it from assummg 
rely tnangular form 


(1) The pumping action of the heart The means 
by which the cardiac contraction exerts its effect 
upon the artenal blood pressure is, obviously, 
through the quantity of blood which it is capable 
of discharging into the aorta in a unit period of 
time, 1 e , upon the output of the heart per mmute 
(mmute volume, ch 26) When more blood is 
forced into the already filled artenal system, it 
cannot escape at once from the system m the 
same amount as it is thrown into the aorta, so 
the arterial walls become stretched The pressure 
rises until the velocity of flow through the artenoles 
(see below) is great enough to balance agam the 
outflow from the system w'lth the mflow Hales 
grasped this fundamental fact when he wrote, 
"the real force (pressure) of the blood m the artenes 
depends on the proportion which the quantity of 
blood thrown out of the left ventncle in a given 
time bears to the quantity which can pass through 
the capillary arteries (arterioles) into the vems 
at that time ” 

(2) The peripheral resistance The penpheral re- 
sistance is dependent upon the caliber of the small 
vessels, mainly of the arterioles and, to a less 
extent, of the capillaries, and upon the viscosity 
of the blood By far the greater part of the 
peripheral resistance of the circulatory system is 
constituted by the mmute vessels of the mus- 
cles and of the abdommal structures The impor- 
tance in this connection of the latter — the so-called 
splanchnic area — can be demonstrated by tying 
off all branches of the aortic arch, except the 
carotids, and the abdominal aorta below the m- 
fenor mesentenc branch, when little or no change 
in peripheral resistance results, whereas an mcrease 
in the latter at once occurs when the blood supply 
to the splanchnic area is reduced by ligating the 

oa Be 



Fig Is 1 Showmg the phases of the artenal blood 
pressure 
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Eupenor mesentenc artei> Stimnlation of the 
great splanchnic neri'e (ch. 27) which innervates 
the rings of muscle fibers m the walls of these 
v-Essels causes their constriction, and consequently 
a reduction m the outflow from the arterial system 
As oudmed m the last section the pressure will 
contmue to rise until inflow and outflow are agam 
balanced In the absence of compensatory changes 
m the other factors concerned m the mamtenance 
of the pressure this remains at the higher level so 
long as the constriction persists Dilatation of the 
\essels, 1 e., reduction m peripheral resistance, will 


of course be followed by the opposite effect When 
the 1 essels of the splanchnic area are fully dilated 
the> are capable of accommodatmg almost all the 
blood m the bodi , m such an event the blood 
pressure would fall to zero The pienpheral re- 
sistance might be compared to a dam m a nver 
If the dam is raised or lowered, and no change 
occurs m the supplj of water flowing down the 
n\ er to the dam, the water contmues to nse or fall 
respecbiely (and its pressure m consequence m- 
oeases or diminishes) until it reaches the new 
lei el From then on the quantitj of water which 
oierflows m a giien tune is the same as it was at 
the onginal level 

The penpheral resistance vanes directly with 
the mean artenai blood pressure and mvetsely 
with the rate of blood flow A hnear relationship 
within a range of moderate pressure changes 
ensts between the ratio of these two factors, 

M (mean artenai blood pressure) , , 

— — — — r and the pen- 

F (rate of blood flow) 

pheral resistance. An moease or a decrease in 
penpheral resistance either m a separate organ or 
m the bod> as a whole (total penpheral resistance) 
can, therefore, be deduced from measurements of 
both factors, though not from one alone For 
example, if the rate of blood flow mcreases and 
the mean artenai pressure falls or remains un- 
dianged, a reduction m penpheral resistance bas 
occurred, a nse m mean pressure accompamed bj 
a reduced or constant blood flow mdicates a nse 
m penpheral resistance Green has defined a umt 
of penpheral resistance (PRU) as equal to 
1 mnL Hg M 

1 mL/mmute corresponds to the ohm m elec- 
tnatj 


The total penpheral resistance in animnU or m mnn 
can he calculated from the mean blood pressure (M) and 
the cardiac output (F), smee all blood entenng the aorta 
must, of course, pass through the penpheral vessels 


Bj eipressmg P m dvnes per square centimeter and F 
as milliliters per second, then the penpheral resistance 
be giv en in absolute umts of force Thus, 


Penpheral resistancelR) = 
R =• 


M(mm Hg) X 1332 
F(ml /sec.) 

djmes/cm* 

* 7 

cmysec 


R 


djme secs 
cm* 


1332 IS a figure for the conversion of pressure to djmes 
The penpheral resistance so calculated is found to 
vai> in\ eisel> with the size of the animal, i e., duectlj 
•with the surface area It amounts normall> to from 
about 600 to 2,000 absolute umts m man, but may be 
over 5,000 m artenai h>'pcrteiision m which F shows 
Uttle change. The values for the dog and rabbit range 
from 2,000 to 9,000 and from 11,500 to 12,000, respec- 
trvelj This means that the mmute vessels in a large 
animal offer less resistance than do the fewer number m 
a smaller animal, even though the vessels of both are 
constneted to the same degree This is due to the fact 
that the rate of flow m the smaller animal is greater in 
relation to the size of its vascular bed (cardiac output 
beanng a constant relationship to surface area (p 264), 
which vanes mverselj with bod> weight) Bazett and 
his colleagues use a formula mto which the> hav e mtro- 
duced a correctmg factor for surface area 


R = 


R 


M 

F/A’ 


R IS penpheral resistance, K is a constant with a value 
of 3, and A the surface area m square meters 

(3) The guanlily of blood in the arterial system 
In any dosed sj-stem of ngid tubes fluid must fiU 
it to capaatv m order that a pressure ran be 
dev doped withm it The artenai walls are dis- 
tensible and elastic, and a certam degree of stretch- 
ing of these must occur before an> considerable 
pressure is created The artenai sjstem must be 
actuallj ov er-filled and the greater the extent of 
the ov er-filhng the greater will be the blood pres- 
sure. Loss of blood, either of all its dements, as 
m hemorrhage, or of the fluid portion alone, if not 
compensated for suffiaently by readjustment of 
the other factors concerned m blood pressure 
mamtenance, must mevitably result m a fall of 
pressure. Increasmg the total amount of orcu 
lating fluid artificially as bj the transfusion of 
blood or blood substitute -will elevate the pressure 
agam In animal s the blood pressure may be low- 
ered bj hemorrhage to half its normal value and 
restored again to its ongmal level by re-mtroducmg 
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into the circulation the blood ^vhich has been re- 
moved or by the infusion of an cflicctive blood 
substitute (sec Effects of hemorrhage, p 27) 

(4) The viscosity of the blood The greater the 
viscosity or “thickness” of any liquid the greater 
IS the pressure required to force it along a length 
of narrow tube in a given time, or if the pressure 
remains constant the longer will be the time re- 
quired for the liquid to traverse the tube The 
frictional resistance which is developed between 
the parts of the liquid itself, that is, the internal 
friction (p 144) is greater when the \nscosity is high 
than when it is low Viscosity depends upon the 
degree to which the molecules or particles of a fluid 
cohere Blood is some 5 times more \ascous than 
water* With regard to the influence of \nscosity 
upon the blood pressure, it is agam a matter of out- 
flow' through the artenoles If the drivmg force 
remains constant and the caliber of the vessels 
IS unchanged, then the greater the viscosity the 
greater will be the frictional resistance developed 
in this region and the less will be the quantity of 
fluid that w ill pass through in a unit of time 

The blood owes its viscosity to its colloids (plasma 
proteins) and to an even greater extent its suspended 
corpuscles, fnction is developed betw een the surfaces of 
the latter and the surrounding fluid Changes in the 
concentration of the blood as a result of changes in its 
protein content or in the number of its corpuscles will 
therefore alter its wscosity, venesection by remo\nng a 
quantitj of blood and causing dilution of the remainder 
(p 17) causes a fall in viscosity which may materially 
rcheve the work of the heart For these reasons the 
viscosity IS low m anemia and high in polycythemia, 
leukemia and anbydremia Also changes in its chemical 
composition or in its gas content may alter the viscosity 
of the blood Carbon dioxid e inrre.-t-ie<i the yiscosity, 
oxygen lower s ft, venous blood is, m consequence, more 
viscous than artenal, and hi gh blood viscosity is u sual 
fh congKtive heart failure with cyanosis Chlorofo rm^ 
an esthesia and narcotization with morphine are said to^ 
increase the blood viscosity It is also raised in hyper - 
^ccmia, hvwrcalccmia a nd in aadosis _ 

TEc viscos ity of ino st liquids is reduced by a nse 
of temperature— -h ot syrup flows more freely than cold 
in muscular excrase andm fever the blg5cl temperature 
13 raised, the viscosity of the blood is lowered and the, 
work which t he heart is called upon to do in overcotn - 
the frictional resistance in the smaller vessels is_ 
lEereby appreaablv reduced Blood concentration, how- 

’ This IS an average figure Values obtained by dif- 
ferent observers for the viscosity of blood, taking dis- 
tilled water as unity, vary considerably but the ma- 
jonty range between 4 5 and 5 5 
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Fig 15 2 Curves of distensibihty of a vem (upper 
curve) and of an artery flower curve) The figures at the 
left side of the diagram represent the capacity of a sec- 
tion of the vessel when distended under a certain pres- 
sure, expressed by the figures on the base Ime in mm 
Hg (after Starling, constructed from figures given by 
Roy) 

ever, which occurs to some extent under these arcum- 
stances, tends to offset the effect of temperature 

(5) The elasticity of the vessel walls This is con- 
cerned mainly wuth the origin and maintenance of 
the diastolic pressure and with sustaining the 
mean pressure at a higher level than would be 
possible in a ngid system under otherwise identical 
conditions 

The elasticity of artenal tissue does not come 
into play to any notable eirtent with a pressure 
below from 30 to 40 mm of mercury (fig 15 2) 
Below this level there would be little stretching 
of the walls of the artenes w’hich would then behave 
like a system of ngid tubes At the usual diastolic 
pressure that exists, however, the walls are 
stretched and by \artue of their elasticity tend to 
recoil against the distending force We have seen 
that the flow of blood is pulsatile in the artenes 
Beyond the artenoles, i e , in the capillanes and 
veins, the flow is continuous The conversion of 
the pulsatile flow to a uniform one depends upon 
the existence of a diastolic pressure The physical 
pnnciples involved in the maintenance of the 
diastohc pressure and the disappearance of the 
pulse beyond the artenoles may be best illustrated 
by a simple artificial model sunilar in principle to 
one devised by Borelli for the same purpose some 
300 or more years ago 

In figure 15 3 is represented a bulb S 3 n'inge, S, 
valved at A, and having a short tube, B, which 
dips into a basin of water Leadmg from the 
opposite pole of the bulb is a longer tube, C When 
the bulb is alternately compressed and released 
fluid IS drawn from the basm and discharged from 




150 


Stchon IJ 


the circulation of the blood 


the TOOvith o5 the tube If the walls of the latter are 

composed of some ngid matenal (fig 15^, 1), it will 

be found that when the pump is worked the fluid 
issues from the tube in spurts or jets synchronous 
with each stroke, but no flow occurs between the 
strokes An increase m the frequency or force of 
the strokes does not alter the intermittent charac- 
ter of the flow nor does lengthening the tubing If 
the penpheral resistance of the vascular sy stem be 
imitated by attaching a nipple of small bore to the 
mouth of the dehvery tube so as to increase the 
resistance to the outflow of fluid, Use issuing stream 
is finer and its yeloaty’ is mcreased but it still re 
mams mtermittent (fig 15 3, 2) Let the elasticity of 
the artenal wall now be mutated by replacmg the 
ngid tube by one of rubber, y et let the mouth of 
the tube be left free and not constneted m any 
way (fig 15 3, 3) The mtermittent character of 
the stream is unafiected However, if the small- 
bored nipple representing the penpheral resistance 
be fixed mto the mouth of the elastic tubing the 
stream will be found to have lost its pulsaUle 
character and to have become continuous (fig 
15 4) Two factors are therefore necessary to pro- 




Curves of the absolute \ olumc of liquid pt 
mat length o! human aortas at diBerent ages at me: 
^ from 10 to 230 mm Hg a, age 20 to 24 teare.l 
W to 31 yeare c, 36 to 42 years, d, 47 to 52 veats e 7 
to . 8 years. (After HaUock and Benson ) ' ’ 


duce this result, (a) resistance to the outflow and (b) 
daslic tubins The reasons for this are clear If 
the fluid has free egress from the tube most of 
that which enters it from the pump is discharged 
from the open end before the next beat occurs, 
the pressure, m consequence, does not nsc to a 
sufficient height to distend the rubber wall, i c , 
elastiaty is not called into play , over-fiUmg of the 
tube does not occur, and m consequence the latter 
acts simplv as though it were composed of rigid 
matenal 

f The foregoing facts apply dircctl} to the artena) 
system The elastiaty of the vascular walls and 
the penpheral resistance arc both essential for the 
mamtenance of the diastohc pressure As the 
contents of the \cntnde are thrown into the 
altcadv o\er-filled system dunng systole the added 
pressure which is then exerted upon tlic y oscular 
walls causes their further distension Iftcr the 
completion of systole the elastic walls rebound and, 

I pressing upon the blood within their embrace, 
1 force It onwards through the penpheral ycsscls 
In other words, the artenal lumen returns to its 
preynous diameter and the energy that had been 
stored up dunng the stretching of the clastic 
tissue IS m this yvay gradually expended dunng 
diastole. 

The elastic recofl of the artenal w*all thus acts m 
a sense as a subsidiary pump to dnve the blood 
onwards in a continous stream between the heart 
beats OtherwTse the pressure would fall to rero 
after each systole 

It is clear then that any rcdurtion m the elastic 
ity of the artcncs, other factors remaining un 
changed, yvill lend toward a lowcnng of the 
diastolic pressure If the aorta and its larger 
branches are stiffened (as a result of sclerotic 
changes), they cannot expand to the same degree 
as can healthy, resilient yesscls, and therefore do 
not so readily accommodate the blood (60-100 
cc.) ejected from the heart dunng systole Such a 
state wall lead to a nsc in the systolic pressure 
KbrmalJj , the cross sectional area of the aorta 
increases considerably with age, that is, its 
capaaty , except at higher pressures, is greater than 
in early Me, but its distcnsibility decreases (fig 
154) steadily after about the 25th year 

The I^-TLOE^cE Wmai \ ariatiovs re SoarE of 

THE FOREGOtNG FACTORS EvERT CTON THE DIF- 
FERENT Phases of the Arterial Pressure 
rtf C/ioMje ttt heart rate unaccompanied by an altera 
tion m any of the other factors, e g . output of heart 
per minute (p 263), penpheral resistance, etc, will 
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cause a change in the diastohc pressure but relatively 
little change in the systohc During cardiac accelera- 
tion, for example, the diastohc penod is shortened and 
less time is therefore allowed for the energy stored in 
the elastic walls dunng systole to become converted 
mto energy of flow dunng diastole In other words, the 
fall m pressure dunng diastole is halted at a higher level 
by the earher amval of the next beat A decrease in 
heart rate will have the opposite effect, with the longer 
diastole the slope of pressure is enabled to reach a lower 
level Smce the quantity of blood entermg the artenes 
per minute remains constant the quantity entering at 
each beat must vary inversely with the change m rate, 
which accounts for the relatively small change in the 
systolic pressure 

(2) AUeraitons in the quantity of blood discharged per 
minute by the ventricle If httle change should occur m 
the heart rate and other factors remam unaltered, m- 
crcase in the output per beat of the heart causes a nse 
chiefly of the systohc pressure The diastohc pressure 
IS raised less noticeably, consequently the pulse pressure 
IS mcreased The explanation for the less pronounced 
nse m the diastohc pressure is that, as a result of the 
high pressure at the end of the ejection penod, the 
pressure gradient throughout diastole is steeper and 
more energy is expended m givmg veloaty to the blood, 
of the blood pumped into the artenal system dunng 
systole a larger proportion than ordinarily will therefore 
have passed through the artenoles by the end of 
diastole 

(3) Changes tn the peripheral resistance while other 
factors remam constant Though these affect both sys- 
tohc and diastohc pressures they show their influence 
predominantly upon the latter phase The diastohc 
penod is considerably longer even m a rapidly beating 
heart than the ejection penod of systole (p 208) and, 
as we have seen, the penpheral resistance is an impor- 
tant factor m the maintenance of the diastohc pressure. 
It follows therefore that any mcrease or decrease in the 
outflow from the artenal system will affect this pressure 
to a greater degree than the ^tohc The mean pressure 
and pulse pressure vary accordmgly Aortic regurgita- 
tion produces an effect upon diastohc pressure similar 
to that caused by a reduction m the penpheral resist- 
ance but greater in degree The mechamcaJ prmaples 
involved are similar, an mcreased quantity of blood 
passes from the artenal system durmg diastole as a 
result of leakage through the mcompetent aortic valves 
The penpheral vessels are also usually dilated, which, 
combmed with the high pulse pressure, may cause the 
appearance of a pulse m the capillanes especially if 
their emptymg be aided by holdmg the arm above the 
heart level Shght pressure upon a superficial capillary 
area such as at the base of the finger nail may then show 
alternate blanching and flushmg synchronous with 
the heart beat (see also p 215) In aortic regurgitation 
the pulse pressure attains a magmtude seen m no other 


condition (80 or 110 mm Hg) for not only is the 
diastohc pressure much reduced but the systohc pres- 
sure IS raised as well, owmg to the greater volume of 
blood ejected at each heart beat — that which has re- 
gurgitated through the aortic valves plus that received 
from the auncle. For these reasons, the carotids throb 
visibly The pulse is of the collapsmg type (water ham- 
mer or Comgan’s pulse) (p 215) An arteno- venous 
aneurysm produces somewhat sunilar effects (p 266) 
upon the artenal system 

(4) A rise or a fall tn blood viscosity, other factors re- 
mammg unchanged, tend to affect the diastohc pressure 
m a manner similar to changes m the cahbers of the 
penpheral vessels 

(5) Increase tn blood volume will raise both pressures, 
as a result of the overfilhng of the artenal system and 
greater stretchmg of the elastic walls 

(6) Reduction tn elastictty of the arterial walls Ob- 
viously a condition such as artenosderosis, which renders 
artenes less resihent and more like ngid tubes will, tend 
toward a lowenng of diastohc pressure (p 149) Yet as 
a matter of fact, m artenosderosis the diastohc pressure 
may be raised rather than lowered, since there is fre- 
quently an associated narrowmg of the penpheral ves- 
sels which more than offsets the hardemng of the walls 
of the larger artenes When, however, the sderosis is 
conJEned to the larger vessels and their branches while 
the penpheral vessels are free from proliferative changes 
which narrow their lumina the diastohc pressure is 
lowered Diminished distensibihty of the walls of the 
aorta and the larger artenes tends to increase the sys- 
tohc pressure. 

In the foregoing paragraphs vanations in the 
several blood pressure factors and then effects 
have each been considered as being the only 
vanable m a particular instance The object of 
this was to disdose the value of each and the 
manner in which it acted Yet it must be remem- 
bered that such a descnption is more or less arti- 
fiaal and that m health and even to a large extent 
under pathological conditions the various factors 
mteract with one another — there is a give and 
take among them When a change m the value 
of one factor occurs, readjustments of others take 
place to regulate the blood pressure and keep it 
withm the normal limits For instance, dilatation 
of the vessels m one area may be accompamed by 
vasoconstnction m another (p 288) Reduction 
m blood volume as by hemorrhage, is followed by 
constnction of the penpheral vessels (p 28), 
while mcreased blood volume or a nse m viscosity 
wall hkely be followed by the opposite effect upon 
the vessels 
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ilEIHODS or iIEASCEEiIE^•T 

Though the blood pressure can be determined 
in man by the insertion of a hollow, wide-bore 
needle into an arterj and connectmg it with a 
smtable manometer, such a method is usuallj 
resen ed for experimental work. Com emence and 
safeti demand that am method for general 
rlmiral use must be mdirecL The prmaple em- 
plo\ed consists m balanang air pr^siire against 
the pressure of the blood m the brachial artery 
and then estunaUng the former bx means of a 
mercnij or an aneroid manometer 

The mstnunent used for this purpiose includes a flat 
rubber bag covered bv an undistensible envelope of 
cotton fabnc. The cavatv of the bag is connected bv a 
length of rubber tubmg with the manometer and b\ 
another tube with a hand bulb or small pump Bv this 
means the bag can be inflated to an> deared pressure. 
A small vah-e between the bulb or pump and the bag 
permits the escape of air, and the reduction of the pres- 
sure as required The iininfiated rubber bag (usuallv 
referred to as the cu2 or armlet) wbch should be at 
least 12 cm, wide is wrapped snuglj around the upper 
arm )u5t abov e the elbow The bag u then inflated until 
the air pressure within it overcomes the artenal pres- 
sure and obbtcrates the artenal lumen. The pressure is 
increased a little beyond this pomt and is then cau- 
tiously reduced again,' by the release of the valv e, unt3 
the artenal pressure just overcomes the air pressure 
and blood escapes bcvond the cuS into the penpheral 
section of the artery At this instant the pressure m the 
bag IS read from the manometer Smce the air pressure 
practicallv balances the svstohc artenal pressure the 
manometer readmg must mdicate the value of the latter 
It IS essential to the method that the manometer read- 
mg be taken at the instant when the blood escapes be- 
neath the cuff 

One of three methods, the palpatory, osallalory 
or auscultatory, mz.', be emplov ed to determme the 
latter In all three procedures the value for the lat- 

‘ Should deflation be earned out too rapidly the 
mwcunal tvpe of clinical manometer Aows a consider- 
able lag, due to the time required for the air above the 
merct^ TOlumn to reach atmosphenc pressure. The 
rate of deflation should not exceed from 2 to 3 mm He 
per second * 


eral pressure m the brachial artcrv is obtained, 
whereas direct methods, which entaU the inUoduc- 
Uon of a straight, unbianched cannula, ora large 
bore needle, into an artery , measure the end pres- 
sure. The latter is greater because it includes not 
onh the lateral pressure on the elastic artenal wall, 
but also that domed from the conversion of the 
kmetic energy of the moving blood column as it 
meets the obstruction, as well as an increment of 
pressure caused by the reflected wav c from the 
obstruction 

Tht palpatory mctl^ In tins method the etamintr 
takes the moment that the pulse is felt at the vmsl as 
the mdei of the :^-stohc pressure. This method is now 
rarely used since it lacks accuracy It assumes that the 
first escape of blood beneath the cufi v ill cause pulsa 
non m the penpheral arten , but there is no evidence 
that the amount of blood which escapes beneath the 
cuff when the artery first opens is suffiaent to produce 
a pulse wave detectable by the finger Definite pulia- 
tion may not occur until the cuff pressure has been 
lowered 5 to 10 mm below the point when the artery 
first becomes pervious This method therefore gives 
readings that are too low Another disadvmntage of the 
palpatory method is that the diastobc pressure cannot 
be measured satisfactonly 

T! c oscillatory rrethod In this method a tambour or 
capsule covered with a very dehcate membrane, or a 
second bag cormected with the cuff, is used to pick up 
and magnify the pulsations transimtted from the artery 
to the upper edge of the latter The pulsations are made 
to appear as o=cillation5 of the indicator needle on the 
clock face dial of an aneroid manometer Pressures are 
marked by figures on the dial, as the cuff is mflated or 
deflated, the needle mov es to mdicate the apphed pres- 
sure at the moment. At pressures eiceedmg svstohc 
the oscillations are minimal, but as the pressure is 
gradually lowered and the pulsations pass beneath the 
cuff, a sudden mcrease m their amphtude and duration 
occurs This is the entenon of systolic pressure. The 
osollations show httle change in magnitude as the cuff 
IS deflated further, until the pressure has fallen to the 
diastolic level at which they suddenly become smaller 
At this instant the figure on the dial to which the needle 
pomts IS noted. 
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THE AVSCUZTATORY METHOD 

This procedure is the one generally employed 
clinically It was mtroduced m 1905 by the Russian 
physician Rorotkow Certam sounds heard during 
auscultation of the brachial artery below the cuff 
are taken as the critena for the systolic and di- 
astohc pressures Under ordmary circumstances if 
a stethoscope is placed upon the brachial or any 
other artery, no sound can be heard, the flow of 
blood along the artenal channels bemg maudible 
If however the arteiy is compressed by the manom- 
eter cuff so as to completely arrest the flow of blood 
for a moment, a sharp hght tappmg sound m 
rhythm with the heart beat wiU be heard when the 
pressure m the cuff is agam released and falls just 
suffiaently to permit the artenal lumen to open 
and allow a jet of blood to pass beyond As the 
pressure m the cuff is progressively lowered the 
sound imdergoes a senes of changes m quahty and 
mtensity 

Four phases of the sound, each havmg its dis- 
tinctive character, may be heard m succession in 
the normal mdividual, as the pressure is gradually 
reduced from about 120 to 80 mm of mercury or 
less These are given below with the average 
pressures at which they are normally heard 

Sounds of Korolkow 

Phase I Sudden appearance of a dear, but often 
faint, tapping sound growing louder dur- 
ing the succeeding 10 mm Hg fall m 
pressure 

Phase n The sound takes on a murmunsh quality 
during the next 15 mm fall m pressure 

Phase ni Sound changes httle m quahty but be- 
comes dearer and louder durmg the next 
15 mm fall in pressure 

Phase rV Muffled quahty lastmg throughout the 
next 5 to 6 mm Hg fall After this all 
sound disappears 

The beg innin g of the first sound is taken as the 
index of systohc pressure As it is quite famt at 
Its commencement it may not be caught at this 
time by the ear of the mexpenenced, or if the ob- 
server’s hearmg is distracted by other sounds The 
sound then will not be picked up imtil the pressure 
has dropped below the level at which it could be 
heard m quiet surroundmgs and the readmg of the 
systolic pressure will be too low 

The fourth sound just before its complete dis- 
appearance IS taken as the index of the diastohc 
pressure This sound comcides uith the moment 


that the blood escapes beneath the armlet in a 
continuous stream rather than intermittently 

The measurement of blood pressure in man is at- 
tended by certam inaccuraaes dependent upon the 
resistance of the tissues of the part and, under certam 
conditions, of the arterial wall itself to the compressing 
force These fallaaes are to a large extent mitigated bj 
the use of a broad armlet (12 cm in iMdth), as first 
introduced by von Recklmghausen, uhich dislnbutes 
the apphed pressure over a wide area In a person w ith 
normal artenal walls the pressure as measured is prob- 
ablj' vety' close to the true sj'stohc pressure Vanations 
in the resistance of the artenal wall m different indi- 
viduals as a result of sclerotic changes or simple hyTier- 
tonus of the muscular coat may lead to error and give 
readings that are too high Repeated compression and 
decompression just before the actual determination is 
made will, as a rule, soften the artery' or remove any 
spasm of Its walls suffiaently to eliminate this source 
of inaccuracy Even when definite arteriosclerosis 
exists, approximately correct estimations of tlic blood 
pressure are obtamed when this precaution is taken 
Though lower readmgs as a rule are not obtamed in a 
normal individual by repeated readings, in others with 
apparently normal arteries the reading obtained after 
the third or fourth trial may as a result of the reduction 
in tone of the vessel wall be lower than the initial ob- 
servation by several milhmeters 

KELATIVE VAXDES OF SYSTOUC AND DIASTOLIC 
MEASUEEMENTS 

The systohc pressure is subject to wider van- 
ations under ordmary conditions of healtli than 
the diastolic, it also vanes more w ith local arterial 
changes, for these reasons less reliance can be 
placed upon it than upon the diastolic A knowl- 
edge of the diastolic level is also of greater value 
for other reasons (1) It represents the constant 
load which the vascular walls are cany'ing, not 
only in the larger artenes but throughout the 
artenal sy'stem (2) It reflects more accurately' the 
state of the penpheral vessels, for as already 
pomted out (p 151) the systolic pressure responds 
less to vanations in the penpheral resistance (3) 
It determines the filling of the coronary' system 
(p 326) 

The Relation of the Pulse Pressure to 
THE Cardiac Output 

/ 

The puke pressure, other factors remaining the same, 
vanes with the amount of blood ejected into the aorta 
per beat, and we know that the work of the heart de- 
pends chiefly upon the amount of blood ejected per 
mmute against the mean pressure m the aorta It fol 



154 


THE CERCULATIOX OF IBE BLOOD 


Scdson II 


loTTs tliirefo"e that pnmdtd the peripheral resistance, 
blood -nscosit} and other facto-s coacemed m the 
mamtenance of blood presmre remained constant the 
p-oduct of puLe pressure and heart rate (P P X H R) 
migntbensed asanmdcxof the energi of the \ entneu- 
Wr contraction- Erlangcr and Hooher found that the 
product tended to remain constant under ordmarv 
phi'sio^og'cal conditions, irhich would not be expected 
to alter the cardiac output, an increase or decrease m 
heart rate occurring to compensate for changes in 
pulse pmssure. The mdei in an mdindual having the 
usual pulse pmssiire of -lO and a pulse rate of 72, would 
be (40 X 72 ■») 2SS0 CondiUons causing a pronounced 
rise O' fall in the cardiac output, on the other hand, 
are accompanied bv a corresponding change m the 
p-odoct The indci has therefore been tLjed as a rongb 
flimir^l gauge o' the minute volume of the heart, and 
so as a guide to the manner in which the heart is per- 
fo-nung its wo-k m diseased states. The inder mar be 
of value in foDowing the course of an mdindual case 
if the observations are made at compaiatrvelj short 
intervals and the condmous to which the patient is 
eipored remam practically the same from one ob::crva- 
tion to the next, 27o absolute o* quantitative value can, 
however, be attached to it, nor can the results obtained 
in cEfferent mdmduals be compared with one another 

The Xoehai, 4eiebial Blood Peesscee 

Tie average svstolic pressure of toung male 
adults at mental and phyacal rest m the sitting 
posibon 0 e., as usuallr measured m a routme 
medical esamination) is usuallr gn en as 120 mm 
Hg, the diastolic as SO, the mean pressure as 100 
and the puLe pressure as 40 The pulse pressure is 
therefore one half of the diastohc and one-third of 

TABLE 16 

Thi ertrage rcnsltom of bhoi pressure (after ffjntcr’s 
ccrrpilciior of chcr-ztions on a qjartcr miHjon 
hudtby Arrencarj) 

(After Gager) 


ACt 

1 

1 smme 
inssrrt 

rtis^irc 1 
rtisszxx. ' 

FTLSE 

nzissrn: 

10 

103 

70 ' 

33 

IS 

113 

/D 

38 

20 

120 

so 1 

40 

25 

122 

81 

41 

30 

123 

82 

41 

55 

124 

S3 

41 

•:4) 

126 

84 

42 

50 ’ 

128 

130 

85 

86 

43 

44 

i 

132 

87 

1 45 

60 

135 

89 

1 ^ 


the systolic, and the normal ratio of sjEtohe, 
diastohc and pulse pressures is 3-2-1 This ratio 
holds only at these levels, being altered if the 
pressures are much abov e or below the foregomg 
figures Robinson and Brucer conclude from a study 
of nearlv 11,000 persons that the range of normal 
blood pressures is from 90 to 120 mm Hg sj’stohc 
and 60 to £0 mm Hg diastohc. Thev contend that 
blood prffisures above the upper levels just men- 
tioned cannot be considered as phj-siological at any 
age- 

Shght diurnal variations in blood pressure of 
from 5 to 10 mm. Hg sv-stohe occur, the peak 
bemg m the afternoon and the lowe=t lev el in the 
eady hours of the mormng 

VAEIATIONS IHE BLOOD PEESSCEE HXDEE 
BHySIOLOGICAL COSDmONS 

Age, sex, and build 

4ge eierts a definite influence uj>on the blocxi 
pressure levels At birth the sj'stohc pressure 
measures from 20 to 60 mm with an av etage of 
40 mm It nses rapidlv, however, and has an 
average value of about 70 mm. at the end of a 
fortnight and SO mm. at the end of a month. 
A slow steadv nse takes place from this time unt3 
about the twelfth y ear when it av erages 105 mm 
With the onset of pubertj' a more sudden nse 
occurs, which m bov-s reaches 120 mm. at about 
the age of 17 In girls, there is an mcrease m 
sj-stohe pressure to the fifteenth j ear, then a de- 
dme to the eighteenth, it remains fairfv steady 
from then on or shows a gradual nse. It figs 
usuaHv been considered that a steadj though not 
great nse m blood pressure from adolescence to 
old age IS the rule in health, the av erages for the 
age of 60 bemg gn en as about 140 sv'stohc pressure 
and 87 diastohc In men, it is usually stated that 
a nse of about 0 5 mm. m the s^Btobc and OJJ 
mm m the diastohc and pulse pressure occurs 
for each vear of age after 20 (see table 16) but, 
from the observations of Robinson and Brucer, 
mentioned above, it is debatable whether this 
mcrease vnth age can be considered to be a phy-si- 
ological phenomenon. In women up to the tune of 
the menopause the sj-stohe pressure is from 4 to 5 
mm lower t h a n for men of the same age. At the 
menopause, however, there is a somewhat abnipt 
nse and the pressure remains a httle above the 
male av erage from then onwards 
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S 3 TOonds and others have found a correlation 
betw een the systolic pressure and obesity Com- 
panng groups of overw eight and normal individuals 
the former were found to have a pressure on the 
average 7 5 mm higher than the latter In 
markedly obese but otherwise healthy persons the 
difference was even more pronounced The inci- 
dence of abnormall}’’ high blood pressure (hyper- 
tension) IS also dcfinitel}'^ greater m persons of 
ovens eight 

Robinson and Bruccr claim that body build is 
correlated with the blood pressure level Thej'- 
found m an examination of a large number of 
persons that m ans' weight group broad-chested 
persons on the average had a higher blood pressure 
(both ss'stolic and diastolic) than had those of 
slender build 

The cjfccls oj digestion, emotion, exercise and posture 

Digestion The s 3 stolic pressure is influenced 
to a small but definite extent b 3 ' meals A rise 
of from 6 to 8 mm is the usual effect, and this lasts 
for an hour or so There is little change m the 
diastolic pressure, if anything it is reduced, pre- 
sumably a result of vasodilation in the digestive 
organs and skin 

Emotional Influences, excitement, fear, 
worr 3 , etc markedly affect the artenal blood 
pressure, cspeciall 3 ' the s 3 'Stolic The effects are 
brought about through increased cardiac action 
and changes in the state of the vessels through 
impulses pla 3 ung upon the cardiac and vasomotor 
centers in the medulla The liberation of adren- 
ahne into the blood stream may also be a factor 
Quiet restful sleep, according to MacWilliam, is 
accompanied by a fall of from 15 to 30 mm m the 
systolic pressure The fall is most marked durmg 
the first hours, rising gradually agam after this 
until the time of w'akmg MacWiUiam observed 
that if the sleep w'as disturbed and accompanied 
by imaginai: 3 " motor activities there might be no 
depression of the pressure, but rather an elevation, 
in some instances to as high as 200 mm systohe and 
105 mm diastolic 

Exercise Of all ph 3 'siological conditions this, 
if of a strenuous nature, has the most powerful 
effect upon the artenal blood pressure Durmg 
the muscular effort or even immediately before, 
1 e , at the instant that the exertion is contem- 
plated, the pressure commences to rise and reaches 
a height of 180 or 200 mm The diastolic pressure 
shows a less pronounced rise (100 to 110) so that 


the pulse pressure is mcreased In hght exercise 
the diastolic pressure may remam at the normal 
level while the systohe rises several millimeters 
Immediatel 3 '^ after the exerase the pressure drops 
momcntanl 3 " to normal or even slightly below It 
then mounts rapidly to its previous high level, 
from which it graduall 3 '^ declmes again, and m a 
health 3 ’- person reaches the normal withm from 1 
to minutes The evanescent drop m pressure 
IS explained b 3 ’^ Cotton, Lewis and Rapport as 
being due to the sudden relaxation of the ab- 
dominal muscles The blood is drained mto the 
venous reservoirs These when depnved of their 
support (abdommal muscles) have their capaaty 
increased and the blood flow into the right heart 
is temporarily curtailed It is not until an appre- 
ciable time has elapsed to enable the mcreased 
venous capacity to become filled agam by blood 
pouring m from the recently active muscles that 
an adequate flow mto the nght heart is restored 
(p 168) These responses are much more pro- 
nounced and the final decline of pressure to normal 
levels is postponed if the exercise is earned out m 
a rarefied atmosphere, or if a condition of “ir- 
ntable heart” exists 

Posture The diastohc pressure is somewhat 
higher in the standing than in the sittmg position 
and lowest in recumbency This change is found 
to occur whether the postural change is brought 
about actively or passivel 3 ’ and is evidently an 
over-compensation for the gravity effect (p 169) 
The s 3 ’’stobc pressure usuall 3 '^ rises but to a less 
extent than the diastolic, so the pulse pressure is 
reduced It is difficult to obtain a blood pressure 
reading in less than 30 seconds, but those which 
have been taken at as short an mterval as 10 
seconds after the erect position has been assumed 
show' that the mitial effect is a fall of from 6 to 
22 mm Hg m the systohe pressure This is suf- 
ficient to stimulate the carotid smus and aortic 
mechanisms and cause mcreased vascular tone 
with a consequent compensatory rise m pressure 
Compensation is usually complete withm 30 sec- 
onds Reverting from the standmg to the sittmg 
or recumbent position has the reverse effect, fall m 
diastolic pressure and rise m pulse pressure In 
persons with an abnormally and habitually low 
blood pressure, the systohe pressure may actually 
rise m the l 3 Tng-down position and fall when the 
subject stands The diastohc, on the other hand, is 
always lowered in recumbency and raised in the 
erect posture 
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Pathological Variations in the Arterial 
Blood Pressure 

The blood pressure may be persistently above 
or below the normal range These departures irom 
the normal are termed hypeHamon and hypo- 
tension, respecbvelj It is difficult to make a 
sharp separation of the normal from the abnormal 
but an elevation above the average normal for a 
particular age, of 15 mm m the systohc and 
8 mm m the diastobc may be considered to be 
defimtely abnormal A reduction below 110 mm 
m an adult male (or 100 mm in adult females) 
of any age is usually termed hypotension 

arterial hypertension 

A high blood pressure accompanies such condi- 
tions as increased intracranial pressure, hyper- 
thyroidism and adrenal tumor or hyperplasia (ch 
59) In the first ^\o of these, the hypertension is 
more or less mcidental or of subordinate importance 
to the primary disease In the first the heightened 
pressure is apparently due to a generalized vaso- 
constriction resultmg from the reduced oxygen 
supply to the vasomotor center Cushing pomted 
out that the mcreased pressure withm the cranial 
cavity caused compression of and slowing of the 
blood flow through the vessels supplymg the 
medulla In animals, sudden occlusion of the com- 
mon carotids, after the vertebrals and other 
branches of the subdavian have been ligated, 
causes a pronounced rise m blood pressure Even 
though the carotid smus has been excised, chronic 
hypertension may be produced m dogs by cerebral 
ischemia produced m a similar way Also, a pro- 
nounced nse m blood pressure may be mduced by 
asphyxia (ch 27), the mcreased hydrogen ion con- 
centration of the blood acUng as the stimulus to 
the vasomotor center Permanent hypertension 
has been produced by the mjection of an mert 
substance such as kaolm mto the astema roagna 
of rabbits (Duton and Heller) and thus mterfenng 
wth the blood supply to the medullary centers, 
and cerebral anemia produced by hgation of the 
caroUds and vertebrals causes hypertension m the 
dog In hyperthyroidism the hypertension is asso- 
ciated with an mcreased cardiac output 
Temporary rises m blood pressure also occur m 
attacks of angina pectoris, m lead colic and m the 
crises of tales The hypertension associated with 
adrenal tumor or hyperplasia is usually of a par- 
oxysmal character and is due to hberation of ex- 


cessive amounts of the meduUary secreUon. 

59 ) 

The types of hypertension whidi are the mam 
consideraUon of this section are, (1) hypertension 
secondary to renal disease, (2) expermenlal hyper- 
iensioii, and (3) essential or primary hypertensum 

hypertension secondary to renal disease 

Sooner or later m chrome glomerulo-nephntis 
the arterial blood pressure rises, the left ventricle 
hypertrophies and the arterial tree shows degen- 
erative changes (atherosclerosis) 

Pathogenesis It is a well-attested fact that 
m this form of the disease as well as m prunary 
or essential hypertension mcreased penpheral 
resistance is the immediate causative factor The 
mcreased resistance is mainly m the splanchmc 
area (Abramson) None of the other factors which 
have been enumerated m the last chapter as 
sustammg the normal blood pressure exerts an 
excessive influence in these hypertensive states 
The hypertrophy of the heart, for example, is 
purely secondary — a physiological compensation 
rendered necessary, as first suggested by Richard 
B righ t (1827), by the greater resistance offered 
to the flow of blood through the peripheral vessels 
Divergent views have been held as to the marmer 
m which the mcreased penpheral resistance is 
brought about Of the theones which have been 
proposed two requue some mention A bnef 
account will serve as a background to a descnption 
of modem researches upon the sub 3 ect 

(a) Reduction in sue of the vascular bed of the kidney 
as a result of structural narrowmg of the renal artenoles 
and the destruction of large numbers of glomerular 
capiUanes Such changes, it was presumed, would 
narrow the outlet from the arterial to the lenous sys- 
tem There is no evidence that a localized increase m 
penpheral resistance of this nature occurs and is re- 
sponsible for hypertension, for m most animals (rat 
excepted) removal of one kidney and part of the other 
has httle or no effect upon the blood pressure Anderson 
reduced the renal tissue m rabbits to the pomt uhere 
severe renal insuffiaency resulted without causmg any 
nse in blood pressure From the great adaptabihty of 
the circulation, and the enormous potential capaaty of 
the penpheral vessels, this is what one should be led to 
expect, the removal of a vascular area from one part of 
the body bemg readily compensated for by the openmg 
of vascular channels elsewhere Reduemg the vascular 
bed of the kidney by the hgature of vessels does, how- 
ever, cause hypertension if the renal tissue supplied by 
the occluded vessels is left in situ 



198) obtained a pressor substance from normal 
ssue of rabbits They postulated that defec- 
retion of this material m kidney disease and its 
ation in the circulation was responsible for a 
zed vasoconstnction The fact that renal m- 
cy caused by the removal of renal tissue is not 
i\x of hypertension is in harmony with such a 
for the production of a pressor substance by 
ic> would also be reduced by the operation 
other hand, Geer and Dragstedt found that 
in which the unne had been diverted mto 
iinal ileum or directly into the blood showed 
ibon of blood pressure, though they were ob- 
For penods ranging from 11 days to 5 weeks 
mil be seen prcsentlj, the conclusions of Ti- 
and Bergman came remarkably close to mod- 
ught concerning the production of hyperten- 
rcnal disease 

’RODUenON OF HYPERTENSION BY EXPERI- 
fAL CONSTRICTION OF THE RENAL ARTERY 

igh others had reported that compression 
renal artenes in animals caused a nse m 
iressurc, Goldblatt and his assoaates were 
t. to show that this procedure causes consist- 
pronounced and permanent hypertension 
ction of the renal artery is effected by 
of a specially devised adjustable silver 
Ischemia of one kidney, produced m this 
e other remaining mtact, causes a moderate 
in of the blood pressure w'hich commences 
r four daj^ after the operation, but persists 
' a short time, returning to the normal level 
month or so If, on the other hand, both 
rtencs are constricted or if one alone is 
d and the opposite kidney removed, per- 
. hjTiertension results The seventy of the 
insion vanes with the degree to which the 
lood flow has been curtailed Unless the 
ssion of the renal artery is extreme and, in 
lence, the ischemia of the kidney very 
the elevation of the blood pressure is not 
•anied by any detectable impairment of 
unction and the kidney shows httle histo- 
change But with severe constnction of the 
renal msuffiaency develops and the 
may die m urerma * The hypertension and 

lertension has also been produced by partial 
tion of the ureters, by renal damage resultmg 
posure of the kidneys to X-ra}^ or by the mjec- 
a nephrotoxic agent such as uramum On the 
and, the production of multiple emboh m the 
:ssels asbymjectionsof hqmdparafBnorcarbon 


uegenerauve cnanges m me systermc artenoies. 
the artenolar walls m many instances showmg 
hyahne degeneration and necrosis Such a state 
of the vascular system, taken together with renal 
msufficiency and the elevated blood pressure, is 
closely comparable to severe clmical hypertension 
But Goldblatt was unable to produce artenolar de- 
generation m the kidney itself for the reasons that, 
(a) a severe degree of hypertension could not be 
produced as long as one non-ischemic kidney re- 
mamed m place, and (b) the vessels of the ischemic 
kidney are protected from the destructive effect of 
the hypertension by the compressmg clamp, i e , 
they he withm a region of low pressure Wflson and 
Byrom have succeeded, however, m produemg 
severe hypertension (up to 260 mm Hg) m rats 
by constnetmg one renal artery and leaving the 
opposite kidney situ Severe vascular damage, 
consistmg of hyahne or fibrmoid degeneration and 
necrosis of the walls of the artenoies of the mtact 
kidney (espeaally of the afferent glomerular ves- 
sels) as well as of the systemic vessels, was ob- 
served 

The Mechanism Involved in the Production 
OF Hypertension by Renal Ischemia. Renin It 
has been definitely established that the hyperten- 
sion following constnction of the renal artery is the 
result of a substance produced by the ischemic 
kidney The hypertensive effect is not dependent 
upon a reflex through afferent endmgs m the kid- 
ney, the vasomotor center and vasoconstnetor 
fibers to the systemic vessels for it occurs after 


particles, is not followed by elevation of the blood pres- 
sure, nor does constnction of the renal vem residt m 
more than a very transient nse m pressure Hyperten- 
sion also follows constnction of the aorta above the 
ongins of the renal artenes Page found that hyjierten- 
sion develops withm from four to six weeks after a kid- 
ney has been wrappied loosely m cellophane or sUk These 
matenals set up a chrome inflammatory reaction 
(pennephntis) wruch leads to the formation of a firm 
fibrocartilagenous capsule enclosmg the kidney The 
hypertension is the result, apparently, of the renal 
ischemia mduced by the compression of the vessek 
withm the kidney by the newly formed tissue Con- 
temporaneously and mdependently. Greenwood, Nas- 
sim and Taylor observed that if one kidney was sur- 
rounded by a closely fittmg cast of gauxe stiffened by 
impregnation with collodion, hypertension occurred 
■Withm a Jrw hours after the removal ^ the opposite kidney, 
progressed in seventy and persisted mdefinitely No 
nse occurred as long as tire other kidney remained 
undisturbed The mechanism bnngmg about the hyper- 
tension by this method, therefore, appears to be dif- 
ferent from that followmg the loose envelopment of the 
kidney in cellophane or silk, for it occurs before a con- 
stnetmg permephntis could have developed 
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denervation of the kidney, or secUon of the 
splanchnic nerves or of the anterior spinal nerve 
roots Even complete excision of the sympathetic 
chains or destruction of the spinal cord does not 
prevent the development of the hypertension 
Furthermore, hypertension results if one kidney 
which has been transplanted into the ingumal 
region or mto the neck (renal artery to carotid, 
renal vein to jugular) is made ischemic and the 
other kidney then erased The transplanted kidney 
IS, of course, completely isolated from nervous con- 
trol The inability of such denervaUon operations 
to prevent or modify the hypertensive effect pro\ es 
conclusively that it is mediated through a pressor 
substance circulating m the blood stream and, 
further, that the latter acts, not through the 
vasomotor center, but either directly upon the 
penpheral vessels or through the intermediary of 
one or other of the endoenne organs (sec below) 
The humoral substance formed m the ischemic 
kidney which is pnmanly responsible for the hyper- 
tensive effect is called reinii, the name already' 
mentioned as having been originally used by 
Tigerstedt and Bergman Renin, as we shall sec 
presently, produces a vasoconstnetor material 
(see hypertensm, below) but is itself free from any 
direct pressor action It is a proteolytic enzy'mc, 
acting best at a pH between 7 5 and 8 S and at a 
temperature of about 37 5°C Its substrate is an 
alpha globulm of the plasma It is non-dialyzablc 
and thermolabile bemg destroyed above 56^C , and 
IS probably a protem The renin of pig, dog, mon- 
key, ape or man produces its characteristic effect 



Fig 161 Demonstration of renin in the blood of t 
^tient with acute glomerulonephritis and hypertension 
Blood pressure curves are those of a cat under dia 
anesthesia The figures above the curves indicate thi 
nsc in blood pressure m mm Hg 2- — Response to mice 
Um of unincubated control equivalent to 10 cc serum 
^ respo^, It will be observed, is about the same a; 
^t given by the saline control (1) St. A-Rcsponse ti 
0 75 cat tmt of standard hypertensm S—Responsc t< 
10 cc physiological ^hne 1-Response to mrabatci 
sample equivalent to 5 cc serum \Vhen calculated fo 
renm, this w equivalent to 2 4 cat units of renin per 1( 
^ serum 3— Re^onw tosamplemcubatedwith hvper 
tensmase Note that this gives approximately the s^i 

imta^n?\r B— Response to 1 2 ca 

Hmesl* hypertensm (after Dexter am 


when injected mto a lower mammal, and that of 
the monkey, ape or man when injected into any 
one of these primates But it shows a speaal type 
of specifiaty, for the renin of a lower mammal is 
inert when administered to monkey , ape or man 
The renin of the bird is acti\c onlv in birds 

It IS probable, as Goldblatt believes, that renin 
IS present in the renal tissue in the lorm of a pre- 
cursor {ervpip remit), and is activated only after it 
has been released into the circulation 

Difficulty has been experienced in demonstrat- 
ing in a direct way the presence of a pre'ssor sub- 
stance m the circulation of the hypertensive ani- 
mal The blood pressure of a normal dog is not 
elevated by transfusing it with blood dravvai from 
one with experimental hypertension l.xtracls of 
ischemic kidneys have vitldcel uncertain results, 
for renin is present m the normal 1 idney though in 
somewhat smaller amounts, it is claimed, than in 
the ischemic organ Transfusion anil crossed arcu- 
lation experiments have y iclilcel conflicting re-sulls 
Kat7 and Ins colleagues transfused non livjierten 
sivc ncphrectomizcfi dogs with the blooel of hvper- 
tcnsivc animals over a period of 18 hours hut oh 
served no rise in the blowl jircssurc of the recipient 
animals On the other hand, Solandt, iSassim and 
Cowan have reported that when by means of a 
specially designed pump large volumes of blood 
were transfused from a hvpcrtcnsive to a non hv- 
pertcnsivenephrectoniizcd animal, a tcmjwrarv rise 
in blood pressure resulted 

Nevertheless, convincing evidence of the jiro 
duclion of a hypcrtensiv e substance in the ischemic 
kidney was furnished In the experiments of Hous 
say, Fasaolo and Taquini Tlicy found that the 
blood pressure of a non hv perlcnsivc, nephrectom 
izcd animal was raised when the isdiemic 1 idney of 
a hypertensive animal was transplanted into its 
neck, whereas the transplantation of the I idney of 
a normal animal gave a negative result Tliey also 
showed that the plasma of hlooil colleclal from the 
vein of an ischemic kidnev, as conipareal with that 
from a normal one, causcel a pronounccil \ asocon- 
stnetor effect when perfused through the ve-sstls of 
the toad 

Renm has been reported to be present in the 
blood of patients with acute hvpcrlcnsion, but not 
in cases of long standing It has also been found in 
the blood of persons poisoned b\ barbiturates, as 
well as in the blood of animals with renal hyper- 
tension (fig 16 1) A nsc in the concentration of 
renm in the blood has been observed in animals 
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suffering from surgical shock, following hemorrhage 
and m other states associated with a profound fall 
m blood pressure Such observations suggest that 
the hberation of renin by the normal kidney is a 
phj'Siological factor in the regulation of the blood 
pressure, aiding in its restoration to higher levels 
when it becomes greatly low ered 
The Actii'e Vasoconstrictor Agent Helmer 
and Page found that the more purified prepa- 
rations of renin were inactue VTien perfused 
with Ringer’s solution through the vessels of an 
isolated organ such as the rabbit’s ear or dog’s 
tail, such preparations showed little or no vaso- 
constnetor action The addition of plasma, blood 
or serum globulin to the purified renin preparation 
restored its vasonconstnetor property Blood or 
plasma, therefore, contains a material w'hich 
Helmer and Page called angiolomn precursor, but is 
now more commonly known as liyperlcnsinogen, 
the name given to it by Braun-Menendez and his 
associates This substrate of renin is believed to be 
a pseudoglobulm (alpha; globulm of plasma) The 
active vasoconstrictor material produced by the 
action of remn is called hypcrteusin (Braun-Menen- 
dez) or angtotontn (Page) The hypertensive action 
following the mjection of renm becomes less pro- 
nounced with repeated injections This tolerance 
to repeated mjections of renm has been termed 
tachyphylaxis The phenomenon is attributed by 
Page and his assoaates m part to the exhaustion of 
hypertensinogen The serum globulm is produced, 
apparently, m the liver smee it disappears from the 
blood after hepatectomy It is said to be increased 
m experimental hypertension and m clinical essen- 
tial hj^iertension 

Chemical and physiological properties of hypertensin 

H 3 'pertensm is believed to be a polypeptide of 
low molecular weight, namely, 2700 Accordmg to 
Edman’s analysis of a highly purified preparation, 
it contams 28 per cent of histidme and small quan- 
tities of lysme, glycme, alamne, serme, prolme, 
valine, leueme, tyrosm, and aspartic and glutamic 
aads Hypertensm is dialyzable and thermostable, 
it is not speaes specific, preparations from animal 
kidneys produemg a pressor effect m man and m 
all species mvestigated One miihgram of Edman’s 
purified preparation has a hypertensive action 
equal to 39 mg of tyramme phosphate, it is there- 
fore comparable m potency, so far as its blood 
pressure raising effect is concerned, with commer- 
aal adrenahne But it constricts the coronary 


arteries and reduces cardiac output and effiaency. 
It reduces splenic and renal volumes and mcreases 
venous pressure, the cutaneous blood flow is un- 
affected Immediately after its administration the 
blood pressure rises steeply, but the rise is short- 
hved, Its action thus^differmg from that of renm, 
which IS gradually developed (characteristic de- 
pendent upon the delay required for the production 
of the pressor pnnciple itself) and prolonged It 
acts directly upon the vascular musculature and 
also stimulates nearly all other smooth muscle It 
reduces renal blood flow apparently through con- 
striction of the efferent glomerular artenole 
Glomerular pressure is thus raised and the propor- 
tion of fluid filtered from the plasma increased ® 
The renm-hypertensm mechamsm may now 
be summarized m tabular form, thus — 

RENIN + 

(Eniyme liberated 
by renal cortex) 

HYPERTENSINOGEN / angiotonm precursor,\ 
(pieudoglobuUn of hepauc ongin)l Lypertcnsm precursor J 

—* HYPERTENSIN (angiotonm) -f 

(active \-aicoiiiUictor) 

HYPERTENSINASE (angiotonase) (seep 160) 

(formed by healthy fadney) 

-+ inactivation 

The Source op Reitoi anu the Adequate 
Stimulus por Its Liberation Renm is confined 
to the cortex of the kidney But whether it is 
formed m the cdls of the tubules, or m the juxta- 
glomerular apparatus as claimed by Goormatigh, 
IS not definitely known Hypertrophy of the cells of 
these structures has been desenbed m hyperten- 
sive animak, and others report that, m dogs, they 
contam granules which exhibit histochemical 
properties similar to those of renm, and that there 
was a very good correlation between the number 
of these granules and the remn content of the 
kidney (Marshall and Wakerlm) On the other 
hand, experunents with a tubular poison (tartrate) 
pomt to the cells of the tubules as a more likely 
site of renm production Eadne}^ m which the cells 
of the tubules have been destroyed by tartrate, do 
not contam renm, whereas kidneys of which thm 
wafers of the renal cortex were shaved off (Braun- 

*A vasoconstrictor substance (pepsitensin), closely 
resembling hypertensm m its effects, has been obtamed 
by Croxatto and assoaates by the action of pepsm upon 
plasma globulm 
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Menendez), to remo^ e the glomerub and the justa- 
glomerular apparatus, still contained the enzyme. 

The stimulus for the production or hberation o£ 
renm hj the kidnei is not known It is denied b> 
Page that ischemia of the kidnej is itself respon- 
sible, for, though the immediate effect of con- 
stnehon of the renal artei 3 ' is a fall m pressure 
m the \ essels of the kidn^ , and a reduction m 
blood flow, later on the renal blood flow ma% re- 
turn to normal Nor did anona of the renal tissue 
seem to be a necessan condition for the de\ elop- 
ment of renal h\-pertension, because no mcrease 
o\ er the normal was found m the arteno-i enous 
0 X 1 gen difference of the ischemic kidnei (Leiy 
and assoaates) Jloreoier, anoxia mduced b> 
ci-amde does not cause remn to appear m the 
circulation although a kidnei so poisoned pro- 
duces renm when the renal artery is clamped 
Corcoran and Page, and Kohlstadt and Page hai e 
come to the conclusion that reduction in pulse 
pressure m the renal i essels is the adequate stimu- 
lus Thei based their behef mamli upion the fol- 
lowmg experiment The arten of a pierfused 
Lidnei was constricted, while normal blood flow 
and mean blood pressure m the \ essels distal to 
the constriction were mamtamed A reduction m 
pulse pressure m the renal arten distal to the 
constncting damp was followed b) the appear- 
ance of remn m the renal \ ein Reduction m renal 
blood flow occurred onlj as a late effect 

But there haie been sei-eral objections to this 
explanation The question has been illummated 
b\ the studies of Tnieta and his colleagues upon 
the renal circulation It is highli probable that 
the renal cortex is rendered ischemic b\ short 
circmtmg of blood (p 443) This could occur 
without am appreciable change taking place m 
the arteno-\ enous oxigen difference or m the \oI- 
ume of the renal blood flow as a whole. 

lN-HIBnOR\ PlUM3PiE Ev HEAEim Re\AI. 

Tissue— HYI>ESTE^ s^^ASE 

It has been mentioned that isdiemia of one 
kidnei without mterference with the kidne> of the 
opposite side is not followed b> permanent hi'per- 
tension nor is the elei-ation of blood pressure, e\ en 
while It lasts, as great if a normal kidnei is present, 
and the return of the blood pressure to normal 
after exasion of an ischemic kidnei is much less 
rapid if the opposite kidnei is also remoi ed Also, 
m order to demonstrate the maximum effect of 
the pressor substance hTerated b^ the isdnemic 


kidnej' the reapient animal must first be nephrec- 
tomized All these facts suggested that normal 
renal tissue elaborated a substance inhibitmg the 
action of the pressor agent. 

Braun-Menendez and his assoaates demon- 
strated the presence m normal kidnej tissue of an 
en^me which inactivates the pressor prmciple 
(hj'pertensm or angiotomn) This enzyme, called 
hyperienstiiase bi its discoverers, and angiotonase 
by Page and his colleagues, is possibly responsible 
for the effect exerted by normal kidney tissue upon 
the dm elopment and sev enty of renal hviicrtcn- 
sion Hypertensmase is also found m mtestinal 
mucosa, pancreas, as well as m the eryThrocytes, 
mmitnal amounts are present m hver and in serum 
Its optimum pH hes between 7 5 and 8 5 Attempts 
to obtam a matenal from extracts of normal kid- 
ney tissue which would neutralize or macUvate 
the pressor substance responsible for clmical 
hypertension bay e not, so far, been y ery successful. 

An antirenm has been produced by mjections of 
purified hog renm mto dogs, and mto human sub- 
jects Unfortunately, the antirenm obtamed m 
these immunological experiments is not effectiv c in 
lowermg the blood pressure m hvpertensiie pa- 
tients The antirenm so produced is active only 
against animal remn, not against human remn, it 
lowers the blood pressure of dogs with experimental 
hypertension, as well as the blood pressure of dogs 
with spontaneously occumng hypertension — a 
condition occasionally found and which is anal- 
ogous to essential hypertension m man Human 
remn is not antigemc and m order to produce an 
antirenm effectiy e against human remn, it would 
be necessary to make it so Expienments are bemg 
earned out along these lines But such experiments 
could hardly be expected to yncld results of much 
practical value oymg to the difficulty of obtammg 
the large amounts of purified human renm which 
would be required Yet if an antirenm produced m 
this way were effectiy e m essential hypertension, 
such a result would go far toward pronng the 
humoral nature of the disease 

The Emjoceixes ie Relatiov to Experi- 
iiEXiAL Hvperie.n'sion Though the eyidence 
pomts to hypertensm as actmg directly upon the 
y essels, the possibihty must be considered that it 
exerts its effect by stimulatmg a ductless gland, 
such as the pituitary or adrenal, to secrete a vaso- 
constnetor substance That the adrenal medulla 
plays a rdle m this respect can be summarily dis- 
missed, for the hypertension is not preyented or 
modified m any yyay by bilateral exasion of all 
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medullary tissue On the other hand, Goldblatt has 
found that constnction of the renal artenes fails to 
cause a rise m blood pressure after bilateral removal 
of the adrenal cortex, even though the animal is 
mamtamed in good condition by a high salt and 
low potassium diet (ch 59) But if cortin is ad- 
ministered to the adrenalectomized animals, renal 
ischemia is followed by the usual hypertensive 
response The blood pressure of hypertensive rats 
IS lowered by adrenalectomy and is only partially 
restored by the admmistration of dcsoxycortt- 
coslcroue However, these results should not be 
taken to imply that the renal prinaple mediates its 
action through the adrenal cortex, for Houssay and 
his colleagues found that in short term experiments 
in which an ischemic kidney was transplanted mto 
a non-hypertensive animal, complete adrenalec- 
tomy of the latter or ligation of the adrenal veins 
did not prevent the nse in blood pressure These 
two sets of experimental results have been recon- 
ciled by the observation that hypertensmogen is 
reduced after adrenalectomy The cortical hormone 
appears to be necessary, therefore, for the produc- 
tion of the substrate upon which renm acts But 
desoxycorticosterone is capable itself of mducing 
hypertension m normal animals, provided that the 
diet contains adequate amounts of salt It is meffec- 
tive upon a salt poor diet Damage to the renal 
vessels (nephrosclerosis) is caused by the adminis- 
tration of this hormone, it also increases the reten- 
tion of salt (enhanced tubular reabsorption) and 
an m crease m the volume of the extracellular 
fluids Both the renal effect and that upon water 
and salt metabolism are probably responsible for 
the hypertension caused by this cortical hormone 
There is no evidence that the posterior lobe of 
the pituitary plays a r61e m the development of 
renal hypertension, but the antenor lobe appears 
to be implicated through its action upon the 
adrenal cortex Ablation of the antenor lobe m am- 
mals with renal hypertension lowers the blood 
pressure, which is raised to its previous level by 
the administration of adrenocorticotrophm or of a 
crude antenor lobe extract So far as is known 
neither the thyroid nor the sex glands are m any 
way responsible for renal hypertension 

The SiGNtFICANCE OE THE RESULTS OF ReNAL 
Ischemia in Experimental Animals to the 
Hypertension of Chronic Renal Disease 
The immense importance of the experimental work 
which has been outlined m the foregomg sections 
and its beanng upon the hypertension secondary to 


lenal disease reqmres no emphasis Durect and 
conclusive proof that interference with the renal 
circulation is the cause of the chmeal condition and 
that renm is the responsible pressor agent has not 
been obtamed But the hypertension of renal dis- 
ease and experimental hypertension are so similar 
that it IS difficult to believe that both are not 
brought about by identical mechanisms It is easy 
to understand how vascular lesions withm the dis- 
eased kidney itself could cause a change in renal 
hemod 3 mamics and the release of renm just as does 
compression of the renal artery Further support 
for such a belief is provided by the findmg of renm 
m the blood of patients with recently developed 
hypertension'* Several clmical observations can be 
cited which stress the cogent argument offered by 
the experimental results m explammg the hyper- 
tension of renal disease For example, m unilateral 
renal lesions, e g , pyelonephritis, associated with 
hypertension, removal of the diseased organ is often 
followed by the rapid return of the blood pressure 
to normal levels 

The experiments also cany important physi- 
ological imphcations or at least brmg up some 
mterestmg questions Does the pressor substance 
serve as a physiological mediator of renal blood 
flow? Is it m the nature of a humor or hormone 
liberated from the renal cells or produced by 
them w'hen the functional demands upon the 
kidney call for a greater blood flow through its 
vessels? A r61e of this nature is suggested by an 
experiment performed by Drury A loop of silk 
thread shghtly larger than the renal artery was 
tied around the vessel of one side m young, grow- 
mg rabbits As the animals grew the renal artery 
mcreased m size until it reached the diameter of the 
loop which from then on prevented the renal blood 
flow from mcreasmg to meet the demands of the 
growmg body The opposite kidney made up for 
the defiaency by enlargmg enormously and as 
long as it remamed undisturbed the blood pressure 
did not nse But removal of the hypertrophied 
kidney was followed by hypertension (up to 200 
mm Hg) An observation reported by Dill and 
Enckson pomts m the same chrection, namely, that 
the vasopressor substance serves to proportion the 
blood flow through the kidney to the demands 
made upon renal function The renal arteries on 
both sides were moderately compressed m a senes 
of pregnant dogs The operation was followed in 

* Remn has not been demonstrated m the blood m 
hypertension which has existed for some time 
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from 48 to 120 hours by hypertension, nitrogen 
retenUon and hematuria The animals had con- 
vulsive seizures and died m from 3 to IS days m 
coma Lesions m the hver, e.g , penportal necro- 
sis, similar to those found m eclampsia were found 
at autopsy Non-pregnant dogs whose kidneys 
were subjected to the same degree of ischemia, 
though they developed hypertension, remained m 
good health 

Other Possible Factors ln the Genesis of 
Renal Hvbertension The more research that is 
devoted to experimental renal hypertension the 
more uitncate the problem appears to become, and 
the greater is the insistence that not one but several 
mterrelated mechamsms are probably mvolved 
Page and Corcoran propose what they call a pwsatc 
theory m which nervous and endocnne factors as 
well as the renm-angiotonm (hypertensm) system 
play a part 

The Question as a Nervous Factor in 
Chronically Hvrertenswe Animals For a time 
it seemed settled decisively that the hypertension 
following constnction of the renal artenes was due 
aihrely to a humoral mechanism But the work of 
Dock, of E W Page and Ogden, and of a number 
of other mvestigators has thrown doubt upon the 
purely chemical nature of experimental hyperten- 
sion throughout all stages of its course Byron and 
Wilson, for example, found that removal of a smgle 
ischemic kidney from hypertensive rats did not 
lower the blood pressure Others have shown that 
even bilateral nephrectomy did not restore the 
normal blood pressure of chronically hypertensive 
animals Evidence pomtmg m the same direction 
has been obtamed by Dock He has demonstrated 
that, whereas pithmg a normal rabbit made hyper- 
tensive by a contmuous mfusion of renm does not 
cause a reduction m blood pressure, the same op- 
eration upon a rabbit rendered permanently hyper- 
tensive by renal ischemia caused the blood pressure 
to fall to the normal level Agam, a syrapatholjTic 
dmg, such as yohunbm hydrochloride, does not 
amehorate experimental renal hypertension shortly 
after its establishment, but has such an effect m 
hypertension of long standing As mentioned on 
page 158 remn has been found m the blood m the 
acute phase of hypertension, but not in the chrome 
phase The sum of these several observations sug- 
gests that m hypertension of recent standmg a 
humoral mechanism (renm hypertensm) is re- 
sponsible, but that the chrome stage is neurogemc. 
It may be, honever, that (1) hypertensm is the 


cause of the vasoconstriction m both phases but 
that m the condition of long standmg the vessels 
are hypersensitive to the pressor pnnciple and 
respond to very mmute, undetectable amounts, 
(2) the discharge of remn ceases when the blood 
pressure has nsen sufSaently to supply adequately 
the ischemic kidney, or (3) renm is taken up by 
the vascular wall and produces hypertensm in this 
situation rather than m the blood 

The VEM-VDM System Shorr and his asso- 
ciates suggest that hepatorenal factors enter into 
the mechanism of renal hypertension They have 
found that constnction of the renal artery by a 
damp causes a derangement of the normal VEM- 
VDM balance The mitial anoxia produced m the 
kidney by the constnetmg damp is accompamed 
by the appearance m the blood of the renal vaso- 
exatatory matenal (VEM) which normally cannot 
be detected A httle later the hepatic vasodepressor 
matenal (VDM) is found m low concentration m 
the blood, it mcreases progressively until in the 
chronic hypertensive phase it counteracts the ac- 
tion of VEM (ch 27) 

Primary, Benign or Essential Hypertension 
(Hyperpiesia) 

The immediate cause of the raised pressure m 
this as m the preceding type is an increase m the 
penpheral resistance, i e , vasoconstnction or nar- 
roiving in some way of the penpheral vessels It 
IS not due to an increase m any of the other factors 
upon which the mamtenance of the normal blood 
pressure depends, namely, the output of the heart, 
the viscosity* or the volume of the blood The 
cahbers of the retinal artenoles are greatly nar- 
rowed, appearing upon ophthalmoscopic examina- 
tion like silver wires The state of these vessels 
may be taken as representative of that of the 
cerebral vessels and probably of the state of the 
penpheral vessels generally throughout the body 

The systohe and diastohc pressures are elevated 
equally, or the systohe to a greater degree than 
the diastohc, 250 mm is not an unusual figure for 
the former and 130 mm for the latter In other 
cases, usually those m an advanced stage, the 
diastohc pressure is proportionately greater than 
the systohe, and the pulse pressure reduced The 
pressure m the pulmonary circuit is believed to 
be normal Pulmonary hypertension does, how- 

‘A moderate increase m blood viscosity has been 
demonstrated m hypertension but it is a contnbutorv 
cause only ■' 
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c\cr, occur, as in heart disease (c g , mitral steno- 
sis) and in ccrLiin diseases of the lungs, quite 
mdcpcndcntl\ of sNstemic h\pcrtcnsion, and may 
be present alone or coincidcnLilly uith the latter 
(sec also eh 28) The pressure of the cerebrospinal 
fluid IS increased m proportion to the nse in the 
diastolic pressure 

The pressure in the capillaries and small veins is 
within normal limits, and the slope of pressure 
through tlicsc \csscls is not matcrialh diflerent 
from that m health But it follows that the fall in 
pressure through the arterioles is mucli greater than 
in health (fig 162) Ellis and Weiss found mean 
pressures of 1S5 and 12 mm rcspcctivcU in the 
brachial arterj and in the capillanes — a fall of 
o\cr 140 mm Of this about 125 mm must have 
occurred in the arterioles NormalK the fall of 
pressure in the latter \csscls is less than half this 
figure (approximated 50 or 60 mm ) 

The high pressure m the arterial system, which 
of course must be oa creome b> the left ventricle 
before It can expel its contents, increases the work 
of the heart bj from 40 to 50 per cent The ven- 
tricular caxilv becomes dilated and its walls 
haptrlrophicd The cardiac output, except when 
the arculation is failing, is normal or only slighth' 
reduced In certain instances, according to some 
obseners, it is increased The \ oscular system, 
including the renal artcnolcs, in time suffers dc- 
gcncratnc changes (p 164) and renal insufiiaency 
may then result (eh 36), a small contracted kidney 
IS usuallj found after death It should be empha- 
sized that (as first pointed out by Albutt) the 
hypertension develops in the absence of clinically 
demonstrable kidney disease The latter when it 
occurs IS the result of the hyqiertension In other 
i\ords, kidney disease is not a forerunner of essen- 
tial hy^iertension but a sequel to it 
Pathogenesis The cause of the increased 
peripheral rcstslauec is unknowai, though many' 
thcones have been proposed 
The pressure is lowered temporarily' by drugs 
which cause vasodilatation, such as histamine, in a 
number of hypertensive cases examined by Ellis 
and Weiss the arteriolar resistance w^as, as m 
normal persons, removed by tins drug These 
facts indicate that the vasoconstriction is largely' 
due to spasm (fig 16 2) 

Nervous influences It has been suggested that 
the essential cause of the increased peripheral 
resistance is an mherent hypersensitivity of the 
•rasoconstnetor nerves and an exaggeration of the 



Fig 16 2 Diagrammatic representation of fall m blood 
pressure in vascular arcuit m subjects with hy'perten- 
sion compared vnth the normal Shaded and stippled 
areas represent altcrabon in the pressure relationships 
in the skin v essels after the injecbon of histamine The 
lower boundancs of these areas represent the pressure 
gradient under natural condibons, the upper boundaries 
this gradient after the mjeebon of histamine (after ElUs 
and Weiss, modified) 

usual vasomotor responses The demonstration of 
an hereditary susceptibility to hy'pertension v\hich 
IS said to be a domrnanl characteristic and trans- 
mitted according to Mcndclian Jaws has been 
pointed to m support of the latter view Also 
Lord Dawson in the examination of 650 school 
children found the blood pressure well abov'e the 
normal in 8 per cent Hy'pertension has also been 
reported in infants 

In hypertensive subjects the reactivity of the 
peripheral vessels to nervous stress or to cold, as by 
the immersion of a hand m ice-water, is usually 
greater than normal The latter procedure — the 
so-called cold pressor test — is employ'ed for mvesti- 
gating the vascular responses In most hyperten- 
sives the reaction is excessive, a sharp and in- 
ordinate nse in diastolic pressure occurs w'lthout 
an increase in cardiac output or pulse rate, which 
IS taken as indicating a hypersensitive vasocon- 
stnetor mechanism Hines has studied this reaction 
m normal as w ell as m hypertensive subjects over 
a penod of years, and has classed them mto three 
groups, hyper-reactors, who respond to the test by 
a nse over 20 mm Hg, normoreaclors, who give a 
nse of between 10 and 20 mm Hg, and hyporeaclors, 
•with whom the nse was less than 10 mm Hg The 
subjects with normal blood pressures and w'ho 
H ere hyper-reactors, showed a dehaite susceptibility 
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to the development of hypertension m later life 
(see table) In these, as as m the hypertensive 
hyper-reactors, the magnitude of the response 
tends to mcrease progressively after 40 years of 
age The afferent limb of the cold pressor response 
is constituted of fibers mediatmg the sensations of 
cold and of pam The efferent impulses pass to 
the vessels via sympathetic paths The response 
is abolished by tetraethylammomum chlonde, a 
sympatholytic agent. 

The Reaction of the Diastolic Pressure to the Cold Pressor 
Test, Corrdated with the Subsequent Development 
of Bypertensian (Hines) 
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Percent 

Hyporeactors 

36 

0 

0 

Nonnoreactors 

48 

8 * 

17 

Hyper reactors 

57 

31 

54 


* Blood pressure normal, less than 100 nun Hg di- 
astolic 


Though hypertension, temporarv at least, may 
be produced m animals by denervation of the 
carotid smuses (p 282) and section of the aortic 
nerves, there is no evidence that these mechanisms 
are directly concerned m the production of hyper- 
tension m man The response of the carotid sinus 
to manual pressure (depressor response) is often 
actually more active m subjects of hypertension 
than m normal persons Furthermore, in a study 
made by Thomas of the hypertensive effect of 
secUomng the smus and aortic nerves m dogs, it 
Was found that hypertension caused m this way 
differs from essential or renal hypertension m that 
mcreased cardiac output is an important factor in 
its production, it is cured by complete sympa- 
thectomy 

Hypertension has also been produced in animals 
by subjecting them (rats) to loud noises, by sUmu- 
labon of the hypothalamus, or of certain areas of 
the cerebral cortex, fay the mjection of kaolm mto 
the dstema magna, by hgature of the carotid 
artenes or by stimuktion of the renal nerves But 
even some of these apparently purely neurogemc 
t^ of hypertension appear to be, in part at least, 
^ renal ongin For example, the hypertension 
Ca^d by section of the smus and aortic nerves is 
ody ameliorated by removal of the sympathetic 
chains mthout denervation of the kidney The 


latter operabon performed subsequently restores 
the blood pressure to normal It has also been found 
that renal denervation corrects the hypertension 
caused by asternal mjcction of kaolin 

The nervous and eraobonal stram of modem 
avilizabon has frequently been suggested as the 
underlying factor in the development of essential 
hypertension There is little evidence which can be 
ated m support of the idea that mental strain, m 
the great majority of cases at any rate, is an im- 
portant factor In an analysis of some 30,000 
applicants for life insurance Weiss found the aver- 
age blood pressure no higher in medical men, 
teachers, lawyers, business men and others than 
m farmets who undoubtedly lead a life of greater 
mental calm It should be mentioned, however, 
m this cormeebon that Armstrong found m Air 
Force applicants a high correlation between hyper- 
tension and emotional instability, as determined 
by psychological exammation This finding ap- 
pbes, of course, only to healthy young men and 
not necessarily to women or to males of other 
ages 

Allicrosdcrosts and arlcrtosdcrosts Arterial dc- 
gencrabon occurs m bvo mam forms 

(a) In the first and most senous type of arterial 
disease plaques of lipid material, cholesterol, 
cholesterol esters, phospholipids, fatly acids and 
lipoprotcms, appear in the previously thickened 
mbma of the large artenes and their mam branches 
This type is known as alherosderosts (G alherS, 
piomdge -F sdcros, a hardening), atheroma or 
alhcromalosts The atheromatous areas mas later 
be the seat of calcareous deposits The aorta and 
the coronary and cerebral artenes arc most com- 
monly affected The dmical importance of athero- 
sclerosis lies in its tendency to cause a sascular 
accident -thrombosis or wcakenmg of the artcnal 
wall and rupture It is now very widely accepted 
that atherosclerosis is due to some disorder of bpid 
metabolism, espeaally of cholesterol The relative 
concentrations m the plasma of the giant hpopro- 
tem molecules of different densibes is altered from 
the normal, and this, rather than the total conccn- 
trabon of plasma cholesterol (free or as esters) is 
the important factor m the genesis of atherosclero- 
sis In expenmental atherosclerosis, which can be 
mduced in rabbits by high cholesterol feeding, and 
m dogs, if an antithyroid agent such as thiouracil 
»s given as well, a pronounced increase m the 
plasma hpoproteins of rdabvely low density (10 to 
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20 S,)® occurs, as determined by ultracentnfugE' 
tion (applied force, 250,000 times that of gravity) 
This class of lipoprotein particle is m abnormally 
high concentration in the plasma of patients re- 
cently recovered from coronary thrombosis, and 
in others with evidence of atherosclerosis The con- 
centration increases with age, and is much higher 
under 40 years of age in males than in females, but 
this sex difference tends to disappear in the older 
age groups These observ'ations are in accordance 
with the incidence of atheromatosis with respect 
to age and sex 

(b) Scutlc arteriosclerosis, Moitckchcrg's sclerosis 
In this form of arterial degeneration, atrophy or 
necrosis witli subsequent deposition of calcium 
salts occurs in the muscular coat (media) of the 
smaller arteries Tiic \ cssels become tortuous, hard, 
more or less rigid and brittle, a condition which has 
suggested the term “pipe-stem” arteries 

Neither of the diseases 3 ust described is the cause 
of essential hjqjertension On the other hand, there 
is no doubt that atherosclerosis, at any rate, may 
result from h}*pertension or be hastened in its de- 
velopment Veins, for example, or the vessels of the 
pulmonar>' circulation, which have a pressure much 
lower than that in the systemic arteries, are rarely 
the scat of atherosclerosis If, on the other hand, a 
section of a systemic artery is excised and replaced 
by a length of vein, atheromatous changes are 
likely to supcrv'cnc in the w'all of the grafted vessel 
Arterial changes arc also not unusual m the pul- 
monary vessels w'hcn, as in mitral stenosis, the 
blood pressure in the pulmonary circuit is high 
One of the earliest experiments on the question of 
high arterial pressure being a cause of atherosclero- 
sis w'as undertaken by Josu6 He produced arterial 
degeneration in rabbits by daily injections of 
adrenaline Tyramine, as shown by Duff and his 
associates, has a similar effect The recent re- 
searches of Wakerlin and his associates have shown 
a close correlation between the height of the blood 
pressure and the seventy of atherosclerosis in dogs 
wnth renal hypertension and whose plasma cho- 
lesterol had been raised by cholesterol feeding 
combined with tliiouracil administration 

Dock considers that a blood pressure under 60 
mm Hg as obtains in the smallest arteries and m 
the veins and vessels of the pulmonary circuit, does 
not encourage the development of atherosclerosis 

® Sf stands for Swedberg’s flotation unit, 1 Si unit 
IS a rate of migration of the particles in the ultracentn- 
fuge of 10~i> cm /sec /dyne/gram 


This is borne out by the fact that, whereas in per- 
sons with a normal blood pressure atheroma does 
not involve the smaller twigs of the arterial tree, 
in hypertension the process may extend peripher- 
ally into the arteriolar region where the blood 
pressure may be considerably higher than 60 mm 
Hg Accordmg to Dock, the effect of high arterial 
pressure upon the artenal wall is not so much that 
It causes injury (wear and tear) but rather that it 
provides a certain “percolation pressure” which is 
required to force the large bpid molecules mto the 
cells of the vascular Iming A high rate of blood 
flow is believed to be also an important factor ’ 

A discussion of humeral versus nervous factors in 
the genesis of essential hypertension 

Having m mmd the experimental results of con- 
striction of the renal artery m causing hypertension 
and the probability that renal ischemia is the 
cause of the high blood pressure m renal disease, 
the question immediately arises, "Is essential 
hypertension due to the same mechanism?” 
The hypertension m animals caused by a moderate 
degree of compression of the renal artenes (p 157), 
with its relatively mild course and the absence of 
renal insufficiency, is comparable to “benign” hy- 
pertension m man, that caused by more severe com- 
pression of the artery, and accompanied by renal 
failure and widespread vascular damage, resembles 
closely the malignant form of the human disease 
(see below) The observations of Montz and Oldt 
may be cited m connection wnth the renal ischemia 
theory of essential hypertension They reported 
that in the histological exammation of the kidneys 
of 100 hypertensive cases m which there had been 
no evidence of renal disease, arteriolar damage con- 
sistmg of endothehal hyperplasia, medial hyper- 
trophy and hyaline degeneration of the mtima was 
an invariable findmg In the sahie number of 
kidneys from non-hypertensive cases, arteriolar 
disease was absent So far as the systemic vessels 
were concerned, there was no corresponding dis- 
tmction between hypertensives and non-hyper- 
tensives These observations and those of others 

Arteriosclerosis, by rendering the artenal wall ab- 
normally ngid and thus preventing the expansion of 
the artenal bed dunng systole, wiU tend to raise the 
systohe pressure, the diastohc pressure, for a similar 
reason, is normal or even subnormal It is also possible, 
as Starhng suggested, that in some rare mstances of 
artenal hypertension, vascular disease mvolvmg the 
vessels of the vasomotor centers m the medulla, with 
consequent reduction m blood supply, may be a causa- 
tive factor 
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upon post-mortem material apparently mdicated 
that either the walls of the kidney vessels are 
pecuharly susceptible to the hypertensive effect 
(i e , that the renal vascular damage is secondary 
to the hypertension), which is unlikely, or that the 
arteriolar changes and the renal ischemia, conse- 
quent thereto, are the primary causes of high blood 
pressure A more recent study by Castleman and 
Smithwick has failed, however, to support from 
histological evidence the renal theory of the origin 
of essential hypertension They state that the 
vascular changes in renal tissue removed at opera- 
tion from hypertensive cases were not significantly 
greater than those found m the kidneys of persons 
with normal blood pressures 

Fvidence of a more physiological nature that 
the renm angiotonm mechanism is concerned in the 
production of essential hypertension is provided by 
the action of antirenm m lowermg the blood pres- 
sure of dogs with spontaneously developed hyper- 
tension — a state comparable to essential hyper- 
tension m man 

In Goldblatt’s opmion certain cases of essential 
hypertension, at any rate, are of humoral origin 
But probably the strongest evidence for es- 
sential hypertension bemg of renal ongin has been 
secured by Goldnng and his assoaates In a study 
of 60 patients with essential hypertension of all 
grades of seventy, the tubular excretorv mass of 
the kidney (p 471) nas reduced m all but 3 The 
fraction of fluid filtered from the plasma was in- 
creased (see action of hypertensm, p 159) due 
apparently to constnction of the glomerular effer- 
ent vessel and, as a consequence of this, a nse in 
intraglomerular pressure 
The success which has followed the surgical 
treatment of essential hypertension, m its chronic 
stages, pomts to a nervous rather than a humoral 
mechanism playmg the important role The surgical 
operations vary m their eirtent from bilateral re- 
moval of segments of the splanchnic nerves (greater 
and lesser), and of the 9th, 10th, 11th and 12th 
sympathetic ganglia (Peet), to a complete sym- 
pathetic resection on both sides from the 3rd or 4th 
thoracic ganghon to below the 2nd lumbar (Grun- 
son) Peet and Isberg have reported their results 
m over 400 patients who had been operated upon 
from 5 to 12 years previously Of the total, le 
those who before sympathectomy were suffering 
from the disease in all degrees of seventy, 57 per 
cent were then livmg Of those m whom the disease 
was of mild degree and showed neither renal. 


cardiac, or cerebral manifestations, 95 per cent 
survived for from 5 to 12 y'cars, while 19 per cent 
of those suffering from malignant hypertension be- 
fore operation were living at the time of the report 
(1946) Sixtv-five per cent of those who before op- 
eration had cerebral episodes had no recurrences 
in the subsequent y^cars Similarly favorable results 
of sympathectomy have been reported by others 

The hypotensive action of tetraethyl ammonium 
chlonde, dihy droergocomine and other adrenergic 
blocLmg drugs (ch 59), used in the treatment of 
hypertension, also supports the conception of a 
neurogenic factor in essential hypertension of long 
standmg These drugs have no effect upon the ac- 
tion of hypotensin ’ It should also be mentioned 
that hypertension has been produced m dogs by 
chronic electrical stimulation of the renal nenes 
by means of in dwelling electrodes 

Maugnant Hypertension 

In this wry’ severe form of artcnal hyperten- 
sion there are widespread degeneratne changes 
with occlusion of the penphcral aessels The media 
of the arteaaoles and small arteries show hyper- 
trophy of their muscular tissue and fibrosis 
Hyperplasia and degenerative changes arc found 
m the mtima Small hemorrhages arc commonly’ 
found in various regions due to the necrosis of 
the yvalls of the vessels As a result of the destruc- 
tion of the glomeruli, renal failure ensues and 
death in uremia may occur More usually death 
is by cerebral hemorrhage This condition is 
probably' of the same nature as the benign form 
but of a much more severe grade 

Eclampsia gravidarum 

Eclampsia is a state occurring m pregnancy 
(usually after the fifth month) characterized by 
hypertension, headache, nausea and y’oniifing, al- 
buminuria, edema, tremors, or convulsions ending 
m coma The blood pressure may be extreme and 
of rapid development The diastolic pressure shows 
the more pronounced nsc, indicating a generalized 

• These drugs are used iti the treatment of clinical 
hypertension, or as an aid in the selection of suitable 
cases for operation WTien the systemic ycssels are nar- 
rowed as a result of orgamc changes, it is not to be ex- 
ported that denenation will be of benefit and nerve- 
oliKkuig drugs will have no effect upon such changes 
A distinction between orgamc narrowing of the vessels 
and a neurogenic v-asoconstrictor factor can also be 
made by mears of caudal anesthesia, which abohshes 
the latter but exerts no effect upon the structural 
changes 
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vasoconstnction The cause of the artenolar spasm 
IS unknown The blood pressure, as a rule, falls 
after evacuation of the uterus, which pomts to the 
uterine contents bemg in some way responsible for 
the symptoms Smee death of the fetus does not 
result m an abatement of the condition, and it de- 
velops m association with a hydatidiform mole, 
placental tissue is certainly memmnated The con- 
vulsions appear to be due to spasm of the mmute 
vessels of the bram Beyond these facts nothmg is 
known for certam with respect to the causative 
mechanisms m eclampsia A toxic substance formed 
by the placenta may exert a direct constrictor ef- 
fect upon the systemic vessels, or on the vessels 
of the kidney, m the latter mstance the immediate 
cause of the hypertension bemg of renal ongin 
Again the placental matenal might act through an 
endoenne Some (Anselmmo and Hoffmann) have 
attnbuted the convulsions to the antidiuretic prm- 
ciple of the pituitary and its effect m causmg water 
retention Theobold has obtained an antidiuretic 
matenal from eclamptic cases, though he denies 
that It IS of pituitary ongm But there is no sub- 
stantial evidence that the pituitary or any other 
endoenne plays a part m the development of 
eclampsia Attempts to demonstrate a pressor 
prmciple or other material m placental extracts 
which could account for the symptoms have failed 
It IS possible that the toxic substance, whatever it 
may be, is produced by placental ischemia, m- 
farcts, larger and more numerous than normally 
are foimd m the placenta m most cases of 
eclampsia ® 

Hypotension 

In an adult, a systohe pressure which is per- 
sistently below 110 mm Hg and for which no 
cause can be found is referred to as essential or 
primary hypotension The subjects of essential 
hypotension, beyond showmg possibly a greater 
susceptibility to fatigue, suffer no lU effects, on the 
contrary they are more hkely to be free from 
cardiac and renal disease, the condition for this 
reason bemg said to forecast longevity Robmson 
states “Hypotension is not a disease, it is the ideal 
blood pressure level ” 

Apart from the foregomg type, low blood pres- 

* Evidence for such a mechanism has been obtained 
by Ogden and his colleagues Reducing the blood supply 
to the pregnant uterus of dogs (m acute experiments) 
by partially occludmg the aorta below the renal arteries 
was followed by a nse m blood pressure This procedure 
has no such effect m non-pregnant animals 


sure occurs either as a temporary or a persistent 
phenomenon m many conditions Some of these 
are hemorrhage, traumaitc shock, anesthesia, tuber- 
culosis and debilitating diseases of vanous kmds 
It may occur also as a result of the vasodilation 
and cardiac asthema associated with acute fevers, 
from myocardial failure, and m Addison’s disease 
or m hypothyroidism 

Orthostatic or postural hypotension is an unusual but 
mteresbng condition m which the reflex mechanisms 
normally operating to maintain the blood pressure 
against the effect of gravity are apparently m abejmnee, 
or their sensitivity greatly depressed (p 169) A pro- 
found fall m blood pressure occurs m the stanchng posi- 
tion, the ^tohe pressure may fall to 40 mm Hg 
and the diastohc to zero (as determmed by the usual 
method) The subject expenences dizzmess or may fall 
m a faint Other features of this condition are (a) 
absence of sweating, (b) failure of the pulse rate to 
increase upon rising from recumbency to the standmg 
position, (c) shght depression of the basal metabohe 
rate, (d) loss of sexual desire, (e) skm pallor and (f) 
blood urea around the upper limit of normal The m- 
abihty to sweat, taken together with the failure of the 
reflex vasoconstnction to a change m posture, suggests 
some fundamental abnormahty of the sympathetic 
nervous system The admimstration of benzednne 
sulphate effects some temporary rehef by reduemg the 
extent of the fall m blood pressure m the standing 
position 

Induced or controlled hypotension Drugs of the 
methomum senes — ^pentamethomum bromide or 
iodide and the correspondmg hexa- or deca- 
methomum salts — which block tome s 3 Tiipathetic 
vasomotor impulses and lower the normal blood 
pressure have come mto use to reduce blood loss m 
major surgical operations 

Venous Blood Flow 

FACTORS WHICH INFLUENCE THE FLOW OF BLOOD 

% 

IN THE VEINS 

It has been mentioned (p 143) that the blood 
pressure slopes gradually through the systemic 
capiUanes and vems to the nght aimde, but that 
with the narrowmg of the venous bed from the 
“capillary lake” to the right side of the heart the 
veloaty of flow mcreases The foUowmg are the 
factors which influence the venous flow 

(1) Contraction of the left ventncle 

(2) The quantity of blood flowing through the 
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artenoles from the arteries m relation to the ca- 
paaty of the capillaries and veins 

(3) The subatmosphenc pressure within the 

thorax 

(4) The action of the nght side of the heart 

(5) The massagmg effect of the skeletal muscles 
and the support afforded by the abdominal wall 

(6) The effect of gravity 

(1) The conlraclton of the left ventricle (the “vis 
a tergo”) The energy of the ventncular contrac- 
tion as ne have seen is expended m drunng the 
blood through the artenoles and onward through 
the capiUanes and veins to the nght auricle By the 
tune the blood reaches the auncle the energy has 
been almost entirely dissipated m overcoming the 
fnctional resistance oSered by the vascular chan- 
nels, at this pomt the pressure is only about 5 mm 
of i\ ater 

(2) The quantity of blood flowing through the 
artenoles in relation to the capacity of the capillaries 
and veins Generallv speaking, the more blood 
which IS received from the artenal side the greater 
will be the capillary and venous pressures That 
is, ivith dilated artenoles the difference between 
the artenal pressure on the one hand and capillary 
and venous pressures on the other, tends to be 
reduced, with constncted vessels the pressure 
difference will be mcreased The relationship, 
however, does not always hold for the reason that 
the capillaries and veins are capable of adjustmg 
their capacities to the quantity of blood received 
from the artenal system The minute vessels may 
dilate to accommodate the extra blood, so that 
httle change m capillary or of venous pressure will 
result Bayhss and Starhng, for example, found 
that when the artenoles were opened as a result of 
the stimulation of a vasodilator nerve, the expected 
nse m venous pressure did not always occur, and 
Hooker obsen'ed that when the hands were 
a armed, more blood entered the veins but a nse m 
venous pressure did not result On the other hand, 
if the artenoles constnct the more penpheral ves- 
sels may reduce then capacities and thus mamtam 
the pressure m spite of the reduced amount of blood 
which they receive 

(3) Subatmosphenc pressure vnlhin the thorax 
The mtra thoracic pressure has an important influ- 
ence upon the flow of blood along the great veins 
of the thorax and abdomen and consequentlj upon 
the filhng of the nght auncle Dunng inspiration 
the pressure within the thorax is about -6 mm 
of mercury (81 mm H,0) Maw that of the atmos- 


phere Dunng expiration it amounts to about 
— ZS mm of mercury (34 mm HjO) The subat- 
mosphenc pressure expands the thin-waUed intra- 
thoracic vems and the venous blood is sucked into 
the thorax A similar effect but of less degree is 
exerted upon the walls of the auncles The di- 
ameters of the thick-w ailed ventndes, however, 
and the comparatively ngid coats of the larger 
artenes remam practically uninfluenced by the 
“negative pressure” during ordinary breathing 
It has been mentioned that the blood in the great 
veins at their entrance mto the auncle has a small 
but definite pressure of about 5 mm HiO trans- 
mitted from the artenal side That is to say, if 
the thorax were opened so as to abolish the sub- 
aUnosphenc pressure within it and a manometer 
placed in the infcnor vena cava a positiv c pressure 
of this magnitude would be registered 
The flow of blood toward the heart is tlius 
furthered by both the positive pressure in the 
venous system and the suction pressure exerted by 
the thorax The sum of these two is sometimes 
spoken of as the effective venous pressure Thus, 
if the positive pressure m the great veins at the 
nght auncle amounts to -f-S mm HjO and the 
pressure within the thorax to —80 mm , then 85 
ram H*0 represents the effective venous pressure 
Since the negative pressure in the thorax increases 
dunng inspiration, the effective venous pressure 
must likewise increase and auncular filling be 
hastened dunng this phase of respiration The 
descent of the diaphragm dunng the inspiratory’ 
phase, also, by compressing the abdominal con- 
tents, increases the pressure in the inferior v'ena 
cava (the femoral veins and sometimes the iliacs 
being provided wnth valves) and augments the 
flow of blood toward the heart The thorax thus 
acts as a pump which “lifts” the blood as well as 
“forces” It toward the heart (sec fig 193, p 349) 
Sometimes when v’lgorous respiratory efforts are 
made, shght fluctuations of the venous pressure 
can be detected m the penpheral v'cins of the 
human subject These variations rarely amount to 
more than 10 mm of H 0 but maybe considerably 
higher than this when dyspnea resultmg from ob- 
struction to the free entrance and egress of air from 
the lungs exists Owmg to the inerUa of the blood 
column the aspiratmg effect is less evndent the 
nearer to the penpheiy at which the pressure 
measurements are made 
The respiratory effects upon venous pressure 
can also be exaggerated m normal subjects by the 
following procedures H a forced expiration is 
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made wiUi tlie glottis dosed (\^alsalva’s cxpcn- 
mcnt) the negative intra thoracic pressure can be 
abolished and a positiv c pressure of several milli- 
meters of mcrairj substituted The veins of the 
neck, face and limbs become distended with blood 
as a result of the impediment to the flow into the 
nght aundc Tlic pcnpheral v'cnous pressure 
under these circumstances ma^' nsc to 400 mm 
H'O or more In tlie conv'crse etpenment of 
Mueller in which a forced inspiration is made 
with ilic glottis closed, the powerful suction effect 
maj cause a fall of SO mm HiO or so in the venous 
pressure of a pcnpheral vein The increase in 
negative intralhoncic pressure may be seen by 
means of the X-rav to exert an effect upon the 
ventricle whidi dunng diastole becomes somewhat 
enlarged bevond its usual size 

(4) The aclwn of the right side of the heart upion 
the bloofl-flow m tlie veins Obv lously if the blood 
is not passed on again by the nght heart as quickly 
as it IS earned to it by the great veins, the v clocity 
of the blood-flow in the venous svstem will be 
rcduccrl Vs a result the venous pressure will rise 
That IS, there w lU be a tendena’ for the blood to 
be "dammed bick” Wien tlie heart is beating 
vigorousl> and output and inflow are balanced 
no nsc in venous pressure occurs In health the 
force of the ventricular contraction is nicely ad- 
justed (p 246) to the quantity of blood which 
pours into the aundc from the veins and no ac- 
cumulation occurs If, however, the heart fails 
the venous pressure nscs and back pressure effects 
ensue 

The influence of cardiac action upon the movement 
of the blood in the veins must not be taken to imply 
that the heart everts any aspirating cflccl The ventncle 
does not "draw” blood from the auncle and great 
veins when it relaxes and expands as one would suck 
up fluid b> means of a bulb-synnge Such an action has 
been suggested but it is diflicult to conceive how any 
significant effect of this nature could result even were a 
negative pressure apprcaably below that within the 
thorax created witliin the heart chambers The veins 
are thin w ailed and any reduction of pressure upon their 
outer surfaces, as we have seen, causes them to expand 
But a lowering of pressure in their intcnors would cause 
them to collapse and the venous flow would be blocked 
automatically, or at least reduced, before the inertia of 
the blood had been overcome IVIoreovcr, intraventric- 
ular pressure curves fail to show a negative pressure 
dunng cardiac relaxation (fig 20) as might be expected 
if the ventncle exerted a suction eflecl upon the blood 
in the great veins 

It may be mentioned, however, that dunng systole 


the ventncle docs cause a shght fall m pressure in the 
auncle and in the great veins due to the drawmg down 
of the floor of the auncle (p 206) >iUso as a result of 
the ejection of 60 cc or so of blo^ fr^m the thorax at 
each beat a slight but sharp ipCTSqsc \n the negative 
pressure wathin the thorax is iitauced du^g the cardiac 
contraction This is reflcctcp iiS.4hc v eins\ auncles and 
other thm-w ailed intrathc^cTc stnictures Tt may even 
be detected wnUiin the ^ofaac pordon of the esopha- 
gus by plaang a l^^n therfcin and recording the 
pressure change Xiiesd variations in intrathoracic 
pressure occurring durm^he contraction of the ven- 
tricle arc know n as the negativ e heart pulse or the 
cardiopncumatic movements 

(5) The viassagtiig effect of the vtiiscles The 
intermittent pressure which is brought to bear 
upon the blood by contraction of the limb muscles 
aids in propelling it towards the heart The ar- 
rangement of the valves of the veins serves to give 
the blood flow this direction The muscles thus 
act as subsidiary' pumps which aid very materially 
the flow of venous blood, especially dunng muscu- 
lar exerase, but to a lesser extent at all times, 
except w hen there is complete muscular relaxation 
In strenuous exercise, on account of the much 
greater amount of blood entering the veins from 
the artcnal side, there is a tendency' for the v'enous 
pressure to nsc, but this to a large extent is com- 
pensated for, provided the cardiac action is un- 
impaired, by the increased aspirating effect of the 
respiratory movements The muscles of the 
abdominal wall also contract dunng exercise to 
lend support to the abdominal veins and prevent 
them from beconung over-distendcd The venous 
rcserv'oir is in this w'ay not permitted to enlarge 
its capaaty unduly for the accommodation of the 
increased volume of blood which, in consequence, 
is borne onw ards to the right auricle 

(6) The effect of gravity Besides the hydro- 
dynamic factor, 1 e , the energy of the cardiac 
contraction, in the development of pressure w ithin 
the vascular system, there must also be considered 
the hydrostatic factor, or w'cight of the blood 
column, which comes into play when the erect 
posture is assumed It is convenient to consider 
the artcnal and venous systems together in then- 
relation to the hydrostatic effect Above the level 
of the heart gravity opposes the hydrodynamic 
factor in the artenes but aids it m the vems Be- 
low heart level the reverse is true, the hydrostatic 
and hydrodynamic factors being summed in the 
artenes but opposed to one another in the veins 

In the case of the arteries the effect of gravity 
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upon the blood in the vessels above heart level is 
fuUy compensated That is, the pressure m the 
brachial artery is as high or actually higher when 
the subject is standmg than when he is lying down 
The pressures in the brachial and tibial arteries 
are approximately equal in the latter position 
Unhke the brachial pressure, the pressure m the 
artenes of the lower hmb vanes widely with the 
position of the IxxJy When the subject is in the 
vertical head down position or m the L position 
Oying on back with lower limbs vertical) the pres- 
sure m the artery of the leg is much lower than it 
is m the recumbent position In the standing 
position, on the other hand, the pressure in the 
leg artery is higher than m the lymg down position 
(lower hmbs horizontal) , owmg to the hydrostatic 
effect, the nearer the foot that the measurement is 
made the higher will be the observed pressure 
The difference between the pressures m the brachial 
and the artery of the leg m these different positions 
IS equal to the height of a blood column which 
would reach from one artery level to the other 
In the case of the blood supply to the upper part 
of the body nervous mechanisms (ch 27) govemmg 
the cahber of the artenoles (especially of the 
splanchmc area) are called mto play to antagonize 
the gravity effect An adequate pressure m the 
cerebral vessels is thereby assured, but there is no 
correspondmg mechanism for the maintenance of a 
constant blood pressure to the lower limbs, nor, 
m the natural posifaons of the body, is it required 
The pressures m the brachial and posterior tibial 
artenes m different positions of the body are given 
m table 17 

Though the systohc pressures m the femoral and 
brachial artenes are usually about equal m the 
horizontal position, a marked difference between 
the two IS seen m aortic regurgitation, the femoral 
systohc pressure averagmg some 50 ram Hg higher 


than the brachial pressure (L Hill and Rowlands) 
A “differential" pressure of this character is also 
observed in tone goiter (average 37 mm Hg higher 
in femoral) and m artenosclerosis (average 8 mm 
higher in femoral) It may also be seen m normal 
persons after muscular exercise The differential 
pressure is attributed by Bazett to the greater 
resistance offered to the flow of blood in the femoral 
artery and the conversion, m consequence, of a 
greater proportion of kinetic energy mto stress as 
the blood stream is slowed The greater mass of 
the blood column entenng the femoral arteiy as 
compared mth that entenng the brachial is also 
a factor 

It IS through the wiioiis system that Uic effects 
of gravity upon the curculation arc the more 
prommently displa>cd This is on account of the 
lower venous pressure, the greater distcnsibility 
of the venous walls, and also of the fact that the 
height of the blood column which must be raised 
against gravity is much greater (from feet to 
heart) than that of the artenal blood column (from 
heart to bram) In man the mechanisms whereby 
the effects of gravity ujxm the venous sjstem arc 
offset are remarkably efficient In monkej's also, 
the compensatory devices arc well developed and 
m some vanetics of these and m the anthropoid 
apes the effect of gravity is counteracted as effec- 
tively as m the human subject In manj of the 
lower animals, on the contrary', there is little 
evidence of compensatoiy mechanisms 

The factors which enable the blood m the veins 
below the thorax to overcome the gravity effect 
and to be earned to the Icv'cl of the aunclc are 
several Let us consider for a moment a U-shaped 
tube with ngid walls If liquid be permitted to 
flow mto one limb of such a tube, the liquid, being 
supported by the ngid walls, nses m the other hmb 
until it overflows After the liquid has been al- 


TABLE 17 

Sfiowtig ejed of gravity upon the arterial blood pressure 
(Modified from HiH and Flack) 


posthm: 

. 

brachial 

ABTKRT 
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PRESSITRE 
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lowed to come to rest, then at any level of the 
tubing the hj'drostatic pressure corresponds to 
the height of tlie liquid column extending above 
that level Tlic aorta with the mam arteries of 
tlie low er limb, and the infcnor vena cava wnth its 
tnbutancs, arc roughly comparable to two limbs 
of a LMubc But the venous walls are highly dis- 
tensible and quite incapable of supporting the 
blood column, and, unless the gravity effects w ere 
o\ercomc, tlie blood would sink and "find its own 
level” rurthermorc, a s\stcm of small vessels — 
capillaries and venules — of variable capacity is 
intcqioscd between the limbs of tlie U In the 
corpse, for example, tlie blood subsides to the 
dependent /larfs, and the hydrosLitic pressure 
w hen the body is placed erect amounts to no more 
than a few centimeters of water 

Tliough the factors wliicli aid the venous flow 
have alrcadv been dealt with, those especially 
concerned with raising the blood against gravity 
niav be giv cn again here Thc\ arc — 

(a) The impetus given to the blood by the left 
vcntncular contraction (vis a lergo) 

(b) Tlie abdominal and limb muscles support the 
vein walls and prevent their “giving” under the 
weight of blood Bv this means the veins in a 
sense come to simulate rigid tubes When tlie 
abdominal muscles arc weakened or paraljzcd the 
support wliicli tlic> normallj provide is scnousl}- 
impaired, but mav to’ a large extent be restored by 
a tight abdominal bandage The intemiittcnt 
contractions of tlie skeletal muscles in conjunction 
with the valves of tlie veins propel the blood in 
the upward direction The important part played 
by the muscles in tlie return of blood to the heart 
IS shown by avpcrimcnts m which the body is 
passiv'cly tilted into the upright position Persons 
who fail to show a rise in intramuscular pressure 
when tilted passiv'cly arc likcl}'' to faint 

(c) The suction and force-pump action of the 
respirator}' movements 

(d) Tlie veno-pressor and capillary tonus mech- 
anisms which, through the activit} of the sinus 
and aortic nerves (p 282), control the calibers of 
tlie small vcno-capillary vessels of the splanchnic 
bed and prevent pooling of blood in this area 

If any or sev'cral of these factors fail, accumu- 
lation of blood (venous stasis) in the dependent 
parts of the body is likely to result Tiius, in the 
human subject if, upon assuming the erect posture 
after a protracted confinement to bed, tlie muscles 
of the abdomen and limbs are weak and the tone 


of the nervous mechanism governing the penpheral 
vessels lowered, the hydrostatic effect is overcome 
W'lth diflSculty The blood subsides mto the capa- 
cious abdominal veins and capillaries and the right 
heart IS no longer adequately supplied vv ith blood 
The artcnal pressure falls and the cerebral blood 
flow becomes inadequate The subject turns pale, 
sweats freely and feels giddy or perhaps nauseated, 
and in a complete faint loses consciousness (syn- 
cope) See fainting, p 287 

The effect of gravity upon the circulation in an 
animal such as the dog or cat which normally is fairly 
well able to compensate for postural changes, and the 
importance of the various factors comprising the control 
mechanism have been well shown by L Hill The 
medullary control over the peripheral vessels was re- 
moved by section of the cord at the level of the 1st 
thoraac vertebra The tone of the abdominal muscles 
also IS lost after this operation and the respirations are 
altered The blood pressure falls even when the animal 
IS m the honzonlal position When placed in the fcct- 
down position, the pressure drops to zero If the ani- 
mal’s abdomen be compressed the capaaty of the 
splanchnic vessels is thereby reduced and blood forced 
upwards to fill the nght heart The blood pressure is 
raised again and the circulation restored In the head- 
down, fcct-up position the ngid cranial wall supports 
the blood column, the heart fills and the carotid pres- 
sure rises When the mam nerve trunks (splanchnics, 
eh 72) carryang fibers to the penpheral vessels are 
divided alone the respiratory pump m part compen- 
sates for the gravity effect, and though marked changes 
in pressure occur when different positions are assumed 
the arculation is maintained Edholm found that the 
blood pressure of normal cats under chloralose anes- 
thesia fell by 34 mm Hg on the average when the 
animal was held in the verUcal feet-down position, but 
recovered shortly to a final pressure within 30 mm 
Hg of its previous level in the horizontal position It 
appears from Edholm's results that pooling of blood 
under the effect of gravity occurs in the liver and not 
to any great extent in the splanchnic vessels generally, 
for the fall m blood pressure in the fect-dowm posi- 
tion was about the same after evisceration as before, 
whereas, after removal of the liver from eviscerated ani- 
mals, the vertical feet-down position caused a fall in 
blood pressure of only from 5 to 10 mm Hg That the 
splanchnic vascular bed is, nevertheless, a factor m the 
compensatory' mechanism tending to oppose the effect 
of gravity was indicated by the observation that the 
final height of the blood pressure in the feet-down posi- 
tion w as higher m normal than in eviscerated animals 
The circulation of animals such as the domestic rab- 
bit or the snake, w hich have not acquired a compensa- 
tory mechanism, is placed at a great disadvantage when 
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the vertical position is assumed This has been shown 
very clearly upon the latter speaes in the following 
experiment The heart and abdominal vessels were 
exposed and the reptile fastened to a board The right 
Bide of the heart was seen to be adequately supplied 
with blood so long as it was held m the horizontal 
position When placed vertically the auncle was no 
longer properly filled and the great veins entering the 
heart were nearly empty When the preparation was 
then immersed m a cyhnder of water up to the heart 
level the hydrostabc pressure of the venous blood was 
counterbalanced by that of the surroundmg water, and 
the blood agam flowed freely into the heart chambers 


part Is then slowly raised until the veins collapse. The 
distance of the vein in milhmctcrs above the right 
auncle at which collapse occurs gives the venous pres- 
sure m milhmetcrs of blood "Ihc vein represents a 
manometer tube connected with the auncle and the 
level at which the vein empties indicates the point 
where the venous pressure at the auncle just about 
equals the weight of the blood column Another ap- 
proximate but ready method is the inspection of the 
veins on the under surface of the tongue These nor- 
mally arc collapsed when Ihc bod> is standing or in the 
sitUng position, but arc distended if the venous pres 
sure IS higher than about 200 mm H:0 


Venous Peesstoe 


NORMAL TONOUS PRESSORES 


For the indirect measurement of the venous 
pressure m man the mstrument devised by Hooker 
and Eyster IS commonly employed It is based upon 
the pnnaple first employed by von Reckling- 
hausen 


The mstrument consists of a small round chamb 
with a glass top and metal walls (fig I6J) Over the bo 
tom of the chamber is stretched a piece of rubber da 
with an openmg about half an inch square m its ccnlc 
Lengths of rubber tubing connect the cavity of tl 
chamber, respecUvely, with a water manometer and 
small hand bulb The rubber dam is moistened wit 
gl^ycerme and placed with its central opening lying o\( 
the vem to ^ examined The pressure wothin the chan 
ber IS raised by a few compressions of the bulb Th 
venous pressure wiU equal that required to cause co 
lapse of the vem This pressure is read from the mar 
ometer at the mstant that collapse occurs All dctci 
Rations are made with the vein just below the level o 
the auncle so as to annul the hydrostatic effect The par 
under examination is supported in order to insure com 
^ete mu^lar relaxaPon and the subject should be a 
rest for IS imnutes pnor to the detenmnaUon If thepres 
sme IS measured with the subject recumbent, the yZ 
e g , median basilic or a vein of the forearm or hand c 
piwed at a pomt situated one third of the distance fron 

space If the meawement is made m the sitting posiuon 
e vein is brought to the level of the 4th interspace 

though I- ZrenTaLt t?m:“ 

results IS that ^L'Se'f Wtf approximate 
supme posibon the hand is first low 


sometimes 
right durmg shearmg 


The pressure in the median basilic vein taken 
with the body recumbent shows considerable vari- 
ations m different individuals The range is be- 
tween 60 and 100 mm HjO The pressure is greater 
in veins nearer the periphery' and shows n pro- 
gressive diminution toward the heart It must be 
remembered that the pressure as measured is the 
algebraic sum of the positive pressure transmitted 
from the arterial side and the negative pressure 
exerted upon the blood column from the thoracic 
catnty The effect of the httcr is slight in the 
penpheral veins, but as the thorax is approached 
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the venous blood comes deadedly imder its m- 
fluence According to Burton-Opitz the dedme in 
pressure along the penpheral vems amounts to 1 
mm Hg (13 5 mm HsO) for each 35 mm distance 
The pomt of zero pressure, i e where negative and 
positive pressures just balance one another, is m 
the case of the upper part of the body m the jugu- 
lar vem at the root of the neck, below this point 
the pressure is negative As mentioned above, it 
vanes between —35 and —80 mm HiO at the 
nght aunde 

The pomt of zero venous pressure bdow the 
heart is at about the level of the entrance of the 
hepatic vems into the vena cava (Burton-Opitz) 

The venous pressure vanes, of course, as a result 
of the gravity effect, wnth the position of the vem 
m relation to the aunde In the veins of the hand, 
for example, the pressure is lower by from SO to 
100 mm HiO when the hand is at heart level than 
when it IS dependent The differences m pressure 
resultmg from changes m the vem’s level will ob- 
viously be larger in the case of the low'er limbs 
But smce certain factors, already mentioned, enter 
to modify the gra^^ty effect the actual differences 
which are observed do not comade with the height 
of the column of blood from the vem level to the 
heart The greater the vdoaty with which the 
blood flows upwards the greater wiU be the dis- 
crepancy between the calculated pressure and that 
as actually measured (see also p 140) For ex- 
ample, the hydrostatic pressure of a column of 
blood extendmg from the foot to the heart would 

u For this reason there is supposed to be danger, 
should a vem be nicked in this region during an opera- 
tion, of air bemg sucked m, and earned to the heart 
The air might then be whipped up with the blood and 
cause frothmg withm the cardiac chambers, with re- 
sultmg acute cardiac failure or multiple pulmonary 
emboh, or even reach the artenal system and cause 
blockage of a cerebral or a coronary vessel The fear of 
air entenng the vem under such arcumstances, how- 
ever, would appear to be exaggerated The walls of the 
vem tend to collapse under the suction pressure within 
and automatically close the lumen Furthermore, even 
should a small amount of air enter the vem, it is unhkely 
that senous effects would ensue, smce to produce the 
effects just desenbed m an animal relatively large quan- 
tibes of air must be mjected Coles, Ridiardson and 
Hall have deduced from theu expenments ujion dogs 
that about 500 cc of air m the circulation would be 
lethal for a human bemg A more likely portal for the 
entrance of air mto the circulation is via the uterme 
vems dunng the mduefaon of abortion or foUowmg labor 
at term Several fatahties supposedly due to this cause 
have been reported It may also occur dunng the m- 
jeebon of air mto the pleural cavity for the producUon 
of pneumothorax. It is probable, however, that m many 
mstances m which death has been attributed to air 
embolism it has been due to some other cause 


amount to over 1200 mm HjO The pressure as 
actually measured m the vem of the foot m the 
standmg position is only a fraction of this The 
effect of muscular exerase upon the venous pres- 
sure has been considered ^ 169) The relation of 
venous pressure to heart rate and cardiac output 
is dealt with on pages 246, 252, and 263 

VARIATIONS IN VENOUS PRESSURE 

Af usetdar exercise causes a\ prompt nse m the 
pressure of blood in the vems drauung the exercised 
parts Normally, a nse of from 20 to 50 mm HjO 
occurs dunng the exercise, but falls withm 30 sec- 
onds or so after cessation of the work to the 
onginal level 

Ohsirudion of a peripheral vem will, of course, 
cause a local nse m venous pressure and compres- 
sion of the large mtrathoraac vems will be fol- 
lowed by a general nse 

Congestive heart failure In cardiac failure the 
pressure m the median basihc vein may reach a 



Fig 16 4 Upper drawing, normal subject supme with 
head on pillows The zero level (ZL ) mdicated by the 
top pomt of swelhng of the external jugular vem, hes a 
httle below the manubnal Ime (MX ) Lower drawing, 
illustrating excessive venous pressure eqmvalent to 
about 8 cm of water In the upnght position the zero 
level may be just a httle above the clavicle, as the sub- 
ject is mclmed the zero level comes to occupy a higher 
and higher position m the neck imtil it reaches to the 
angle of the jaw Its vertical distance above the manu- 
bnum alters very httle, however, with changes m posi- 
tion (after Lewis) 
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value of over 300 mm H 0 The cause of the high 
\enous pressure has been, and still is, disputed 
According to one new, it is due to right i entncu- 
lar vreakness and a consequent “back pressure” 
effect upon the venous si'stem (fig 164) The work 
of arren and Stead (p 38) points rather to an 
increase in plasma lolurae as the mam causatiic 
factor The mcreased pressure distends the \eins 
and capiUanes of the portal si’stem, the b\er be- 
comes enlarged and the other abdominal nscera 
engorged The nse of pressure in the svstemic 
veins and capillanes increase^ the filtration pres- 
sure, and IS a factor m the production of edema 
The slowing of the blood flon through the small 
V essels of the skm maj cause cvanosis Both edema 
and cvanosis tend to be more pronounced in the 
dependent parts (e g , feet and ankl&j) The nse in 
pressure, ur the cerebral veins leads to slowvrrg of 
the mtracranial circulation, esjieaallj nhen the 
pabent is recumbent and the venous return from 
the head is, therefore, not aided b> gravatj Failure 
of, or increased resistance on, the left side of the 
heart causes a nse m pressure m the left auncle 
which IS transmitted to the pulmonarv arcuit and 
ultimatel> ma> lead to failure of the right venlndc 


(see alio p 258) The lung v essels distend and en- 
croach upon the air spaces 

In hypertension, except when mvocardial failure 
IS impending or has superv cned, the v cnous pres- 
sure IS wthin normal limits 

In the stage of exatement during the induction 
of ancsilcsia a vcr> considerable elevation of the 
venous pressure maj occur The effects of dis- 
turbances of the rcspiraton mechanism upon 
V enous pressure art also seen in asthn atic attacks 
(p 428) and m Cl cyne Stakes breathing (p 413) 
The pressure rises to 180 mm H O or so during 
the phases of apnea of tht latter condition, but 
approaches the normal value during the penods of 
hvperpnea Reduction in the carbon dioxide con- 
tent of the blood, if extreme, lo ■•ers venous pres- 
sure bv increasing the tone of the peripheral 
vessels 

In severe lemorrhage and surgical slock the 
venous pressure is subnormal 

Local elevation of venous pressure, eg, in- 
creased pressure in arm veins v ith normal venous 
pressure in lover limb-, or vice versa, is =ccn in 
obstruction to the venous flow in the supenor or 
in the inferior vena cava, ^e•^pcctlvt]v 
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The rclati\e blood velocities in different parts 
of the circulation arc dependent upon the sectional 
areas of the rcspccln c vascular beds (sec p 145) 
The vclocil}' of the blood through the arculation 
as a uholc, on the other hand, varies in accord- 
ance uath the quantity of blood ejected per unit of 
time from the heart 

l-^hc \clo^tv of tlie blood maj be considered 
from four different aspects which arc indicated by 
the following terms 

(a) The mean lineal vclocitj 

(b) The circulation time ' 

(c) The \olumc flow 

(d) The circulation rale or output jif th e _hcart 

The output of the heart (d) will be dealt wnth 

later (chapter 26) The other tlirce measurements 
wall be considered now 

The Mea\ Liveal Velocitv 

By this term is meant the distance which the 
column of blood traaels in a measured period of 
time along a given \ csscl, eg, the carotid, fem- 
oral, etc In very small transparent vessels, for 
instance those of the mesentery of a mammal or 
those in the tongue or toc-web of a frog, the blood 
\elociU can be me asured by timing the progress 
pf a red cell beneath the microscope In the large 
vessels thcVclocitv can be calculated if the quan- 
tity of blood which passes a given point in a unit 
of time and the cross area of the vessel are known 
It IS, of course, not permissible merely to sever an 
arterv and measure the amount of blood which 
escapes o\cr a certain period, since such a pro- 
cedure would completely alter two of the most 
important factors in the circiila^n, namely, tlic 
total blood volume and the p^npheralxesistancc 
SeveralTnstruments have been devised for measur- 
ing the volume of the blood flow in animals while 
the normal circulation is maintained 

Of such instruments th e of Ludwig is one 

of the oldest and the best-known (fig 17 I) It consists 
of an ingoing and an outgoing cannula which are in- 
serted, respeebvely', into the proximal and distal 
sections of a divided artery The blood flowing from 
the artery into the instrument enters a small pear- 
shaped flask of known capaaty filled with oil Upon 
the entrance of the blood the oil is forced over into 


another flask of identical size but which has previously 
been filled with salme The entrance of the oil forces 
the saline in turn into the peripheral section of the 
artery When flask 1 is filled with blood and flask 2 with 
the transferred oil, the instrument is rotated through 
a scmiarcle This reverses the positions of the flasks 
and the process of filling and emptying is repeated 
The blood in flask 1 is now forced into the peripheral 
part of the artery as blood enters flask 2 and displaces 
the oil as before. From the number of fillmgs of the 
flasks during the penod of observation the volume of 
blood flowing in a unit of tune is readily calculated 
This value divided by' the cross area of the vessel, since 
vc^ty is inversely proportional to the sectional area, 
giv’cs the lineal veloa ty' Thus V = v/tt- where V =■ 
vcloaty' m millimeters per second, v the volume of 
blood in cubic millimeters flowmg into the instrument 
in a given tunc and r the radius of the artery m milli- 
meters Tor instance, if the flow is 3000 emm per 
second and the diameter of the vessel is 4 mm , the 
cross area is r (S)* ■= 3 14 X 4 = 12 56 sq mm and the 
vcloaty is 3000/12 56 = 238 mm per second This 
determination, of course, ignores the fluctuations m 
veloaty which occur during the cardiac cycle,* and in 
consequence gives only the average or mean veloaty 
It may also be recalled that the veloaty is not the 
same at different points along the radius of the blood 
column, the flow being much greater in the axial part 
of the stream than toward the arcumference 

The thcrmo-stroDiuhr of Rein In this method the 
blood as it flows past a pomt in the vessel (which is 
exposed but not opened) is heated by means of elec- 
trodes connected to a high frequency current The 
temperature of the blood is measured below and above 
the heated region by' means of thermojunebons The 
magmtude of the temperature difference is a funebon 
of the blood flow and is used as the basis for the calcu- 
labon of the latter The temperature difference dimm- 
ishes with inaeascd blood flow and vice versa This 
method is accurate and possesses the advantage that 

* The velocity' nses dunng systole and falls dunng 
diastole There is therefore a pulse of veloaty as well 
as of pressure Green and his assoaates found that the 
velocity of blood flow in the aorta of the dog nses 
abniptlydunng sy'stole, its maximum comading wath 
the peakol'the pressure curve, and then declmes, grad- 
ually at first and later suddenly' It reaches zero at the 
commencement of the protodiastolic penod (p 209) 
Back flow occurs dunng the latter period After this, 
forward flow is resumed and reaches a second maximum 
but not as great as the first, in the middle of diastole 
Vcloaty of flow then dechnes gradually to the end of 
diastole 
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Fig 17 1 Ludwig’s stromuhr 1 and Z glass fiasls 
I, metal turn table, a, a section of arten Arrows in 
dicafe direction of blo^ flow 

it entails bttle or no disturbance of tie aroilation 
(fig 17 2) 

The teloatj in the larger arteries of the dog 
during rest is from 0 1 to 0^ meter per second, in 
the capDIanes about 05 mm per second and in 
the medium-sized and large t eins from 0 06 to 0 2 
meter per second 

There is no rebable method for determining the 
mean Imeal teloatt of the blood in man At- 
tempts are sometimes made to amt e indireclh at 


a rough approximation bj the use of certain data 
obtained in other najs, eg , output of the heart 
(ch 26) and the ao's section of the aorta in the 
cada\ cr (p 143) The telocitj in the latter tes'd 
IS from 0,25 to 0 30 meter per second dunng bodil> 
rest Estimations of the flow in the artenes of the 
arm maj be made from determinations of the 
volume flow through the hind b> the methods 
described btlow, and the diameter of the brachial, 

CiRCLLATioN Time 

B\ this is meant the time which a partide of 
blood tal cs to mal c the complete round of both 
the svEtcmicand pulnionan systems— Mal e re /- 
/a/ipn inc—or of the pulmoiarv circuit done — 
the pilrrorory circu'eihon litre That is, if the 
tot age of a red cell could be timed from the mo 
ment It passed a git on [wint, sit m one jugular 
tcin, to the moment when it arnted at the point 
from which it started or at a corri-fioiding iwiint 
in the oppo itc jugular the lime consumed would 
be the total circulalioi lime The red celt mu't 
hate tratened in succe.vim the juguhr tern, the 
nght heart chimbtrs the pulmonart te> eh, the 
left heart chambers, the arteno and then the 
terns of the head and neeJ The time taJen m 
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passing from the jugular to the carotid is the pul- 
monart orculatjon time, 

ilrjsurevrr' of th arcj’alu'n / r-r Th s has been 
accoropishtd x- on rr,.ls in tanous wa\«, eg, lit the 
injecuoi of potoejum fcTTocinnnle into the tcin and 
hating the blood from the other tetn o anc-t fall upon 
a retoHing drum covc-ed with paper 'oabed in feme 
chloride solution Tic appearance of the I’nissjn 
blue reaction indicates the completion o' the pa-Iicular 
arcuit which is Ixang timed Urbi'ere f’le mat lie 
injected and the time notctl when <liic<7riration of the 
opjxinte eesscl occurs. Stewart who emplojcd the 
latter method aUo detrsed an f’fc*rtca2 r’elt "-i in which 
a 2 per cent solution of eodium chlonde is run into the 


^ Ik 


0 HuMo-stTomnhr A shows its application 
blood tessd, B shows a cross section of the blood 

^ betWTO the electrodes (platjium plates) 
d and d and on a thermojuncUon x C shows the rela 
thennojunctions x and i' 

1 ^ ‘”P galvanometer b\ leads 

2 and 3 (after 


\cia Two platinum electrodes separated from one 
another b> a sho^t distance arc laid »n contact with a 
\c<sd Ougubr o- carotid) of the opposite fide. The 
cJeclrodcs arc co^^ectcd up as a resistance in one arm 
of a UTicats^onc bridge. This is balanced with the 
resistance the other arm \s the salt solution of high 
elertneal conduclj\ni\ reaches the section of vessel be- 
neath he electrodes the cloctncal balance is 
the sudden fall m resistance which rc^ult^ This is re 
corded b> the suang of a galvjanomcier or the ringing 
of a belL 

In man the Drculation times have been mcis- 
ured b> the injection of the d>c fluoreccin into 
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the arm vein of one side and timing its amval at 
a corresponding vein of tlie opposite arm This 
method, as onginally introduced, required the 
wathdraw al of blood at short intervals of time from 
the opposite vein and determining the time of 
arrival of the dye The method has since been 
simplified by carr>ang out the expenment m a dark 
room and detecting its fluorescence in the minute 
vessels of the skin or mucosa membrane by means 
of a beam of ultraxaolet light The circulation 
time m man can also be measured by the intra- 
\cnous injection of histamine (0 001 mg hista- 
mine phosphate per kilogram of body weight) 
and noting the time at which the flushing of the 
face, due to capillaiy dilatation, occurs, or by 
injecting a sweet or a bitter substance and having 
the subject signal the instant that he expcnenccs 
the tas^-:^ ~ 

Blumgart and Yens have devised a method m 
which an active deposit of radium is injected into 
the antecubital vein of one side and its amval 
detected by means of an instrument sensitive to 
radioacti\nt> , at tlic nght auricle and at the ante- 
cubital artery of the opposite side The detecting 
instrument must, of course, be shielded b> means 
of lead sheets from the action of tlie radioactive 
substance except at these two points The arm to 
arm time, less the arm to heart lime, is taken as 
the “c nide julm onarv’' c i rculation time ” Since 
the time consumed in traversing the aorta, sub- 
clavian arteiy and the artery' of the opposite arm 
IS verv' bncf (a fraction of a second) the measure- 
ment obtained in this w ay must approximate very 
closely the true pulmonarj' circulation time A 
more conv’cnient method for determining the pul- 
monary circulation time has recently been devised 
by Robb and Weiss based upon the fact that cyjis: 
nidc stimulates the respirations through its action 
upon the carotid sinus, 0 11 mg of sodium cyanide 
per kilogram of body w’cight is injected into the 
arm v'cin and the time recorded by means of a 
pneumograph and stop watch 

* A number of other substances have been employed 
for measuring the arculation time in man and animals, 
e g , c alaum clucona tc (arm to tongue, average 12 j 
minute), which givK a hot sensation to back of tongue 
and throat, sodium dchvdroc hnln je nr derhnlm (arm 
to tongue), sacchann (arm to tOTgue), volatile sub- 
stances, e g a n d perfumes (from arm vein to 

pulmonary' capTllanes) ,~a^t v Ichohn e (leg vein to nght 
aunclc m animals, average? 7 seconds), isotopic sodium 
Na*<, its amval at any point in the circulation being 
detected by a Gciger-Mueller counter, and papaverin 
(arm to carotid sinus), which causes a decp-ing piration 
upon reaching the carotid sinus icceptorslp 405) 


NORMAL VALUES 

1 Total circulahon time Between veins of the 
two arms (fluorescein method) average 21 s econds 
(12 to 26 seconds) Arm to face (histamine method), 
average 24 s econds 

2 Arm van to corresponding artery of the oppo- 
site side (radio-active method), average 18 s econds 
(14 to 24 seconds) 

3 Arm to heart (radio-active method), average 
6 6 seconds (2 to 14 seconds) 

4 Pulmonary circulation time (sodium cyanide 
method), average 10 6 s econds (7 to 14 seconds) 

5 Arm to tongue (sacchann method) average 
10 7 seconds (8 to 16 seconds) 

6 Arm to face (histamine method) average 19 
seconds (13 to 25 seconds) 

7 Arm to lungs (ether method) average 6 sec- 
onds (3 to 8 seconds) 

The arculation time is a measure of the shortest time 
which any particle of blood takes in passing from one 
point in the arculation to another It is evident that 
if all the blood channels between the two points are not 
approximately uniform in length and diameter only a 
part of the blood wall travel from point to point at the 
rate indicated by the measurement It is believed, 
however, that the flow of blood through the lungs occurs 
at an approximately uniform rate in different vessels 
and that the pulmonary arculation time may be taken 
as an index of the mean velocity of the pulmonary blood 
flow It therefore bears a relation to the total volume 
of blood traversing the lungs m a given time, i e , to 
the output of the heart (p 263), being short with large 
outputs and long when the output is small 

Knowing the pulmonary circulation time and the 
output of the heart per minute the volume of blood 
contained in the lungs at any moment may be cal- 
culated from the following equation-:^ 

C = Q (60/T) 

where C = the cardiac output per minute, Q, the quan 
lity' of blood in the lungs and T the pulqionary circula- 
tion time Q averages about 8 per cent of the total blood 
volume 

A dose relationship exists between the size of the 
animal and the arculation times, these being shorter 
m a small than in a large animal This is to be expected 
since the distances are shorter The pulse rate also 
bears a relation to the animal’s size, th e smaller th e 
animal the higher the rate As a consequence, the prod- 
uct of the pulse rate and the pulmonary arculation 
time IS almost the same in different speaes 

The circulation times are markedly reduced 
(veloaty of blood mcreased) during muscular 
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eierase or by the mjectioii of adrenahne. Thev 
are altered m the following pathological conditions 

CONDIXIONS ASSOOAIED VTIIH A BEDXJCED 
cn’CciATio'v^’miE'- 

E^tpcrth^roidtsm The decrease is closeh related 
to the height of the metabohc rate.-'^ 

Anfmio(seep 420) The increase in blood leloc- 
^ ^ly'Ts in proportion to the reduction in ori gen- 
^ carrying capaat> of the blood ' 

coxnrnoN'S associated with a lengtheked 

CIECCEATION TIME 

HypalpiSion, normal or shghtlr lengthened 

MyxedarM 

Pdly^-lharia rera 

'Cardiac failure The engorgement of the s>-s- 
temic and pnlmonaiv ^essel5 results m a great 
mcrease m the quantitj of blood contained m the 
lung and peripheral vessels The speed of the 
blood through these lascular areas is reduced 
though the total volume of blood flowing through 
the distended vessels m a unit of time isnotneces- 
saiili diminished (see below) The improrement 
m cardiac action following the administration of 
digitahs IS accompanied b^ shortening of the cir- 
culation time. This drug causes no effect upon 
blood \ elocitv m normal persons - 
PosloPcralre Srmth and Mien found that 
startmg about the 5th da> after operation the foot 
to carotid circulation tunc moeased graduallj to 
the 10th daj when it was 50 per cent greater than 
the preopeiatne value. These obseivations are 
/| pertment to the question of postoperatii e throm- 
' i bosis (see p 123) 

The VoEciiE or Blood Flowing Through an /' 
Organ op Clrcumsceibed Region of the / 
Bodt, the Mass Movzhent of the Blood- 

The total \olume of blood flowing through an 
organ m a gi\ en tune should not be confused with 
the \eloat 5 of the blood stream m the mdindual 
\ essels, i e., the speed of the blood corpuscles 
which, as menboned abm-e, is referred to as the 
hneal celoatj The two do not alter to the same 
degree, or necessarilv, mdeed m the same direc- 
tion If the prssure head remains unchanged then 
. the \ olume of hquid flowmg in a umt of tune along 
a narrow tube comparable m size to the small and 
I medium-sized artenes is proportional to the fourth 
! power of the radius of the tube The hneal 
idocit}, on the^otte hand, is proportional o5K 
the tube (pTlorWhen 


the artenoles of an org& dflate, though the penph- 
eral resistance is re^c^ localI>, compensatorj 
c-asoconstnction in other \-asailar areas occurs 
f Lovfa reflex, p 2^) and a fall m general blood 
pressure does not "ordinarily result That is, the 
pressure head in the \ essels feeding the organ 
remains at, or maj c\en nse abore, its original 
le\el A greater y olume of blood therefore flows 
through the organ and the yeloaty of the blood 
m Its larger y essels mcreascs The capillary blood 
pressure increases for, as a result of dilatation of 
the artenoles, less cneigj is expended in oyer- 
coming the fnctional resistance m these y essels 
If the capillanes do not alter in cabber, or do so 
to a minor extent when the artenoles di late, the 
yeloaty of the blood flovnng^rc^hlh^f^lancs 
IS also mcTKiscd If, on the other hand, the total 
aosTarca^f the yascular bed of the organ is en- 
larged as a result of capillary dilatation an oppio- 
site effect upon the hneal y eloaty of the blood m 
these y essels is produced yvhich tends to counter- 
act the effect upon y eloaty caused by the artcnolar 
dilatation (y eloa ty being inyersely prop ortional 
to the cross area of the yascular b^, p It 

thus ttmes about that yvith a constant artcnal 
pressure the speed of the blood in the capDJanes 
of a part may be reduced though the total \dlumc 
of blood passmg through the part remams unal- 
tered or IS ey cn mcrcased In the case of the lungs, 
for example, whose y essels of course offer the only 
route for the blood from the nght to the left side of 
the heart, dilatation or constncUon of the arten- 
oles and capillanes unaccompanied by any change 
m the output of the nght y entnde will not alter the 
y olume of the pulmonary blood flo-y The yeloaty 
of the blood through the small y essels yvill, hoiv- 
eyer, be reduced or inacased respectiyejy yyrth the 
e xpans ion or TOnstnction of the pulmonary vas- 
cu]ar_bcd_Conyerselj , o-nng to the occurrence of 
compensatory changes in the capaaty of the y as- 
cular bed, a reduction or increase in the cardiac 
output (and so of the quantity of blood passing 
through the lungs or through the peripheral parts I 
of the body) does not necessanly alter the y eloaty / 
of the blood through the mdiyidual y essels of thd 
pulmonary or svstemic cuxuits • 

Approximate values for the volume flow per 
100 grams of tissue per minute for y anous organs 
under ordinary restmg conditions of animals and 
man are giy en below 

Thyroid 560 cc .' 

Kidney 150 cc.-^ 
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Fig 17 3 Diagram shoiMng Hewlett and Van Zwaluwenburg’s method for estimating the rate of blood flow in 
the arm (after Hewlett and Van Zw aluw enburg) 


Liver 

Brain (man) 

Intestines 
Spleen 
Stomach 

Human forearm (covered) 

Skeletal muscle 

McasurcmcitC of (he volume flow 

In animals one of three methods may be em- 
ployed for the measurement of the volume flow 
through an organ 


to a tambour and recording apparatus The excuraons 
of the latter are calibrated to represent cubic centime- 
ters of blood To estimate the blood flow the vem is 
suddenly clamped and the increase m volume of the 
organ recorded over a short penod The method has 
been claimed by Brodie to give results comparable m 
accuracy with those obtained by means of the stromuhr 
Brodie’s method has been adapted by Hewlett and Van 
Zw aluw enburg to the estimation of the volume flow m 
the human band and forearm A narrow cuff encircling 
the upper arm is employed to compress the veins (fig 
17 3) A plethysmograph for the finger on the same prin- 
ciple has been designed by Burton (fig 17 4) 


jartenal, 50 cc 
250 cc t - 

(portal, 200 cc 

200 C5^ 

70 CC-- 
40 cc^ 

25 cc / 

3 cc ^ 

3-5 cc 


(1) The simplest method is to collect and measure The calorimetric method This was devised by G N 

the blood issuing from the vein or veins of the part Slfistart for the measurement of the volume flow through 
This method can be employed only over relatively short the human hand Briefly, the method is based upon 
penods and with small well circumscnbed organs such two assumptions (1) that the hand is a perfec t radi ator, 
as the kidney or sahvaiy' gland when immersed m a small body of water the blood 

(2) If there is a single artery or vem suppljnng or coursmg through its vessels gives up heat, so that its 

draining the organ the stromuhr may be mserted into temperature comes to equal the a verage tem perature 

cither vessel and the quantity of blood measured which of the^urrounding water during the course of the ob- 

enters or leaves the region, or the thermostromuhr servation,® (2) that the blood is the only source of heat, 

method may be employed (p 175) the heat generated by the muscular tissue of the hand 

(3) The jilcthysmosraphtc metlwd _ of Brod ie This is being negligible 

based upon the pnnciple that if the venous return be The amount of heat (gr^calones) given out by the 
occluded any change in volume of the part which resulU hand to the water is obtained by multiplying the 

dunng the period of occlusion must represent the quantity of water m grams by the number of degrees 

amount of blood which has entered the part during that centigrade through which its temperature has been 

penod The time dunng which the vein is compressed raised The blood flow in grams dunng the whole 

and consequently the duration of the observation must penod of the observations is obtamed from the fol- 

obviously be bnef, for interference with the venous lowing formula 

flow wdl automatically slow the blood stream and give a HI 

faUaaous result The organ, e g , the kidney, with its Q "p qa g 

13 placed in an air-tight chamber 

294) At the point where the ves- where Q equals the quantity of blood (grams), H the 

the chamber a soft matenal, e g , 

sponge or tow packing smeared with vasehne, is used , temperature of the venous blood may be 

to form a hermetic seal, but does not compress the taken as that of the average temperature of the water 

vessels A tube leads from the mtenor of the chamber in the calorimeter has been questioned by Sheard 


blood vessels mtact, 


sels enter and leave 
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Fig 174 Finger plethysmograph (After Burton ) I//> 
per figure, A, metal cylinder into which the finger is m 
serted and sealed by means of a gauze bindmg (B) on zinc 
oxide paste, D, small cuff which when mflated occludes 
the venous outflow Lower figure, optical recorthng sys- 
tem C, capsule covered by a membrane of the thin- 
nest rubber, M, mirror chip, E, by pass tap for re 
turning volume to the base line 

heat (gram calones) given out to the water, T and T 
the temperatures of the arterial and venous bloods 
respectively and S the specific heat of blood (0 8) 
The difference between T and T' represents the drop in 
temperature of blood in passmg from the artcnal to 
the venous side 

A pair of specially designed water calorimeters of 
about 3000 cc capaaty are employed for the obscr 
vabons. 

The blood flow through the hand is thought to be 
indicative m a general way of the flow through the 
penpheral parts of the body 

The Ectects of AccErERATioN oton the 
Circulation / 

A constant speed, however great, has in itself 


acceleration m relation to the circulation Accord- 
ing to Newton’s Law, F_° where F - force, 
M the mass and A the Imear acceleration There- 
fore, A “ F/M 

The effects of Ij^contal linear ac cderaltoti upoa 
the body of a pilot arc seen m catapulted take-offs, 
or m picking up personnel from the ground or m 
gliders by high speed planes Deceleration, i c , a 
sudden reducUon ui velocity, occurs m crash land- 
ings, parachute landings, or from parachute open- 
ing (cspeaally at very high altitudes), etc. Vertical 
acceleration, as when the plane falls or pitches, 
owing to changes in air density, causes motion 
sickness (p 574) 

Centripetal acccleralwins the type which in mili- 
tary flying causes serious effects upon the arcula- 
tion It IS defined as the acceleration of a body to 
ward the cente r of a circl e in the arcumferenro of 
which It IB moving at umSoim velocity The central 
' force produang the acceleration (.cenlrtpclaljorce) 
IS resisted by an equal and opposite, radially actmg 
force, generally called centnftigal. force This may 
be expressed, thus — 

r = MVVr 

m which M is the m^ V the vclpaty and r the 
radius of the circular movement At a linear or 
ccntnpctal acceleration equal to that of gravity, 
namely, 32 2 feet per second, per second the force 
exerted is equal to that of gravnty Gra\ Rational 
force, like centrifugal force, is proportional to mass 
and is exhibited as weight The force due to accel- 


no effect upon the orculation As pointed out by 
Armstrong, we are travelhng through space quite 
unaware of a speed of over 18 miles per second 
caused by the motion of the earth But accelera- 
tion, that IS, a change m velocity either in the Ime 
of our motion {linear a cceleration and dcc^eratiori), 
or the movement of the body m a arcular or curved 
course {ceiitnpM or ^tral acceleration), may 
cause profound effects upon the bmfy as a result 
of the mertia of the blood and viscera A third 
type of accelerated movement, known as angular 
aced^tion, takes place when the body rotate 
abouFlts own axis, as when a plane rolls or spins 
The rate of angular acceleration is rarely great 
enough to cause any senous physiological dis- 
turbance, but this form of acceleration causes ef- 
fects on equilibnum and onentation The develop 
ment of the modern airplane and maneuvers of 
mflitary flymg have brought prommently to the 
fore m recentTears the importance and hazards of 


eration is, thcicioic, conxcnicntlv expressed in 
umts of gravitational force and designated bv the 
letter G Thus an acceleration amounting to 2G in- 
dicates a force double that of gra\ ity , i c , a body 
acted upon by such a force would be doubled in 
weight. The centrifugal force is proportional to 
the square of the velocity It can be calculated in 
G units from the equation^ •= V*/32L 2 r, w here 
V is the velocity in feet, r the radius in feet of the 
curved course which the moving body takes, and 
G units of gravitational force per pound of mass ” 
Thus, the weight of a pilot’s body subjected to a 

From the following equation the force dev eloped 
during imear acccicration or deceleration can be calcu- 
lated 


G " 


V,’ - W 

32 2 X 2 X S 


whCTe y,. 15 the initial velocity, V, the final veloaty and 
b the distance travelled during the period of accelcra- 



Chapter 17 


BLOOD VELOCITY 


181 


force of 2G is doubled, is tnpled at 3G, and quad- 
rupled at 4G, and so on 

Acceleration which produces a force acting upon 
the airman m the long axis of the body from head 
to seat IS ( ^ed positive (-bG) , that actmg from 
"seat to head is called negative (— G) A pilot 
pulhng out of a power dive, that is, changing direc- 
tion at high velocity to a horizontal and upward 
direction m a bankmg maneuver has his head di- 
rected mward toward the center of the circular 
movement and is therefore subjected to a positive 
centripetal acceleration If the force amounts to 
from 5 to 6 -h G or more, and lasts for longer than 
3 or 4 seconds, the phenomenon now generally 
referred to as “blackout” results, for his blood be- 
mg acted upon by a force 5 or 6 tunes that of 
gravity “falls” or is “thrown” mto the lower part 
of the body_ (the large vessels, it will be recalled, 
run m the gene^ direction of the long axis of ^e 
l^dy), the weight and consequently the hydro- 
static pressure of the blood is mcreased (see fig 17 5) 
In ammal expenments it has been shown that as a 


result of the very high capillary pressure a marked 
mcrease m ^filtration of :fimd from the blo od mto 
^e extra vascular space s .wit h hemoconcentr ation 
occur s In man the skm of the lower parts of the 
legs may show numerous blood extravasations 
(petechiae) The movement of blood toward the 
feet reduces the venous return of blood to the heart, 
and, as a consequence, the pressure of blood m the 
cerebral and retmal vessels..falls Vision is tem- 
porarily lost and the pilot may become unconsaous 
The abdommal viscera are forced downwards and 
drawmg upon the diaphragm may embarrass 
respiration X-ray photography shows elongation 
of the heart and a reduction m cardiac volume 
'^N egati ve” acceleration, as when a turn is made 
at high veloaty with the plane m the mverted 
position, the pilot’s head bemg directed outward, 
causes opposite effects upon the circulation and is 
hkdy to produce more senous mjury, but for- 
tunately, unlike positive acceleration, does not 
come mto play m any necessary maneuver 
“Negative” acceleration also occurs m spins re- 



Fig 17^ Diagrammatic representation of the hydrostatic pressures m the vascular system of a man m the 
sitting position at 1 G and at S G (Wood and assoaates ) 
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suiting from some structural damage to the plane, 
when the tremendous force created mav, through 
the increased weight of their bodies, prevent the 
p3ot and other occupants of the plane from mov- 
ing In a turn with the head directed outward, 
the blood is driven toward the head resulting in 
effects sometimes called “red-out” The vessels 
of the head and neck become engorged, there maj 
be small cutaneous hemorrhages, severe throbbing 
pain m the head is espenenced and the ejes feel 
as though thev were being extruded from their 
sockets The abdommal viscera are pushed up 
wards against the diaphragm The venous return 
to the heart is mcreased and the blood pressure m 
the cerebral vessels is raised considerably (as much 
as 65 mm Hg) There mav be mental confusion 
for a time Cerebral hemorrhage may result, but 
since the hj drostatic pressure of the cerebrospmal 
fluid IS also mcreased, it acts as a buffer which, 
to a large extent, protects the dehcate walls of the 
small cerebral veins and capiUanes, which arc the 
most likelv to rupture. 


Large centrifuge machines have been devised 
for subjectmg the bodj to fwsitive acceleration and 
studying the effects produced Instruments record 
blood pressure, cardiac action and blood content 
of the drum membrane automatically Thus the 
tolerance of a pilot to -f-G can be measured (see 
fig 17 6) 

In order to prevent the physiological effects of 
positive acceleration, several tjTJes of double- 
walled suits have been designed which, by con- 
tammg water or air under pressure, oppose a force 
to resist a nse m the hydrostatic pressure of the 
blood The first suit of this kmd to be emploj ed m 
actual air combat was inv'ented by Franks of the 
Roj al Canadian Air Force. It envelops the abdo- 
men and lower hmbs, water is mtroduced mto the 
space between its walls Dunng the development 
of centrifugal force a hydrostatic pressure, auto- 
matically graded to that exerted upon the blood, 
IS applied through the tissues to the vascular wralls 
Thus, distension of the vascular bed of the lower 
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part of the body and the accumulation of blood is 
prevented 

The effects of centnpetal acceleration may also 
be mmimized by the pilot assummg a crouchmg 
position with the trunk bent well forward and the 
thighs strongly flexed at the hips The direction of 


the centrifugal force is then across the great vessels 
of the trunk rather than m Ime with them, and 
runs from knee to hip more or less parallel to the 
vessels of the thigh, the movement of the blood 
along the vems of the thigh toward the heart is 
thus actually aided 
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The Natuee of the Pitlse Wave 

The pMlse « the piessute change created by the 
e 3 ection of blood from the heart into the already 
full aorta and propagated as a wave through the 
blood column and arterial wall to the penphery 
If the walls of the system were absolutely ngid, 
smce liquids are incompressible, an impact de- 
hvered at one end would cause a pressure change 
to be transmitted mstantaneously as through a 
steel rod to the furthermost parts In the case of 
elastic tubmg, such as composes the vascular 
system, the pressure change is accompamed by 
an expansion of the tube’s wall It should be em- 
phasized that the extra blood which is thrown into 
the aorta, and the pulse wave which is the direct 
result of the former, do not pass along the vessel 
m company If the ejected blood were made dis- 
tmguishable m some way and its speed compared 
with that of the pulse wave it would be found that 
the latter travelled at a rate from 10 to IS times 
faster than the former The speed of the blood 
depends upon factors which have been considered 
elsewhere, e g , pressure gradient, cross sectional 
9.KZ. of the vascular bed, etc , while the velocity 
of the pulse wave is determmed almost entirely 
by the resilience of the arterial wall, the speed of 
the blood itself exerts a very minor effect 

The independence of the veloaty of a liqmd and of 
a wave m that hquid will be evident if one considers 
what occurs when, say, a bucket of water is thrown 
into a running stream Waves are then set up which 
travel through the water at a rate which has htde re 
lation to the veloat) of the stream itself They run 
up the stream against the current as well as down 
Though the pulse wave m its passage gives some for- 
ward movement to the blood, i e., mcreases its velocity 
at the moment of its passage just as a wave upon a 
river shghUy speeds the flow of vrater, as is shown by 
the impetus which it gives to a floaUng cork, yet the 
chief phenomenon is a propagation of a change of form 
and pressure It is a molecular movement rather than 
a translation of flmd en masse. The particles of the 
fluid change their posibons relative to one another, but 
to a comparatively small extent in relation to the 
artenal wall — a pulse wave travels through a perfectly 
stagnant blood column, as m a ligated vessel This 
distinction may be illustrated by the diagram in 
figure 18 1 


measoeement of the speed and length of the 

PULSE WAVE 

The veloaty of the pulse wave m the brachial artery 
IS normally from 5 to 8 meters per second By means 
of a pair of tambours, wnting levers and a time marker 
(p 226) the difference m the tunes of amval of the 
pulse wave at a near and at a far point of the vascular 
system can be deterrmned The time difference divided 
mto the distance travelled between the two points 
gives the veloaty of propagation of the wave. Thus — 


Distance m mm 
Time in seconds 


veloaty m mm per second 


Smce the rate of propagation of the pulse alters wuth 
the state of the artenal wall, increased ngidity causing 
more rapid transmission and vice versa, the veloaty is 
maeased in old age or when the clasliaty of the 
vessels is reduced by disease, e g , arteriosclerosis 
Bramwell, Hill and McSwinej found a speed of 5 2 
meters per second at the age of S, and one of 8 6 meters 
per second at 84 years The veloaty of the pulse m 
early adult life is about 6 meters per second In hj^per- 
tension (pathological or resultmg from muscular exer- 
cise) the walls of the vessels are more strongly stretched 
and thus are nearer thar elastic limit, the pulse wave 
IS therefore transmitted at a higher speed Vaso 
dilatation or low pressure from anj cause, on the 
other hand, reduces the veloaty of the pulse wave 
The femoral artery is less distensible than the brachial 
and the veloaty of the pulse is greater m the former 
vessel 

The length of the pulse wave The length of a pulse 
wave traang gives no indication of the length of the 
pulse wave itself The traang is msenbed by the 
nse and fall of the lever as the wave passes the point 
m the artery (fig 18 2) and its length depends upon the 
rate at which the wnting surface moves WTien the 
rate is fast the curve is lengthened and vice versa The 
pulse wave itself is m reality a very long swell or billow 
The ejection of blood from the ventricle does not cause 
simply a small local dilatation but an extensive expan- 
sion of the artenal channels ’ The wave measures from 


* It is also to be remembered that the amphtude of 
the pulse wave is no entenon of the actual height of 
the blood pressure, for it maj be low w ith a high blood 
pressure or vice versa The pulse traang or sphygmo 
gram can give no absolute or quantitative informa- 
tion in respect to any phase of the artenal blood 
It is nierelj a record of the movements of 
um vessel walls brought about by pressure vanations 
The movements of the wall of a penpheral artery are 
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Fig 181 Motion in i'natcr'na\e Nine equidistant 
water particles are represented by dots The particles 
ino\e m acrtical arcics with fixed centers, all wath 
the same uniform x eloatj The position of each particle 
in its orbit is called the phase of its motion In the dia- 
gram each parUcle differs in phase from the next bj 
one eighth of a full rexolution At the top of the circle 
each parUclc moves in the dirccUon of travel of the 
wave (as indicated bv the large arrow), those towards 
the bottom move in the opposite direction The par- 
ticles upon the crests of the wave, a and /, are in the 
same phase and in a phase opposite to that of c, in the 
trough of the wave After tne wave has passed the 
particles come to rest and may show no change from 
their onginal positions Tlic length of the wave is the 
distance between two particles in the same phase 
(Modified from Kimliali’s Textbook of Ptnsics ) 

3 SO to 5 meters and consequcntlv the greater part has 
disappeared from the penpherj before its end has left 
the aorta The length of the wave maj he determined 
from tlic following formula L >= VT, where L equals 
IcngUi of wave, V the vclocitv of transmission and T 
the time the wave talcs to pass an) point The manner 
of obtaining V has been described above T ma) be 
obtained from the time markings on the pulse tracing 
or simplv from the pulse rate If, for example, 70 
pulses pass a point in Uic artco per minute, each 
must require second for its jiassagc 

AVAL'iSIS OF THE PULSE CURVE 

Tlic pulse wave may be made to describe a 
cun e by laj mg a light lev cr upon an artery , c g , 
the radial, and having it record its excursion upon 
a mov ing surface as the arten expands and recoils 
beneath it The means of doing this is provided 
bv an instrument known as a sphygmograph One 
of the best known of tliesc is Dudgeon’s, show, in 
figure 18 3 The cun c consists of an abrupt almost 
vxrtical upstroke, the anacrotic lunb, and a more 
gradually' sloping downstroke, tlic catacrotic limb 
The rising limb is inscribed first and represents tlic 
front of the pulse wave, while the catacrotic limb 
IS draw n dunng the fall of tlic lev'cr, i e , after the 
crest of the wav'c has passed Though under ab- 
normal conditions of the arculation (sec below) 
the anacrotic limb may show one or more second- 
ary waves, it IS under ordinary circumstances 
smooth and uninterrupted The descending limb, 
on the other hand, shows a well-marked negative 

very slight, but in the sphvgmograph tracing they arc 
magnified several times When the pulse is felt by the 
finger placed upon the radial artery it is the pressure 
change — the impact of the pulse wave — rather than 
the actual movement of the vessel wall which is dc 
tected 



Tig 182 Diagram representing a pulse wavepassmg 
over an arterv Hcavv double line, artery' at rest, 
dotted line, artery expanded Curves N, Y and Z are 
drawn dunng the passage of the wave (in the direc- 
tion indicated by the arrow) by three levers placed 
upon the vessel at r, y, e At Z the greater part of the 
wave has passed beneath the lev cr at c, as shown bv the 
continuous line of the first curve, and has still to de- 
senbe the smaller part represented by’ the broken line 
In Y the lever at v is at the summit of the wav’e At 
X the lever x has just commenced to nse and the 
greater part of the curve has still to be inscnbed as 
indicated by the dotted line (after Foster) 

wave, 1 C, a depression, followed by a positiv’e 
wave These arc known as the dicrotic notch and 
dicrotic ‘ivatc, respectively' Under certain con- 
ditions the dicrotic wave may be so well-marked 
that it can be felt as a separate impulse by' Uie 
finger placed upon the radial artery’ Often less 
well-marked wavelets preceding the dicrotic 
notch {prcdicrotic waves) are present Other waves 
(postdicrolic) may follow the dicrotic wave (fig 
184) 

The dicrotic wav’c and notch are produced in 
the follow ing w ay’ As v'cntncular sy stole comes to 
an end and the intra-v'entncular pressure falls be- 
low the aortic, back eddies bnng the aortic v'alves 
into apposition, at tlic same time the distended 
clastic arterial wall rebounds and pressing upon 
the blood forces it centrally as w ell as thrusting it 
forward toward the periphery The swing of tlie 
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Fig 184 The puhc vra\-e K. Pnmar> wave, B 
Dicrolic notch, C DicroUc wave 


b’ood column lov ard the heart sets up a negativ e 
fluctuation which is propagated in the wake of the 
mam or priman wav c throughout the artenal tree 
and u rcprc<^ntcd bv the dicrotic notch on the 
pul'd tracing The next instant the aortic valves 
winch have been forced toward the vcntncular 
civit> become taut, the movement of the blood 
column IS abruptlj checked and rebounds from 
their "urfaccs This sets up a positive pressure 
change v hich appears m the pulse tracing as the 
dicrotic wave 

V APIATIONS IS nrz FORM OF THE PHLSE CURV'E 

The slope of the ascendir^ Iirrb is dependent upon 
several facto-', (a) the duration of the ventricular dis- 
charge, (ti) the output per beat, (c) the height of the 
d ajtolic pressure and (d) distensibilitj of the arterial 
wall' Uith a 'low rate of ejection such as occurs in 
narrowing o' the aortic nng (stenosis) the upstroke is 
gradual, the wave usuallj of low omphtude and a 
fecondarj fluctuation maj appear (anacrotic wave) 



Fio 18^ Abnormal pulse curv es 1, aortic stenosis, 
2, aortic regurgitation, 3, artenal hypertension, 4, 
artenal h>'potension 

which m some instances is actually higher than the 
pnmaiy wave (fig 18-5, 1) Secondary waves upon the 
anacrotic hmb are also found m aortic aneurj'sm or 
when the aorta is narrowed as a result of a develop- 
mental defect or bj pressure from without These 
waves on the anacrotic hmb are probably reflected 
from the penpherj of the orculaUon, the long penod 
of ejection permittiiig waves to travel centrally and 
meet the primary wave before it has reached its crest. 
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WJif 1 t!u tiitrlnrpe i<; njiul the ou()nit Inr^,r, or the 
)) r-ttui. )(> \ t))r (niKr to J)C of 

lirv,e un|ililU' 5 c Trjil n*^ lijKirokt ».tcrp (fi;* IS S, J) 
T i r '.hijH' o' tt)c I'rj r>i 'jf r /i» b !■> nh’upt when the 
<1 I'-'oht p c^^urc 1' in nortic ref;urj,itTtion nr 

'vrte'n \r u> i*' "intniAs n tt p 1 *' 2 ) 

\n\ '’ntc which icn'irr*. the -\ttrtnl i nlU les*. len'C 
\ill tei 1 to i'\crr-i<o the n opnitnile of the dictotic 
ihir'u'itio"'' nr»l to ptiviua other 'cconiltrv m\c^ 
tpoKniic on! jvT.ti'ic'-otii ) uhicli under o thmm 
c etit''-.vnn<f' d I not np;>etr U, fo' cJtnijtle tlic 
n'lr 111 ’ 'iri i' 1 iiVrfiHei!, n*. n tr*-uU of \n<rK!ilni 3 
lion 11' n I 1 into' r p c*<urr fton wl ntt\cr enuiic 
cxi*''*! tfie ilu o ic rt\c l-'io r< p'o uiicnt, untier 
rh CO 'h (< 1' in t\-]»' (i d feeTr, it nn\ fon etitnei. 

!< frit 'w h tie fn^r' n> n lin'inct tip fnllowinp the 

I , r \ 1 I r T i r pt 1 r 1 i 5 en ‘ 11'! to \< (he t tie 

litt I'tt^t Wam !n DirtJUVT Krtio'" 
CsMtvt \rrtnAt I’t i>t 

I'tili'" t'Tinr'- rn o iV! it (hffi c it pifti of tie 

s"rn''l f It- 1 at thi’ tl r e nfo n it ) i of the wi\e 

c! nt n' It trnve’ to 1 1 il t'le jw |i'’rn I he ri'c 
in I fall o' •' r p rn \ wn\r tc m e t 'adunl nrd iht 
nr-p’ 'U 'e j'' k i . t* r nlV a’tc in' Vpikrcxjmc 
tnl e'' f'o~ n er''*f'l n'tc'' ‘O'h t’'*' ' i''r'n\i’'n 
ilitk 1 \rfi ttr i-nrh fm i the tv,ir,-il t'lcirp nlcn 
fro ii ct 5>'*'tpV'nI a'(c'% 'U>.h tic rohal Ir.itcrd 
of the U‘ \1 Cl ip’imlive'v •■’.'ill I' *’ C'uiiL notch ind 


rounded wnxe, n ilnqi dcprciMnn (inaiun) followed 
h\ 1 "ihiq) 5f)dc le icon in the ruhchinn trnang 
Such a record tmi he ohliintd from the human “lub 
ch\nn In meant of a $rmll coninl cup pretted into 
the tupr*icK\icuhr fotta and connected with nn optical 
recording apjnralutffip: 18 61 'Wwcntlriil arirnat fulsc 
shout two jtrihnunarv Mhrationt Fhe^c immcdiatcK 
precede the main ujittrol c, i c , lhc\ ocair before the 
ojicninf; of tl c 'cmilunar \ahct, and retult irom prc« 
turc chaiiRct Irantmillcd throuph thc<c dthcatc ttruc- 
tufct 1 he firtl (a-hl it due to “iuncular'"t\ dole, 
the •ccond (h-cl to the tentim ric\c!ope<l at the Kpn- 
ninf of xcntrieubr ti'-tolc (it/jinclric penwi p 2flSU 
The cjecinm of hlocifi from the \tntnclc causes a thaqi 
ri'ic m prc'curc \ hirh, ‘icttinp the hhwl column into 
vihr ilion, cau'et the fliictuationt c rl c The jircjturc 
mounts to f and it •■utiaincd for a time, hut then as 
tfstok comet to an end it dropt prccipitatcK to pro- 
duce a drcji dq>rc“-inn — the innuira (R-h) Tint oc- 
cur* dutiiu the che-urc of the ‘emilunar \aKij and 
coTirivindt to the ‘o called protodiastolic pino<l of 
\cntricuh' dntiolc (p 20 *)) ‘^eiT'al wnc> folio, \ the 
innsiira <iuc to after Mh-itiont of the talvtrs In tiuir 
tran' iiistion thinuph the .artcrnl wall to jH-nphcial 
jiointt minor ihictuationt o' the cintral puke hcconic 
fu<rii to pro-lucc tmivith contnurt, \ lute the pnman 
o'cilhtiint the inc'sun, and the after tih aliont he 
Come daniiicacd iloun nnd apjK-ar ctenliialK at the 
pnman wa e aid dicrotic lluciuationt of the distal 
aricria) iraeinc'. 
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THE PHYSIOLOGY OF CARDIAC MUSCLE PERFUSION OF THE 

ISOLATED HEART 


Histologv OT' Cakdiac Mxiscie 

/* Cardiac muscle fibers , like th o se of vo luntaiy 
! muscle, have transver ^ ^ ive ll as lon gitudinal 
|^~striaCffir^ut'3irinvestmg sarcolemmal sh_^ths 
6f thB*’rardIac fibers, unlike those of skeletal 
musclej are Hi-defined And the muscle cells tion> 
municafe 'wiSi*one”anotKer~tKfou^ FranSiS of 
bridges of protoplasm ffig 19 1 ) So,_t he _card ia.c 
muscle, ratherjthan bemg a collection of separate 
■fiberirhas the chMaHe^of~FTync yCium— t i 
COTtin uous multinu d^ted s heet ov er iihich an 
impulse may spread without mterruption in any 
(iifastion The "cross stnationis"’ are less "distinct 
tSatrifrskeletaTmus'cie, the” sarcoplasm^ is more 
aKmo[£mt and the"" nuclei are'_embedded m the 
cSiter^SIhe cell Transverse bands, Jaiown as tn- 
tercalatcd dtscs, are disposed at irregular intertals 
m^r^c muscle yhetr_ function is unknown 
Cardiac muscle fibers have no power of regenera- 
ddn", once destroyed they are replaced by fibrous 
tissue only 

The Physiological Properties of Heart 
Muscle 

These may be considered under the following 
heads (1) Exctlabihly and conlractthly, (2) rhylh- 
mictty, and (3) conduclmly 

(1) ExcUabihly and contrachlUy 

The abiht y of a tiss ue to respond to a stimulus 
IS sp^en^f as exa ta^ty or imtablity"* In the 
^e of mu scle. the r^o^ is a shortening" of Its 
hfere Certam features of the contraction ^f 
cardiac muscle will now be discussed 

(a) The or N ohbITaw This st^es that 
fhe weakest stimulus that is capaBre''of”rausmg a 
contraction at all (mmimal stimulus) null produce 
the maximal contractiom This fundamental fact, 
iihi ch first dem onstrated by Bowditch m 
jSJl m caraiac'niuscle7^ since been found to be 
wE'^’^iPIPerye andj.^tal'musde Though a 
“’^^responds To ''stimuli'’ of graded 
coh'^Ttidns^of graded ampfitude 
and so app^ratly iMers fromja.T^ac muscle, it 
caShfab™ that.a sWre skdVw fiber obtys the 

t 1 


“all or none” law 

havioTTetwMn cardiac, and skeletal mu^ e is 
' dUe''tdThe Jac|^hat,the.fornier^is a continuous 
^?Sto ^mic sheet, and an .imp^sej^ich ^causK 
"contoction m one part spreads under or^n^rj^ 
•fifcunfetancK and involves the v,hole.jrhc indi- 
vidual fibers m skclctsdjnusdc, pn the.other han(J,„ 

^ insifiated fr om one an other^ Thc^jyaded ^rc- ^ 
gionse of,ihe,e»/jre_skeletaljnusdc means simply^ 
thSCmoreJfi^rs are exated by the stronger 
by the^ weaker stunulus " 

' It must be pointed out that a mmimal stimulus 
at one tunejnay at ano ther be submlnimal shoidd!, 
th^ excitability of the musdc be reduced Onjthe 
■fither hand, shoi^_the. exatability^bc jncrcas^^ 
'aSTieflectivc stimulus ma> be ren(krcd,cflcctitp^ 
Consequently, ’viKen it is said that the cardiac 
muscle folloivr'the ”airof none” la’irit^p tiT be 
fefnemhered that this applies" bnlvTo^e coiidi- 
Qbns existing at the ti^^'Thc cxcjtabdUj and 
^cbntjactihty of the musdc arc enable and a stim- 
uIiS which under one set of conditions would 
produce-a weak contraction, would under more “ 
^vorable conditions produce a much greater rc- 
spmise,^ ^ngth. of the liber, h> drogen ion con- 
c^traUon, 5 tatc.,of„nutntion,'Yati^e and the 
'' inprgamc ,consbtution of the fluids bathmg the 
Jheart,(p 192) are arnong the factors mfluenang 
Its excitability and its contractile force 
" (b)" 'D lepj:^ This phcnomcnoli was also first 
observed bj Bowditch m cardiac musdc, though 
It is also shown by skeletal muscle If a number 
^f stimuh^of,the.,samejntei^^(ma3amal),bc sent 
into the rausdfe after a resting jienod, ic _&st^ 
contract io ns ol the senes mcrcasc successively, 
ascent m the magnitude of the 
the begmmng of the senes suggests 
Lismg steps of a stair^^e^ fGcnnnn ireppe) and 
IS supposed tq_b^ue to^tlm greater conXfactility of 
the muscle atjhis time, resulting fro m the nse in 

sli ght m crease mil lon-cnn- ^ 

centration of the musde as a re sult of lactic aci^ 

producti on Uiis apparenTc ontrajgSdn oftheTili 

or none law , is explamed by the considerations m 
the foregoing paragraph > 

(u) TTle Refractory Period The refractory 



Chapter 19 


PHYSIOLOGY OF CARDIAC MUSCLE 


189 


penod of sj^etoL musde is very bnef ( 0 01 sec- 
"ond) and corresponds to the latent pen^^i e , 
t he pmod e lapsing between the~ receipt o f the 
stimulus an(^the_commenceraent of the contrac- 
fiSn^L stimulus applied to the muscle any time 
after it has commenced to contract causes a second 


rontraction which is added to.the^fct {summoz^ 


tjon) A rapid series of stimuli tuned to fall m 


each instance 3 ^t afte^ the_ refractory, penod of 
'‘the preceding contraction will produce a rapid 
^nes of shortenings of the muscle v,hid i fuse into 
an apparently mammal contraction ^tetanus) 
TbirTontRictioh is sustained as,long_as,the stimu- 
lat ion IS co ntmued-or-until fatigue sets m Heart 
muscle behaves differei^j’ _Its refractory period 
is rcIaB\^Iy* dong"and laststhroughout the com 
'tracuonjih^e The vuisdcjmlljiiot ^Jtoxid^lo^Q 
sccom^tmuliis, vo^malterjiow sirotiz, ,soJ ouRasjts 
'fibcrf arc still tn the contracted slate ^ This is the 


absolute refractory period 
Ine timeintcryal follomn 


I he t i me intcn^al follomnc a previous exata- 
tion dunng which a stimulus will not chcit an im- 

e conductc ' 


through the cardiac muscle is termed by Drury the 


‘effective re fractory Period " 

axation the muscle regains its exat- 


abilitygr aduallv. Early in the relaxation phase 


the stre ngth ,pf ,stimulus^ ^c^quire^o^produce a 
response is greater and th e rcsponseJLo ._a g iven 
^muiunr less'THainatcT' an Not until complete 
relaxation has occurred ^ocs the ex citabil i ty ^ of 
the muscic jefanTto its normal value This period 


of tune dunng which exci tability is depressed bu 
not abolished is called the relative refractory period 


The latent penod of the response, that is, the time 
elapsmg from the application of the stimulus to 
the contraction of the ventncle, is of the same 
length whether the latter is mduced early or late 
in the relative refractory penod (Woodworth, 
Fiddes) The long latent penod when the stun ulus 
was applied early after the previous beat, as found 
by Marcy and shown m his tracing (fig 19 2), was 
due. It now appears, to the inadvertent stimulation 
of the auncle by the escape of current while the 
ventncle was absolutely refractory The impulse 
ansmg m the auncle by the time it has reached the 
ventricle finds it again responsive and an extra- 
systole results The long latent penod m these 


■ Wiggers finds that the refractory penod of the 
heart does not last for the entire duration of its con- 
traction but that it responds by a contraction early^in_, 
disistole to stimulus applied within the last 0 06 
second of systole 



Fig 19 1 Cardiac muscle fibers 


classical experiments therefore mcludes the latent 
penod of the auricle as well as the time taken for 
the impulse to reach the ventricle 
It will be noted from a reference to figure 19 2 
that a long pause follows the contraction caused 
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Fig 19 2 Myograms of frog’s ventncle, showing 
effect of exatation by break mduction shocks at van- 
ous moments of the cardiac cycle The line 0, 0 mdi- 
cates in all traemgs the commencement of the beats 
dunng which the shocks were sent m It wall be noted 
that in 1, 2 and 3 the heart is refractory to the stimu- 
lus The signal (the break m the horizontal Ime) 
indicates the moment at which the stimulus was 
apphed The latent penod (hatched area) does not 
. niter as this figure show s See text The extrasystoles 
increase m height from 4 to 8, each being follow^ by a 
compensatory pause (after Marey) 
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the circulation of the blood 


by the artificial stimulus The artifiaally m- 
duced contraction is called an exlra-syslok or prc- 
malure conlraclum The long inter\’al followmg 
the extra systole is termed the compensatory pause 
smce its duration is such that when the next 
normal beat is resumed it occurs at precisely the 
same time, i e , at the same pomt m the tracing, 
as it would have appeared had no premature con- 
traction been provoked The occurrence of the 
long pause is explamed as follows The normal 
impulses pass from the auncle to the ventricle in 
a perpetual sUeam and in orderly sequence WTicn 
the ventricular muscle is stimulated artificially 
dunng diastole, and an extra contraction induced, 
the normal impulse when it arrives from the 
auncle at the usual time finds the ventricle already 
m the contracted state and, in consequence, re 
fractory The impulse is therefore ineffective 
Not until the amval of the next normal impulse is 
the muscle m a condition to respond * This ac 
counts for the fact that the time elapsing between 
the normal heats preceding and follow mg, rcspcc 
Uvely, the premature contraction is equal to the 
length of two normal cardiac c>clcs In other 
words, the heart after the mtemiption m its 
rhythm agam “gets mto step” 

The long refractory periods of the cardiac muscle 
serve to preserve the cardiac rhvthm The abso 
lute refractory phase makes the summation of 
contractions and the production of tetanus im- 
possible The relative refractory period tends to 
discourage the occurrence of a second contraction 
before sufficient time has elapsed to allow the 
complete relaxation of the muscle from a preceding 

* Sometimes when the premature contraction occurs 
early m diastole, being very weak and short, it is over 
before the next normal impulse arrives Therefore a 
long pause does not appear An extra contraction 
situated between two normal beats and not followed 
by a long pause is called an nilerpolaled extra ssstote 
The underlying processes responsible for the refractory 
penods, absolute and relative, arc unknown They 
have, however, been given a somewhat picturesque 
explanation based upon the assumption that the car- 
diac contraction results from the liberation of energy 
accumulated dunng the diastohc penod Dunng svs 
tole this energy is “touched off” by the cardiac impulse 
and discharged At the end of the contraction phase it 
has been conmletely dissipated, a second stimulus is 
therefore ineffective In early diastole a relaUvely 
small amount of energy has accumulated and a stimu 
lus apphed at this time in consequence calls forth a 
very w eak response Suhsequent responses correspond 
to the amount of energy built up between the previous 
systole and the apphfahon of the stimulus This con 
^2>t>on IE useful for purposes of illustration but it gives 
little aid in gaming an insight mto the fundamental 


contraction When a premature contraction docs 
occur its refractory period scrv'cs to restore the 
normal rhythm 

The absolute refractory’ period may be altered 
by_various agencies It is shortened by a nsc m 
temperature and by rapid heart action It is pro- 
longed by the action of certain drugs (p 2^6) 
Vagal stimulation shortens the refractory period 
of the auricular muscle but Ins no effect upon 
that of the ventricular muscle (p 242) 

(2) Rhytinmaly and (3) conductivity ~ ~~ 

These properties of cardiac musdc will be con- 
sidered in subsequent pages 

„Confiac tonus 

The subject of tonus in mammalian cardiat 
musclc'has'bccn beset with conflicting opinions- 
-JJhythmical tonus clianges were dcmonstratld'bj' 
Fano in the auricle of the tortoLsc Tills 'b'bStn’a--' 
tion has been repeatedly confirmed, yet it should 
not be ated in support of the view that tonus is a 
property of the mammalian heart since the rha th- 
mic changes were shown b\ Botla/i to arise in a 
sheet of smooth muscle lying beneath the endo 
cardium and not in the cardiac fibers proper 
Tissue oTTlus'iiaturc is 'absent from the warm- 
blooded “heart and from the Centnde of colcP 
"blooded animals Tone m’'thc'\cntridcs of'tlm 
latter as well asTn cither diamhcr of the mhm“ 
miahan heart has "yet to lie "dcmofiStTatCd'"' ’ 

A great deal of confusion has ansen regarding the 
question of cardiac tone, through different intcrjircta 
Irons havang been given to the term itself Tonus of 
muscle m the usual physiological sense means that 
state of partial and sustained contraction by wluch the 
musdc offers resistance to being stretched abov c or in 
addition to that which is offered by its purcK physical 
properties For instance, n skeletal muscle at rest and 
m connection wath the central nervous svstem exhibits 
a slight but definite and persistent contraction Less 
force is required to lengthen it when the nerves arc cut 
and the tome contraction disappears The resistance 
which the muscle offers after this is dependent purdy 
upon Its inherent physical qualiUcs, such as may be 
possessed by non v lable matcnal, c g , an dastic band 

With regard to the muscle of the heart the question 
IS this Dunng diastole, docs a certain degree of slight 
contraction— tonus—pcrsist which offers some resist- 
ance to the inflowing blood and in consequence influ 
ences at this time the length to which Uie fiber is 
stretched? There is little definite evidence that tonus 
"in this sense is (loEsesscd bv the mammalian heart 
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muscle, but vanabons m extensibibty of cardiac muscle 
are admittedly more difficult of investigation than are 
those of skeletal musde. In the intact heart the only 
means available for such a determination is the detec- 
tion of a change in the volume of the heart when a 
smgle experimental condition which might be expected 
to affect tonus is altered while all other factors are kept 
at constant values The capaaty of the ventricular 
cavity can increase, of course, only by a lengthemng of 
the cardiac fibers, therefore the volume of the ventncle 
dunng diastole (diastohc volume) will give dunng this 
penod an index of fiber length Vanabons m the latter 
can be taken to represent tonus changes only when 
other mflucnccs which wnll affect the diastohc volume 
are ehminatcd For instance, increase or decrease m 
the venous return during the experiment would alter 
the fiber length, vanabons m the durabon of diastole 
would also influence the diastohc volume, smee more 
blood will flow into the ventncle dunng a long than 
dunng a short diastohc penod These factors must 
therefore be adequately conbolled before justifiable 
conclusions concenung tonus changes can be drawn 
Apparently the constancy of the cxpenmental condi- 
bons has not always been assured and erroneous judg- 
ments upon cardiac tonus have been pronounced 
Evidence of tonus changes denved from the acbon 
of drugs upon the heart are inadrmssible since abnormal 
condibons may be thereby induced 
It has been customary to use the term “tone” some- 
what loosely, and to refer to a heart showing a large or 
small diastohc volume as possessing “low tone” or 
“high tone” respeebvely But as just stated the differ- 
ence m volume may be the result of other factors and 
need have nothing to do with tone. 

Pertdsion of the Isolated Heart, Nutrition 
AND Oxygen Requireuent of the 
Cardiac Muscle 

The frog’s heart possesses no circulatory system, 
but merely obtains its oxygen and the necessary 
nutnent materials from the fluid which bathes it 
In order to perfuse successfully the excised heart 
of higher animals certain special condibons must 
be fulfilled When this has been done the mam- 
malian heart (not excepbng the heart of the hu- 
man subject excised shortly after death) may 
confanue to beat for several hours * 

The followmg requirements must be satisfied m 
carrymg out the perfusion of the mammahan 
heart. 

(i) Pressure 

It IS essenbal that the perfusion fluid be dehv- 
ered under sufficient pressure in order to dnve it 

* Mann and his colleagues have succeeded in trans- 
planbng the heart from one dog to another and having 
It beat regularly for eight days 


through the coronary curculabon This may be ac- 
complished most simply by means of a reservoir 
raised to a height equivalent to the normal aorbe 
blood pressure (i e , about 5 feet) Followmg the 
method of Langendorff a cannula is bed mto the 
aorta (fig 19 3) The heart is allowed to hang from 
the cannula which is fixed to a support and con- 
nected by tubmg to the supplymg reservoir The 
aortic valves are brought naturally mto apposition 
by the pressure of the flmd, which then enters the 
coronary artenes Little or no fluid enters the cav- 
ity of the left ventncle directly from the aorta, 
after completmg the coronary circmt it escapes mto 
the nght auncle by the coronary smus and antenor 
cardiac veins A smaller enters the ventn- 

des through the veins of Thebesius and other 
channels 

(2) Temperature 

The perfusion fluid is mamtamed at body tem- 
perature by passing it through a glass or metal 
worm immersed m a water bath whose tempera- 
ture can be regulated by a thermostat Increase 
or decrease in temperature causes a correspondmg 
change in heart rate The rate of the frog’s heart 
IS doubled by a 10®C nse m temperature between 
4° and 20‘’C That is, the temperature coeffiaent 



Fig 19 3 Showing a simple apparatus for the per- 
fusion of the mammahan heart Ringer’s solution flows 
down the narrow tube under a pressure of about 120 
mm of mercury The lower end of this tube is tied 
into the aorta so that the fluid will flow into the coro- 
nary artenes Surroundmg the narrow tube is a glas,” 
water jacket through which warm water circulates 
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IS about 2 (fig 19 4) A corresponding relaUonship 
between heart rate and temperature holds for the 
mammahan heart withm the temperature range 
from 26° and 40°C 

(S) Oxygen supply 

This IS furnished b> bubbling oxjgen or com- 
pressed am through the perfusion fluid The 
oxvgen consumption of the heart in a heart-lung 
preparation under conditions approxiraatclj those 
of bodil\ rest was found bj E\ans and Starhng to 
ai erage 3 24 cc- per gram of heart tissue per hour, 
but ivith the heart m situ, and under more phi sio- 
logical conditions, a figure of 5 3 cc. per gram per 
hour has been obtamed for the left lentncle of 
the anesthetized dog The OTigen consumption 
of the isolated heart is probabh much less than 
this During mammum work, on the other hand, 
the heart of the mtact animal probabh consumes 
oT>gen at the rate of 30 cc or more pier gram per 
hour Experiments mth the heart-lung prepara- 
tion show that the ongen usage is direcUt pro- 
pwrtional to the work performed b\ the heart, 
which m turn runs parallel with the length of the 
muscle fiber (p 255) The oxagen consumption 
of the heart is greatlj inaeascd b> the addition 
of adrenahne to the perfusion fluid The cQ'raenc> 
of the heart is also mcreased b\ adrenahne in 
phi siological dosage 

Cardiac muscle can run up but a small ovigcn 
debt (p 725) and ceases to function usualh 



Temperature, ° C 

-IShoinng the linear relation of tempera 
M heart rate 01 er a range of about 30°C in Si 
African frog (Taylor) ^ 


when the debt amounts to 0 06 cc per gram of 
tissue, that is, about a fifth of the debt which 
skeletal muscle can contract (0 30 cc per gnm) 
The heart muscle is highly sensitive to diangcs in 
pH and has a much lower buffering po\ er than 
has skeletal muscle As a consequence, when the 
lactic aad m heart muscle reaches a concentration 
of about 0 07 per cent or the pH falls to around 
6 25, c-xtra-sv stoles, heart bloc! or other irregu- 
larities occur, followed bv cessation of the beat 
Skeletal muscle, on tlie other hand, continues to 
contract until a lactic acid concentration of over 
0 2 per cent is reached The mammalian heart is 
unable to do work for more than 5 or 10 minutes 
after its orv gen suppU has been cut off 

(4) Chctrical conshlucnls 

Blood scrum or defibnnated blood, or v hole 
blood to which hirudin or heparin has been added, 
may be employ ed as the perfusion fluid An arti 
ficial fluid, however, is frcqutnlK U'cd but it 
must imitate the plasma in 'o far as the duel 
morganic salts of the latter arc concerned 

Such a solution is that first devised bv Ringer, 
who drew attention to the importance of the three 
cations, Na'*’, K'*' and Ca"*^ in the 'amc jirojKir 
tions as thev exist m pla'ma, for the maintenance 
of the normal action of the heart 

Ringer’s solution contains the three elements in the 
form of the chlondcs of sodium, potassium and calaum 
Several modifications of this onginal fluid have been 
made Loche's solution, for instance, contains in addi 
non SPdntm biurbonate and glM-csr T^rede's solution 
IS similar to the former but also contains a small per 
centage of magrcsium chloride and of the acid and 
sodium phosphates The phosphates arc designed to 
gi\e the solution an optimum concentration in H ions 
Table 18 gives the percentage comiiositions of the 

table 18 


Percentage composition of perfiiston finds 
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three different fluids The nitrogenous constituents of 
blood serum, e g , proteins, urea, etc. apparently ha\ e 
httle effect upon the beat. 

Clarke found, however, that a frog’s heart after 
perfusion for some hours passed into a “hypod 3 mamic” 
state Contraction and conduction became greatly 
impaired This condition uris attributed to the re- 
moval of hpoid materials from the muscle cells The 
addition of certam hpoid materials partially restored 
the heart to its previous condition 

THE ACTIONS OE THE DITEERENX CATIONS UPON 
THE HEART BEAT 

Ringer observ^ed that if the heart were perfused 
with 0 6 per cent sodium chionde solution a few 
beats were executed, but the heart then stopped m 
diastole The addition of calcium restored the 
beat for a time but the heart agam came to a 
standstill, this time m systole The addition of 
potassium antagomzed the calcium effect, the 
beat recommenced and was mamtamed 

It IS now well known that calaum m excess, or 


m normal concentration, but m the absence of 
potassium, lengthens sj'stole at the expense of 
diastole The heart finall}’^ stops in the full}" con- 
tracted state — calcium rigor Potassium acts in 
a reverse manner if in excess or unbalanced by 
calcium More and more of the cardiac cycle is 
occupied by diastole and the heart ultimately 
comes to rest m the completely relaxed state — 
potassium nihibilion A solution contauiing cal- 
aum and potassium alone will not sustam the beat, 
sodium IS essential The manner m which sodium 
acts IS not so clearly demonstrable as m the case 
of the other cations, but it is certam that the 
excitabihty and contractihty of the heart muscle 
cannot be mamtamed m its absence (fig 19 5) 

It IS apparent then that these three cations are 
absolutely necessary for the normal beat of the 
heart, the calaum maeasmg the contractiht}" and 
prolongmg systole Potassium has the reverse 
effect, reduong contractility and favoring re- 
laxation The presence of these substances m 



Fig 19 5 Showing the effects of cations on cardiac behavior (Kindness of Dr K G Watkin) 
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proper proportion ensures the rhythnuaty of the 
contractions It would appear, however, that po- 
tassium IS of less importance than the other two, 
smce the turtle’s heart will beat for a time when 
this ion IS absent. On the other hand, this may 
simply be due to the well known fact that the 
muscle rplK have themselves a nch store of po- 
tassium With regard to other bivalent cations, 
strontium, though less effiaent, can replace cal- 
Gum m the perfusion fluid, but banum is toxic, 
and magnesium is merL 
Keith has studied the effects of potassium salts 
upon the human heart The characteristic change 
observed in the electrocardiogram, foUowmg the 
administration of a large dose of potassium (60 
to 100 mg per kilogram of body weight), was a 
high peaked T wav'e Even much smaller doses 
produced this effect, thon^ to a less pionounced 
degree 

The effect of potassium m producmg fibrilla- 
tion m the ma mm alian heart is described on 
p 238 

Of the underlying physical or chemical changes 
through which these elements influence the heart beat 
httle IS defimtely known Calaum decreases and 
potassium mcreases the permeabUity of the cell mem- 
brane. According to some, the eiatability and con- 
tractibihty of the muscle fiber is dependent upon the 
relative concentraPons of H ions on the two sides of 
the cell membrane. The Ca and K ions through alter- 
ing the cell permeabibty may in this way affect the 
diffusion of H ions across the membrane and so vary 
tbar relative concentrations and as a result the magni 
tude of the differences m electrical potential on the 
two sides. 

TEH EFFECT UPON THE HEART BEAT OF CHANGES 

IN THE REACTION OF THE PERFUSION FTUID 

Aads when added m moderate excess act like 
potassium m that they favor relaxation of the 
cardiac muscle The heart finally comes to rest m 
diastole Alkalis, on the other hand, serve to 
prolong systole and shorten diastole In this way 
they act like calaum Aads depress and alkalis 
maease conductivity through the aunculo-ven- 
tncular bundle (p 199) Andrus and Carter found 
that when the pH of the fluid perfusmg the iso- 
lated mammahan heart was reduced to 7 0 com- 
plete heart block occurred (p 227) 

The higher tension of carbon dioxide during 
muscular exercise probably exerts a beneficial 
effect at this tune upon cardiac behavior During 
exercise the blood flow through the muscles is 


greatly augmented and a larger volume of blood is 
returned to the nght side of the heart, the nse m 
carbon dioxide tension will favor more complete 
relaxation of the cardiac muscle for the accom- 
modation of the greater load of venous blood 

the metabolism of cardiac muscle 

In as much as the myocardium derives the energy for 
Its contraction from the oxidation of food matenal, it 
must receive continuously an adequate supply of oxy- 
gen The heart beats for only a very brief period after 
Its blood supply has been cut off The heart muscle can 
go mto debt for an amount of oxygen which is only 
about i of the oxygen debt possible for skeletal muscle — 
around 0 06 gram of oxygen per gram of tissue The 
mctabohsm of the myocardium rises, as is to be ex- 
pected, with mcreased work, whether the extra work is 
entailed by a nse m artenal pressure, i e , by mcreased 
resistance to the discharge of blood, or to lie greater 
amount of blood which it receives (venous inflow) and 
ejects (cardiac output) In the case of the heart with 
Its nervous control mlact, the work is done in the 
former instance with higher efiBacncy But in a heart 
depnved of nervous control, as in the heart-lung prepa- 
ration (p 251), increased work due to raised artenal 
pressure is performed with less economy of oxygen 
usage—that is with less effiaency — than when an equal 
maease m work is the result of inaeasmg the load of 
venous blood Inaease in heart rate itself maeases the 
metabolism of the heart muscle, the heart with its 
nerves mtact slows when the artenal pressure is raised 
(Morey’s Law) but quickens when the venous inflow is 
maeased (Bainhndge reflex) These alterations m heart 
rate, which do not occur in the heart whose nervous 
regulation has been abolished, explain m part but not 
entirely , the relatively high effiaency of the innervated 
heart in performing extra work due to raised artenal 
blood pressure. The effect of nervous control upon car- 
diac effiaency appears to be bound up m some way with 
the action of the cardiac nerves (vagus and ^mpa- 
thetic) themselves upon the metabolism of the heart 
muscle, the vagal effect being toward a reduction in 
oxygen consumption, whereas the sympathetic nerves 
and adrenaline maease cardiac metabolism quite apart 
from their effects upon the heart rate The vagal effect 
may be so pronounced that in performing work against 
a raised artenal pressure the heart may actually use 
less oiy gen than at a lower pressure 

THE FUEL OF THE CARDIAC MUSCLE 

From experiments m the past it had been concluded 
that the heart muscle denved energy by the direct 
utilization of blood sugar, since glucose disappeared 
from blood perfusmg a heart-lung preparaUon, or 
from fluid used to perfuse the isolated heart. Figures 
tangmg from 0 8 to Sfl mg pa gram of heart musde 
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per hour have been obtained by different observers for 
the quantity of glucose removed by the heart It has 
been shown, houever, that a rapid breakdown of 
glucose (glycolysis) uath the production of lactic aad 
occurs in blood after its removal from the body, i e , 
free from contact with any tissue Evans and his asso- 
mates found that lactic aad uas produced, as a result 
of gljcoljsis, at the rate of about 14 mg per 100 cc 
of blood per hour Glj colysis also occurs in an artifiaal 
perfusion fluid as a result of bactcnal action, and it 
has been shoun that if ngid precautions are taken 
against bacterial grouth, relatively small quantities 
of glucose disappear from fluid used to perfuse the 
exased heart 

The work of McGinty and of Lo\'att Evans and 
their associates mdicates that the heart muscle utilizes 
glucose to a minor extent On the other hand, the heart 
remov es relatively large amounts of lactic acid from the 
blood hlcGinly and Miller analj'zed the mgomg 
(arterial) and outgomg (venous) blood of the coronary 
system of the beating heart in si/ti, and found that 0 39 
mg of glucose and 3 1 mg of lactic aad per gram of 
heart tissue per hour disappeared They concluded that 
glj col> sis alone accounted for the loss of glucose, none 
of which was actually absorbed by the heart muscle 
Comparable results were obtained by Eians and his 
associates m their earher experiments, but m a more 
recent study the) found that glucose was also consumed 
by the heart muscle though to a much less extent than 
w as lactic aad Accordmg to these w orkers, the blood 
lactic acid of the mtact restmg annual is denved from 
the breakdowTi of glucose in the lungs and m the blood 
Itself The lactic acid is oxidized by the heart muscle 
and other tissues Durmg strenuous muscular exertion 
lactic acid is produced m large quantities m the active 
muscles and passing into the blood is removed in the 
same way (ch 52) The lacUc acid utihzaUon by the 
heart nses as its w ork increases The glucose removed 
IS used mainly to restore the glycogen stores Bogue and 
his assoaates found that the heart's glycogen store is 
rapidly depleted by the administration of adrenalme 
It IS also depleted in the isolated heart perfused with 
sahne (lactate unavailable), or in a heart madequately 
supplied with oxygen The disappearance of glycogen 
IS due to its conversion to lactic aad On the other hand 
if the oxygen supply is plentiful and lactic acid is 
available it is utihzed, and the glycogen stores con- 
served The glycogen stores can be replenished by 
glucose but not by lactic acid Thus lactic acid while it 
can prevent depletion of cardiac glycogen cannot 
replenish the glycogen stores These facts point to 
glycogen as an emergency fuel rather than one which is 
utihzed under ordmary orcumstances 

The chemical changes occurring in cardiac muscle 
durmg activity, though resembhng those takmg place 
in skeletal muscle differ from them in certain important 
particulars In the first place, as just indicated, the 
oxidation of lactic aad occupies a much more important 
place m cardiac than m skeletal muscle contraction 


Cardiac muscle contains adenosmetnphosphate and 
phosphocreatme as does skeletal muscle,^ and as one 
would expect the breakdown of the former probably 
furnishes the bnef burst of energy for the contraction, 
the energj' for rcsjmthesis is provided by the oxidation 
of lactic acid In the absence of oxygen glycogen is 
broken dowm, from which reaction, it is beheved, energy 
is then denved for the resynthesis of adenosinetn- 
phosphate and phosphocreatme When poisoned with 
lodoacetic acid cardiac and skeletal muscle behave 
differently With an adequate supply of oxj'gen the 
poisoned heart muscle continues to contract mdefi- 
nitely, its utilization of lactic acid is not impaired, and 
neither adenosmetnphosphate nor phosphoaeatme 
are reduced But m the absence of oxj'gen, lactic aad 
is not produced from glycogen and lactic aad available 
from any other source cannot be oxidized Reduction 
of the phosphocreatme store to about half occius and 
of the adenosmetnphosphate to about three quarters, 
the heart fails after a few beats (see Clarke and asso- 
aates) 

The heart muscle can also utilize fatty acids drawn 
from the blood or fat m its own substance Fletcher 
and Waters employing the heart-lung preparation per- 
fused with hepanmzed blood contammg no glucose 
(washed corpuscles m plasma previously fermented 
with baker’s jeast) and a \ery low lactic acid concen- 
tration, found that in a heart perfonnmg moderate 
work over a 2 hour penod no demonstrable reduction 
of the glycogen stores occurred, nor was there any 
diminution m the concentration of blood fat From the 
results of other workers (Cruickshank and McClure) it 
appears that the mammahan heart does not utilize 
amino-acids as a source of energy to any important 
extent The results of Fletcher and Waters’ experiments 
indicate therefore that the heart can denve its sole 
energy requirements when necessary from noncarbo- 
hydrate material, most probably fat, composing its 
substance These w orkers also suggest that glycogen is 
used only as an emergency fuel, that is, when heavy 
work IS undertaken Evidence for the utilization of fat 
by the cardiac muscle has been furnished by the work 
of Cruickshank and hlcClure and by Visscher, and of 
blood fatty acids by Crmckshank and Kosterhtz 
Under certam conditions only a small fraction of the 
oxy'gen consumed by the heart can be accounted for 
by the oxidation of carbohydrate food (lactic acid and 
glucose), the balance bemg used presumably m the 
combustion of fat On the other hand, with a high blood 
sugar the respiratory quotient (p 374) may be 0 95 or 
1 0, indicatmg a high carbohydrate utilization The 
conclusion to be drawn from the results of the work of 
the vanous mvestigators m this field, is that the heart 
muscle show s a great adaptability m the utilization of 
different food materials When lactic acid, glucose and 
fat are available all three may serve as sources of energy 


■•It also contains actomyosm mdistmgmshable from 
that present m skeletal muscle 
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If the heart of the frog is watched as it beats, 
v.aves of contraction may be observed to com- 
mence m the region of the smus venosus and to jiass 
over the aunde to the ventnde m orderly sequence. 
This wave of contracUon is referred to as the beat 
of the heart We know that the visible contraction 
IS preceded, by a measurable mterval of time, by an 
electncal change. Also, physico-chemical changes 
v,hose precise nature is unknown, undoubtedly pre- 
cede or accompany the changes m electncal poten- 
tial These dectncal and chemical changes which 
sweep over the heart in advance of the mechamcal 
change are spoken of as the cardiac impiilst or 
exalalwii tvave 


Hbtoricai- Though Harvei (1628) studied the 
movements of the heart and discoiered the arcula- 
tion of the blood, he offered no explanation for the 
ongin of the beat Lower (1631-1691) thought that the 
beat was imtiated by animal spints which were sup- 
plied to the cardiac muscle through the vagus nerves 
In the eighteenth centurj Haller, who observed that 
the spread of the contracbon and the flow of blood 
through the chambers of the heart were events which 
proceeded hand in hand, conduded that the contact 
of the blood with the cardiac tissue at successive pomts 
was the direct stimulus for the muscular contraction 
The contraction was looked upon as a simple pen- 
stalbc wave Haller also pomted out that the right 
aunde was the last part of the heart to cease beating — 
the ullimum martens — a fact consonant with his theory, 
smce this chamber usually contained more blood at 
the time of death than other regions of the heart- 
The latter view concemmg the cause of the heart- 
beat was held until it was found that the erased heart 
would beat though its chambers were quite empty It 
was then realized that whatever started the beat must 
arise withm the heart itself But other questions arose. 
Was the beat initiated by nervous tissue (ganghon 
cells) withm the heart and earned to all its parts bj 
nerve fibers or was the power of rhidhimcal contrac- 
tion inherent m the musde fiber? Two opinions have 
been held as to how these questions should be answered 
One school, the myogenic, adhered to the view that the 
musde fiber itself mibated the impulse. The other, the 
nearosemc, mamtamed that the impulse had its ongin 
m nerve cells scattered among the musde fibers and 
was conveyed for shorter or longer distances by nerve 
filaments Support was given to the latter view by the 


discovery of three groups of ganghon cells in the frog’s 
heart which were placed at what appeared to be strate- 
gic pomts for the control of the beat These groups of 
cells are known respectively as the gansUa of Remai, 
Lvdmg and Bidder The ganglion of Remak Les m the 
sinus venosus at its junction wnth the nght aunde. 
Ludwig’s ganghon is situated m the interauncular wall 
and Bidder’s m the aunculo-ventncular groove Ac- 
cording to the neutogeme hiTvothesis Remak’s gang- 
bon was a nerve center which sent motor impukes to 
the canhac musde much as the respiratory center 
emits automaticall> a stream of impulses to the dia- 
phragm and the other muscles of respiration The 
other two centers were considered more or less sub 
sidiarj to this mam one and to aid in the coordmation 
of the beat. 

The First and Second Stanmtjs Ligatures 
Stannius (I8S2) showed that if a ligature were tied 
tightly around the heart of the frog or turtle at the 
junction of the smus with the aunde, the heart below 
the hgature ceased to beat though the rhythm of the 
sinus remained unaltered After a time the aundcs 
and ventndes recommenced to beat but at a different 
rate than the smus H while the vcnlndc was under 
the influence of the first ligature a second one were 
tied around the aunculo-vcntncular groove the qui- 
escent ventnde at once commenced again to beat From 
the neurogenic pomt of view the folloinng explanation 
seemed quite satisfactory Stoppage of the aundes 
(atna) and ventndes b> the first hgature was due to 
the mjurj' sustamed by the chief motor center — 
Remak’s ganghon — and the removal of its influence. 
The second ligature re-established the ventncular 
beat by stimulating Bidder's ganglion. Yet an ex- 
planation based upon the mjogemc conception was 
equally plausible Impulses arising in the smus muscu- 
lature it was claimed n ere blocked by the compression 
of the muscle fibers by the first hgature The auncular 
and ventncular muscles after a time resumed their beats 
spontaneously by virtue of their inherent poner The 
second ligature restored the beat by direct stimulation 
of the muscle m the aunculo-ventncular groove 

Gaskell (1881) showed that compression of the car- 
diac tissue not only at the smo-auncular junction, but 
anywhere between smus and ventnde, as may be 
accomplished by a specially devised clamp (Gaskell’s 
clamp), would cause standstill of the heart below the 
area of compression This is so though the tissue be- 
tween the jaws of the clamp is devoid of nervous 
elements The part below the clamp later commencet 
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to beat at a rate of its own Gaskcll also found that 
gradual compression of the tissue in the aunculo- 
\cntncular groo\c stopped the contractions of the 
\enlncle If the ganglion cells in this region (Bidder’s) 
were then exposed and stimulated bv a needle no con- 
tractions were called forth On the other hand, when 
the muscular tissue, free from nerve cells, was pneked 
rh\ thmical licats followed It has also l>ccn shown that 
the tis'^ue of the great veins which contain no ganglion 
cells exhibits spontaneous rhj thmicilj when completely 
«y;paratcd from the Mnus Furthermore, in the heart of 
the tortoi^ It IS possible to separate the sinus and the 
ventricle, except for a narrow bridge of muscular tissue 
and a single nerve (the coronarv nerve) The only 
nervous communication between the two chambers is 
b} means of this nerve If in a heart so prepared the 
coronarj' nerve is cut, no change in the rhythms of 
sinus and ventricle occurs On the other hand, if the 
nerve trunk be left intact but the muscular connection 
severed, the two chambers then beat quite independ- 
cntlv of one another 

From the results of tlicse expenments it was difficult 
to draw anv other conclusion than that the beat of the 
pnmitivc heart was mjogcnic Gaskcll also showed 
that muscular tissue in different regions of the heart 
possessed rhvthmica! powers of varying degrees The 
sinus was shown to jvosscss the greatest rhythmical 
power, the auncic in the region of the aunculo-ven- 
tncular junction was endowed with less and the 
ventricle with the least The sinus, it was believed, 
onginaled the beat under ordinary arcumstanccs, 
from here the impulse spread through the muscular 
tissue to the other regions of the heart Though the 
sinus usually' dominated the rhythm of the heart 
another region could, upon occasions when the func- 
tion of the sinus was depressed, usurp control and de- 
velop a beat of its own 

Apparently tlicrc was no obstacle to the acceptance 
of the my ogenic conception in so far as the amphibian 
or the repulian heart was concerned, since in them the 
musculatures of the auricles and ventndes arc con- 
tinuous across the aunculo-vcntncular groove But 
the muscle tissue of the upper and lower chambers of 
the mammalian heart were apparently completely 
separated bv the nunculo-(atno-)-v cntncular nng of 
connective tissue In the face of this fact there was no 
alternative but to believe that the transmission of the 
beat in higher animals was mediated by nerve Fibers, 
and if this were so its origin in nervous tissue also must 
be granted 

The foregoing objection to the application of the 
myogenic theory to the mammalian heart was removed 
by the work of Kent who demonstrated the existence 
in rats of muscle fibers passing through the connective 
tissue of the A-V ring Shortly afterwards His de- 
Ecnbcd m other mammals a definite bundle of primi- 
tive muscular tissue (bundle of His, or aunculo-ven- 
tricular bundle) conneePng the nebt auncle and the 


ventricles This bundle and the nodes of similar tissue 
in the nght auricle mil be presently desenbed 

In addition to the evidence just given the following 
facts in favor of the myogenic theory' of the ongin of 
the beat may be ated (a) In the embryo chick the 
rudimentary' heart shows rhythmical contractions after 
36 hours Ganglion cells do not appear until after the 
6th day' The heart of the human fetus commences to 
beat after 3 weeks of gestation, nervous elements do 
not appear until 2 weeks later (b) The muscular Pssue 
of the apex is said to be free from ganglion cells yet a 
stnp exased from this region beats rhy tlimically (c) 
If zig-zag cuts be made in the ventnclc so as to inter- 
rupt any nervous paths of transmission that might 
exist, the sequence of the beat is unaffected (d) In 
several invertebrate hearts no ganglion cells can be 
demonstrated 

The Specialized Tissues op the Mamtjaltan 
Heart 

The muscle fibers mentioned m the foregoing 
section which were discov'cred by Kent to form 
connections between the auricles and ventricles 
have subsequently been shown to belong to and 
form part of a special system for the origin and 
propagation of the beat m the mammalian heart 
This system is composed of primitive muscle tissue 
interspersed with a few nerve cells and fibers. 
There is every reason to believe, however, that the 
initiation of the beat in, and its transmission 
through this system depends upon its muscular 
elements * 

These specialized tissues comprise the follow'mg 
structures (fig 20 1) 

The sxno-aurtctdar node 
The aurxcnh-vcutncular node 
The aunado-ventnetdar bundle 
The branches of the bundle and the Purkinjc 
system 

(!) The stuo-auncular or -atnal (S-A) node 

The smo-auricular (-atnal) node w as discovered 
by'^ Keith and Flack in 1907 It lies embedded in 
the muscle of the nght auncic about the middle of 
a slight linear elevation situated on the inner sur- 
face of the chamber and known as the iaoixa 

• The muscle cells have been show’n to be capable of 
rhythmical contraction Also if the contmuity of the 
tissue be interrupted the gap is subsequently bndged 
over with scar tissue Regenerabon does not occur 
and conduebon is never restored, this is contrary to 
what one would expect if the pathway of conduebon 
were composed of nervous bssue When themtesbne, 
for instance, is cut across and the cut ends sutured 
together the divided fibers of Auerbach’s plexus regen- 
erate and funcbonal conbnuity between the nervous 
elements in the two segments is soon restored 
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(J) The aunculo (qlrto-)-rculrtcular bundle, and (4) 
Bundle branches and Purhnje system 

It was mentioned on page 197 that following the 
discovcn’ by Kent of muscular bridges connecting 
the aundc with the vcntnclc a well-defined bundle 
of muscular tissue was described by His This 
bundle runs a short honronlal course fon\ard and 
to the left from its origin at the A-V node, passing 
o\er the septal leaf of the tricuspid valve to the 
upper part of the intcreentncular septum Here 
it dnidcs into a right and left branch, cadi going 
to the corresponding ventricle 'fhe ventricular 
divisions pass downwards beneath the endo- 
cardium of the septum and give o(T pnmarj 
branches to the papillar> musdes The strands 
arc continued beneath the endothelial lining of the 
ventnde and divide into innumerable filaments to 
form a delicate subendocardial interlacement The 
muscle cells composing the ventricular brandies 
and terminal arborizations of the system take on 
very special features, diflcring from those of the 
bundle stem and of the auriculo-vcntncular node 
The cells arc much larger than in the latter situa- 
tions, having a swollen appearance with large pale 
nuclei These peculiar cells were described by' 
Purl injc and had been knowm by his name long 
before their significance was recognized Tawara's 
researches showed that such cells constituted the 
ventricular continuation of the A-V bundle Nerv- 
ous elements arc also seen among the Purkinje 
fibers The anatomical researches of ^bramson and 
associates hav c shown tliat the Purkinje system docs 
not consist simply of a layer of intcrlaang fibers 
beneath the endocardium, as has been supposed, 
but penetrates deeply into the vcntncular muscle 

The aunculo V entncular bundle and its branches 
arc demarcated from the adjacent cardiac tissue by a 
fairly well-defined connective tissue sheath Lhamon 
injected the sheath with colored fluids and found that 
the stem and branches were completely invested even 
to the finer terminaUons, also septa were found pene- 
trating between the fibers to enclose individual 
Purkinje fasaculi 

The Dev'elopment of the Junctionae Tissues 
The heart of lower vertebrates (frog, turtle, etc ) and 
the heart of the mammalian embryo possess an extra 
chamber — the sinus venosus (a, in fig 20 2) which first 
receives the blood from the veins before it enters the 
auricle In the early embryo two veins conveying 
blood chiefly from the upper part of the body and 
termed the right and left ducts of Cuvier open into the 
sinus The blood passes from the latter through an 


opening guarded by the right and left venous valves into 
a small ill-defined chamber, the auricular canal (b), 
w hich is continuous above with the auncle Below where 
it forms a nng around the aunculo-ventncular junction, 
it IS invaginated or telescoped into the ventncular 
cavity This porUon serves the purpose of a muscular 
bridge for the transmission of the impulse between the 
auncle and ventnde in the cold-blooded heart (p 197) 
In the course of development of the mammalian heart 
these cmbry’onic structures disappear but the tissue of 
which they arc composed is believed to persist m 
vestigial form as the system of specialized structures 
already desenbed, namely', the sino auncular node and 
the aunculo-ventncular node and bundle 

The developmental history of these several parts of 
the system is as follows 

(a) The hnc of junction of the sinus venosus with 
the pnmitivc auncle is represented by the sulcus tcr- 
minalis of the adult heart. The tissue of the wall 
of the sinus at the opening of the nght duct of Cuvier 
(which enters into the formation of the supenor vena 
cava) and the tissue compnsing the nght venous valve 
arc represented in the adult heart by the smo-auncular 
node. 

(b) The sinus wall in the region of the left duct of 
Cuv'icr (w hich liccomcs in part the coronary sinus) and 
the tissue of the left venous valve remains as the aunc- 
ulo-vcntncular node. 

(c) The funnel shaped invagination of the auricular 
canal is represented in the adult heart as the aunculo- 
V entncular bundle. 

The investigations of Keith and Mackenzie suggest 
that the parts of the cold-blooded heart (sino auncular 
and aunculo-ventncular junctions) from which the 
junctional tissues of the mammahan heart have appar- 



Fig 20 2 a generalized type of vertebrate heart — 
combinmg features found in the eel, dogfish and frog 
(Keith), a, sinus venosus and veins, b, auncular canal, 
c, auncle, d, ventnde, «, bulbus cordis, /, aorta, 1-1, 
sino auncular junction and venous valves, 2-2 canalo- 
auncular junction, 3-3, annular part of auncle, 4-4, 
invaginated part of aunde, 5, bulbo-ventncular junc- 
bon, R D C andL D C , nght and left ducts of Cuvier 
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enUy evolved are also of specialized neuromuscular 
structure (nodal tissue) They consider that this would 
explam the greater rhythmiaty of these regions of the 
cold blooded heart The tissue is more diffuse m the 
hearts of lower orders, formmg mcomplete rings at the 
smo-auncular and aunculo-ventncular junctions, 
whereas m the mammal it is more localized This con- 
densation becomes more pronounced as the animal 
scale is ascended 

Evidence foe the Oeigin of the Caediac Im- 
pulse IN THE SiNO AHEICULAE (-ATEIAL) NoDE 

(1) Heat or cold applied locally to the node, 
but not to other parts of the heart, causes increase 
or decrease, respectively, in the rate of the heart 
beat 

(2) Destruction or excision of the node causes 
the rest of the heart to stop beating for a time 
Such procedures are analogous to the first 
Stanmus experiment as performed upon the cold- 
blooded heart Cohn, Kessel and Mason investi- 
gated the subject very fully m perfused hearts 
both inside and outside the body They found that 
excisions of portions of tissue m the region of the 
node merely accelerated the rate Incisions sepa- 
ratmg the node on three sides did not block the 
impulse The beat ceased, however, upon com- 
pletion of the rectangle by a fourth mcision The 
resumption of the beat in the auricles and ven- 
tncles was at a slower rate after the immediate 
effect of the mcision (complete stoppage for from 
4 seconds to 3 mmutes) had passed off 

(3) In a case of complete ectopia cordis m man, 
the impulse has been observed to originate in the 
region of the smo-auncular node, and to spread 
uniformly from there through the auncles The 
apex of the heart becomes excited slightly ahead 
of the base 

(4) It was shown by Lewis that a contraction 
mduced by artifiaal stimulation gave an electro- 
cardiogram (eh 23) which most closely simulated 
the normal when the stimulus was applied m the 
vicmity of the S-A node itself Abnormal P waves 
appeared when any other part of the auncle was 
excited 

(5) The crucial experiment proving the mitia- 
tion of the beat m the S A node was devised by 
Lewis By means of a pair of contacts placed m 
different positions upon the surface of the normally 
beatmg heart of the dog, and connected with a 
galvanometer, Lewis demonstrated that at each 
beat the node was the first part of the heart to 
show relative negativity, which means that the 
tissue m this region was the first to become eiated. 


The Speead of the Excitation Wave through 
THE Heart 

The trattsmtsswn of the exciialxon wave from the 

stno-aunctdar (-airtal) to the aunctdo {atno-) 
veninctdar node 

The impulse is transmitted through the muscu- 
lar tissue to the A-V node and across the intcr-aun- 
cular septum to the left auncle It spreads at prac- 
tically equal rates in all directions, there is no 
tract of specialized tissue offering a pathway of 
‘fieast resistance” to the aunculo-ventncular node 
On this account it is difficult to produce a com- 
plete auncular blockage of the impulse The 
practical uniformity of the transmission rates 
along different paths radiating up or dowm to the 
nght or left from the S-A node has been clearly 
demonstrated by Lewis Contacts were placed m 
senes upon the surface of the auncle or upon the 
great veins and the arrival of the impulse at 
different pomts accurately timed The spread up- 
wards through the wall of the supenor vena cava 
was found to be an exception to the general rule, 
the rate being somewhat slower than in other 
directions Lewis has shown that the equality of 
the transmission rates through the auncle has an 
anatomical basis The S A node holds a strategi- 
cal position m relation to the auncular muscula- 
ture The chief muscle bands of the nght auncle 
radiate from the region immediately below the 
node, termed the conccnlrohon point, like the 
sticks of a Japanese fan The average rate of 
propagation of the excitation wave through the 
auncular muscle is 1000 mm per second 

The transmission of the impulse from auncle to 
ventricle 

The aunculo-ventncular node, which we have 
already seen forms intimate connections with the 
auncular fibers, forms the first link in the chain 
which transmits the impulse to the ventncle The 
bundle, its nght and left branches and the ter- 
minal arborizations of the latter constitute the 
rest of the transmission system In the normal 
mammalian heart the bundle is the sole path by 
which the cardiac impulse can be conveyed from 
auncle to ventricle Several investigators have 
demonstrated this fact conclusively by simply 
cutting or cnishmg the narrow bndge of special 
tissue This IS mvanably followed by complete 
dissociation of auncular and ventncular rhythms 
The cardiac disorder produced in this way is 
spoken of as complete expenmental heart block 
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Erlanger and Blackman crusked the bundle m 
dogs under aseptic conditions by a speaaU}'' de- 
vised damp (Erlanger damp) The animals hved 
from 320 to 340 daj s and during this time showed 
complete heart block These experimenters showed 
what had not been shown before, that no other 
tissue could take oier the duties of the bundle 
though the penod of sumi al was suffiaent, were 
it possible for such a ncanous action to be exer- 
ased The experiment also shows that regenera- 
tion of the bundle does not take place Epilepti- 
form and sjTicopal attacks were obsen^ed m some 
of the animals This is of much mterest m \new of 
the occurrence of similar manifestations m man 
as a result of disease of the bundle (see heart 
block, p 227) 

The tno ventndes do not contract exactly 
simultaneousli' Sometimes one, sometimes the 
other chamber precedes its fellow bj' one or two 
hundredths of a second The interval between the 
excitation of the aundes and the ventndes (A-V 
mterval) has a duration m the human heart of 
betneen 0 12 and 0 20 seconds The most widely 
accepted theoiy’ of this dela> in the spread of ex- 
citation to the ventndes is the slower conduction 
rate of the tissue composing the A-V node Others 
attnbute it to a delay in the passage from auncu- 
lar muscle to the nodal tissue, as a result of a 
latent penod of the latter Another view is that 
the delay is due to the latency of the response of 
the ventncular musde or of the A-V node to the 
auncular impulses Abnormally long A-V mter- 
vals (ovmr 0 20 seconds) constitute the condition 
known as heart block (p 227) Very rardy, 
shortening of the A-V mterv^al to less than the 
lower normal limit occurs It is due, m all prob- 
abflity, to the existence of an aberrant or acces- 
sory aunculo-ventncular bundle 

The. spread, of the exctlatwn wave tn the vetilnde 

The transmission of the impulse to the various 
regions of the ventncular musculature, nght and 
left, is entirely by ay of the His-Tawara system 
Just as compression or section of the stem of the 
bundle causes complete functional dissociation of 
aunde and ventnde, so mjury to one of the mam 
(septal) branches mterferes with the passage of 
impulses to the correspondmg ventnde (p 225, 
229) The view is now widely accepted that the ex- 
citation wave after traversmg the mam branches 
follows the fine arborizations of the Purkmje 
pathway l>Tng beneath the endocardium, and so 


completes a semicircular ]oumey m each ven- 
tnde from the upper part of the mterventncu- 
lar sjstem to the base of the heart This takes 
0 04 second and is at a rate of about 5000 mm 
per second 

B 3 '^ means of a senes of contacts placed upon 
the surface of the ventnde, Lewis and Rothschild 
timed the arrival of the impulse at successive 
pomts It was found that the wave did not follow 
the course of certam muscular bands as imght be 
expected if the transmission were muscular For 
instance, a n eU-marked band is found m the dog’s 
heart which, commencmg near the ongm of the 
pulmonaiy arterj', sweeps to the left across the 
mterv^entncular groov'e and around the left border 
of the heart to the apex This band which is of 
considerable length, was not found to be excited 
progressively from above downwards, i e , from 
the base of the heart to the apex, but almost 
simultaneously throughout its entire length The 
times of amv'al at different pomts were 0 0241, 
00231, 0 0198, 0 0150, 0 0146. 0 0187 and 0 0196 
second (fig 203) 

If the entire surface of the ventnde is mvesti- 
gated m this way it is found that the order of 
spread cannot be explamed by the disposition of 
the muscular fibers The wave appears first of aU 
upon the surface of the nght ventncular musde m 
the vicmity of the mterventncular groove which 



Fig 20 3 The times at which the exatation wave 
appears on the antenor surface of the heart (After 
Lewis) 
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may be shown to overbe the right papillary 
muscle and the early arborization of the nght 
bundle branch (arrival tunes 0 0021, 0 0033, 
0 0014 shown m figure 20 3) The wave then spreads 
to the rest of the nght ventnde, the muscle at 
the base being the last to be excited In the left 
ventnde the apex is activated first and the mass 
of the musde later The wave appears last at the 
base 

Further evidence that the wave is conducted through 
the subendothehal system and not through the musde 
IS furnished by the following experiment. K two con- 
tacts (A and B, fig 20 4) be placed upon the surface of 
the ventnde and a mere scratch be made upon its 
Intenor so as to mjure the Purkinje network lying 
between the contacts, then, when the ventnde is 
stimulated at the pomt shown m the figure, the amval 
of the exatation wave at the upper contact is very 
markedly delayed The rate of propagation falls to 
that characteristic of ventncular musde, namdy, 500 



Fig 20 4 Descnption m text (After Lewis) 


mm or so per second On the other hand, if a deep 
cut be made from the outer surface through the musde 
lying between the contacts, but the Purkmje system is 
not mjured, no change m the transmission rate occurs 

Abramson and others have also deaded that 
the wave reaches the mdividual muscle fibers via 
the myocardial extenaons of the Purkmje system 
(p 197) The muscle fibers m numerous places 
are thus exated almost simultaneously The ter- 
mmal arborizations of the Purkmje system pene- 
trate the musde from endocardial to epicardial 
surface, makmg connection with the muscular 
tissue proper through the medium of transitional 
cells 

The fa cts.-detailed m this chapter concen ung 
the ongm and_ spread of the exatation wave rn^~' 
n6frbe_ summ ed up T he be at is mitiated m th e 
tissim pf.the smo-auncular node^rorn here it is 
“broadcast” ^through the aunculs^musculature 
^th pt^tically egual veloaty m all dmectionF’ 
The A-V node actmg, so to speak, as a relay sta- 
^liohj reives the impulse and fransmits it to the 
ventride via the aunculo-ventncular bundle’^XT' 

^ the upper part of the mterventncular sysfemTKe 
pathway forks and the wave of exatation passes— 
down the septum on either side beneath the endo- 
cardium then to ^ejmusde^m die regicm of fSe 
mterventncular grooves and lateral walls of the 
ventndes The evidence seems condusive that 
the mode of spread of the impulse to all parts of 
the cardiac musde is through the ramifications 
of the Purkmje network, and that the impulse 
does not follow the course taken by the musde 
bundles 
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Tiie ApanTFCTi-RF of the Heart 

The heart is irrcgulirh conical m form Its 
%cntncul'ir part constitutes a tv o-“c\lindcr” 
pump V itli muscular v alls The apex, composed 
entirely of the left \cntnclc, is directed for\%ard, 
do\snvard and to the left while the base, formed 
bv the aunclcs (atna), and almost cntirclj by the 
left auricle looks bad ward The \ on tricular cav- 
ities are enclosed b\ the lateral walls of the 
%cntnclc‘s, the inter, cnlricular septum, which sepa- 
rates the tv o caa itic'^, and tlie auriculo-% cntricu- 
lar septum Tlic walls of the aurides arc relatively 
thin and weak, and arc composed of a superhaal 
and a deep la) cr of muscle The former consists of 
fasciculi, vhich running transvcrscl) embraces 
both auricles, tlie deep lav cr of looped and annular 
fibers surrounds each chamber separately The 
lateral ventricular walls, cspcciallv the wall of 
the left ventnde, arc composed of thick and 
powerful muscle bundles These arc disposed m a 
complicated pattern of loops and whorls, which 
surround each ventnde separately or both to- 
gether At the apc-x tlicv mal c a number of turns 
to form a sort of vortex and plunge deeply into 
the ventricular substance and then turn toward 
the base in the interventricular septum, some of 
these go to form tJic papillar) musdes 

Tie pericardium Tlie heart is enclosed wathin the 
pericardial sac winch is rcallj two sacs, one within the 
other The inner «ac or serous pericardium consists of a 
single stratum of flat endothelial cells forming a two- 
la)erod membrane One haver (msccral) is adherent to 
the surface of the heart and is I nowai as the cpicardium 
Tlie other Jajer (pariclal) lines the outer sac or fibrous 
pericardium v hich is a tough, fibrous membrane The 
two walls of the serous pericardium contain between 
them a thin film of serous fluid Its cpicardial )a>cr 
extends above over the great vessels, from which it js 
reflected to form the panctal porUon The fibrous pen- 
cardium is continuous above wath the outer coverings 
of the great vessels Below, it is attached to the central 
tendon of the diaphragm, and in front to the sternum 
Through the connections of the serous pencardium to 
the great V essels, the heart becomes attached indircctl) 
to the root of the lung, the diaphragm (especially the 
crura), and the structures at the root of the ned Trom 
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these the heart obtains fixed points, or fulcra, to execute 
Its movements Otherwise the heart moves freely within 
the fibrous pencardium, and the p.anctal ]a)er of the 
serous pencardium 

Besides anchonng the heart and so providing fulcra 
for its action, the pencardium serves two other func- 
tions to afford a smooth, lubneated surface for the 
heart’s movements, and to serve as a chccl to over- 
stretching of the cardiac fibers which otherwise might 
result from an excessive venous inflow dunng diastole 

The AIovexcevts of the Heart— the Apex 
Beat 

The aunclcs exert little force m propelling the 
blood into the v'cntncles They serve chiefly as 
reservoirs, their capacity for this purpose in the 
human heart being somewhat greater than that of 
the ventricles Owing to the disposition of the 
muscle bundles, the blood within the v^entncular 
cavities IS propelled into the artencs by a sort of 
combined squeezing and wringing action of the 
ventricular vails A movement equal in impor- 
tance to the contraction of the lateral walls is the 
descent of the aunculo-vcntncular floor This is 
brought about b) the shortening of the interven- 
tricular septum, which is the first part of the ven- 
tncle to contract Shortly after, the papillary 
muscles contract and through the chordae tendi- 
ncae acting as guy ropes support the aunculo- 
vcntncular valves 

WTicn the ventricles contract, all their diameters 
arc shortened, but no change in the level of the 
apex occurs \\Ticn beads of opaque matcnal are 
sewn along the line of the aunculo-ventncular 
groov c of an animal’s heart, and the chest after 
closure IS vnewed by X-rays, this region is seen to 
move downward dunng systole and up again 
dunng diastole The aundcs and great v'essels 
become elongated, they cannot move downwards 
as a whole since they are fixed above At the same 
time the apex rotates to the right, bringing more 
of the left ventricular surface to the front In 
this movement the thick cardiac musde, especially 
m the apical region, presses sharply agamst the 
chest between the 5th and 6th ribs in the mid- 
davicular Ime, i e , about an inch bdow the nipple, 
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producang an impact which can be felt by an 
exammer’s fingers as a sb^t tap This is called 
the apex beat The shght movement of the skin 
of the Sth interspace can also be seen when the 
bare chest is viewed from one side m a good hght, 
or it may be recorded by means of a tambour and 
wntmg pomt, such as are used m tracmg the 
venous pulse (p 226) 


The Caediac Cycxe 


GENEBAE DESCRIPTION 

The succession of changes which occurs m the 
heart and is repeated during each beat is referred 
to as the cardiac cycle On account of the rapidity 
with which the events m the cycle follow one an- 
other, it IS impossMe to study them by mere m- 
spection Harvey remarked upon the difficulties 
of the problem' Modem methods of study m- 
clude the graphic registration of pressure changes 
within the auricles and ventricles m animals, i e , 
wira-auncitlar and tnlra-ventnadar pressure 
curves In man, records of the arterial and venous 
pulses (p 226) obtamed by means of the poly- 
graph or of the electncal changes — eleclrocarduh 
graffw— (ch 23) are employed m the study ol 
cardiac action It is also possible to record the 
pressures on the nght side of the human heart by 
means of an mtracardiac catheter mserted through 
an arm vem mto the cardiac chambers (see ch 26) 
Before stud3nng the mtracardiac pressure curves 
and the methods by which they are obtamed, a 
general account of the several phases of the cycle 
and their approximate time relations will be given 
The contraction and relaxation of the aundes are 
called auricular systole and auricular diastole re- 
spectively Ventricular systole and vciUnciilar di- 
astole refer to correspondmg phases of the ven- 
tricular musde The length of the cardiac cycle. 


' "When I first tried animal erpeninentation for thi 
purpose of discovering the motions and functions of the 
heart by actual inspection and not by other people’i 
books, I found it so truly difficult that I almost be 
heved with Fracastonus that the motion of the hearl 
was to be understood by God alone I could not reallj 
tell when systole or diastole took place, or when oi 
where dilatation or constnehon occurred, because ol 
the qmckness of the movement. In many animals this 
takes place m the twinkhng of an eye, like a flash ol 
hghtmng Systole seemed now here, now there, di 
Mtole the ^e, then all reversed, vaned and confused 
So I could reach no decision, neither about what ] 
might conclude myself nor heUeve from others 1 
ffid not marvel that Andreas LaurenUus wrote that 
me mofion of the heart was as perplexmg as the fluj 
Md reflux of Eunpus was to AnstoUe” Wilhart 
Harvey, 'Exerataho anatomica de motu cordis el 
sanguinus m animahbus,” 1628 


when the heart is beatmg at the usual rate (70 
per mmute), is of a second (0 86 second) Its 
duration, of course, vanes mversely with the heart 
rate The moment m the cycle when ventncular 
systole has just come to an end may be chosen as 
the most convenient startmg pomt for a desenp- 
tion of the succession of events At this time, the 
aundes and ventndes are relaxed Blood is pour- 
mg mto the cavity of the nght aunde from the 
venae cavae and mto the left aunde from the 
pulmonary veins The auncular and ventncular 
cavities are separated from one another by the 
dosed aunculo-ventncular valves The semflunar 
valves also have been brought mto apposition, so, 
dunng this penod (0 08 to 0 12 second) the ven- 
tndes are completdy dosed but almost empty 
chambers The aundes, on the other hand, are 
filled with blood which has accumulated durmg 
the previous ventncular contraction, but, as the 
pressure m the ventnde falls below the mtra- 
auncular pressure, the aunculo ventncular valves 
are opened, venous blood under a pressure of a 
few miUuneters of water then pours mto the fully 
relaxed ventndes The latter chambers contmue 
to fill throu^out the remamder of diastole, that 
IS, for about 0 40 second, nearly half the total 
length of the cardiac cyde Toward the end of 
ventncular filbng, however, the aunde contracts 
and the flow mto the ventnde is hastened The 
nght aunde contracts shghtly (0 013 sec.) before 
the left Auncular systole lasts for 0 1 second As a 
rule no interval or a very short one (0 016 second) 
elapses between the end of auncular and the com- 
mencement of ventncular systole The fall in 
pressure m the aunde consequent upon its re- 
laxation, and the rise of pressure withm the 
ventnde as it contracts doses the A-V valves 
The ventnde is agam for a time (0 04 to 0 06 
second) a dosed cavity, smee the semilunar valves 
have not yet opened Dunng this penod the in- 
traventncular pressure rises rapidly The semi- 
lunar valves are forced open and the blood is 
discharged mto the aorta and the pulmonaiy 
artery The pressure contmues to rise but soon 
reaches a maximum and is mamtamed around this 
level for a short time The ventnde then enters 
upon its relaxation phase, the pressure falls and 
the semilunar valves dose agam This bnngs us 
around to the pomt from which we started, a 
cardiac cyde has been completed 
Emphasis should be laid upon the foUowmg 
pomts m the foregomg descnption 
(a) Blood pours mto the aundes throughout 
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the enUre c}'clc except for the short penod (0 1 
second) occupied b} auncular s> stole 

(b) Filling of the \entndc continues through- 
out the c\ clc except during its contraction and the 
brief succeeding penod (QOS second) which inter- 
xenes between the closure of the semilunar and 
the opening of the A-V \al\cs 

(c) The \ entndc contracts for about 0 30 sec- 
ond and rests for about 0 50 second The aunde 
contracts for 0 I second and rests for 0 7 second 
The resting penods of the two chambers therefore 
o\crlap for a period (about 0 40 second) during 
which the whole heart is quiescent 

The following table gi\cs the approximate fig- 
ures for the duration of the chief phases of the 
cardiac cade when the heart is beating at the 
usual rate of 70 


Ventricular svstolc 

Seconit 

0 3 

Venlncular diastole 

0 5 

Auncular sy stole 

0 1 

Auncular diastole 

0 7 

Quiescent penod of whole heart 

0 4 


THE CRAPinC REGISTRATION OF INTRA-CARDUC 
PRESSURES 

The times of filling and emptying of the cardiac 
chambers, the pressures dc\ eloped and the times 
of opening and dosing of the mIvcs guarding the 
orifices of the heart can be studied with great 
preasion bj this method 

M,\NOMnTRS The pressure changes wathin the 
heart ca\alics arc recorded by means of optical manom- 
eters A mcrcurx manometer, owing to the great 
inertia of the column of metal, and the rapid changes 
in pressure which take place dunng the cardiac c>dc, is 
unsuitable The pressure in the left \cnlndc, for ex- 
ample, readies a \aluc of 100 mm Hg or more wathln a 
few hundredths of a second On account of the lag of 
a mcrcurj column the amplitude of the curve obtained 
by a mercury manometer is considerablj less than it 
should be, and the recorded pressure is, in consequence, 
less than that which actuall> exists, also, minor fluctua- 
tions m pressure arc not registered Tambours covered 
vnth a thin rubber membrane, upon which a very light 
lever is fixed, havcl>cen cmplo>cd with the vnew of over- 
coming these disadvantages Matey’s instrument is 
based upon this principle In Hurtle’s instrument, on 
the other hand, the pressure changes arc made to bend 
a stiff spnng, and in Tick’s the curvature of a tubular 
spnng IS altered by pressure changes transmitted to 
Its cavity The moving parts of all these tj^ies, how- 
ever, possess considerable mass and, though improve- 
ments over the mercury manometer, tend, nevertheless, 


through their inertia to cause maccuraaes in recordmg 
In the optical method an imponderable lever, namely, a 
beam of light, is employed The movements of the 
beam of light are recorded photographically This 
and the other methods just referred to must, of course, 
be calibrated against a mercury' column m order to ob- 
tain quantitative results A descnption of Wigger’s 
modification of Frank’s opbeal method follows 

The instrument (fig 21 1, I and II) consists of (1) a 
glass tube which is introduced into the vuitnde, the 
aunde or the aorta The tube is surmounted by a 
brass chamber (c) which can be connected or discon- 
nected with the lower part of the tube by means of a 
stopcock (g), and the pressure thus transnutted to the 
recording part of the apparatus as required (2) A 
segment capsule (b) carrjnng a small mirror doses the 
brass chamber above, (3) a moving photographic surface 
— opiate or film 

The segment capsule (fig 211, HI) consists of a small 
chamber 3 mm m diameter and arcular in cross sec- 
tion except that a segment with a small arc has been 
cut off one side The chamber is covered with a tightly 
stretched, thin rubber membrane \ small trapezoid 
celluloid plate is cemented to the surface of the mem- 
brane with the longer of its unequal sides lyang flush 
with the chord of the capsule, while its shorter side 
docs not extend as far as the center of the arde The 
mirror is cemented m turn to the celluloid plate with 
its center lyang preascly over the chord of the capsule 
upon which it piv ots By means of this devnee, changes 
m pressure transmitted to the membrane cause move- 
ments of the mirror which arc greater than those of 
the membrane itself The instrument is firmly damped 
in position and a strong bgbl focused upon the mirror 
The beam is rcflcclcd to a second larger mirror which is 
adjusted to bnng the ray into the horizontal plane, and 
have it fall ultimatdy upon a photographic surface 
movnng m a suitable camera (photoky mograph) across 
the path of the beam The longer the beam the greater, 
of course, wall be the magnification, though there is a 
limit to the length (120 to 150 cm ) which can be used 
advantageously’ 

THE INTRA-AURICULAR PRESSURE CURVE 

This shows three crests (positive waves) a, c, 
and V and three depressions (negative w aves) x, x' 
and y (sec fig 21 2) The first positive wave, a, is 
caused by' auncular sy'stole It rises fairly steeply' 
to its summit but represents a pressure of only a 
few’ millimeters of mercury It should be pointed 
out that all parts of the auncular musde do not 
contract together but progressively w’lth the 
spread of the excitation wave During the nse m 
the a wave more and more fibers are entering into 
the excited state, tension is being developed and 
the auncular pressure is rising At the summit of a 
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all fibers are contracting After this, the fibers 
relax also m a progressive fashion, those first 
exated being the first to relax, and the pressure 
falls The consequent decline in pressure produces 
the “negaUve” wave, x Wiggers refers to the time 



Ro 21 1 7 Optical manometer for registering intra 
rai^ac pres^e a, damping plate, b, segment cap 
m e c, 5^ Zeiss mirror, d, glass tube, e, br^ 

stopcock, /;, cornea 
n Li different types of cannula II 

Diagram to illustrate optical method of recordmg A 
manometer in auncle, B, m aorta, C, in ventncle D 
photographic surface. Ill Enlarged view of seg^eiv 
capsule, see text (after Wiggers, m part reS) 


during which a group of fibers remains in the 
contracted state as the fraclvottale ccmtractwii 
The shortenmg of the auncular muscle as a whole 
IS the resultant of the contracted and the relaxed 
fractions Wiggers, therefore, divides auricular 
systole mto two phases, a dynamic phase, m which 
the proportion of the muscle fibers in the contracted 
state is increasmg and the pressure is rismg to a 
maxunum, and an adynamic phase m which the 
pressure is fallmg as a result of the fractionate con- 
tractions commg to an end m progressively greater 
numbers The duration of each phase is about 0 05 
second 

The second positive wave, c, is due to the rising 
pressure m the ventricle as this chamber com- 
mences its contraction The pressure is trans- 
mitted to the aunde through the dosed A-V 
valves which are bulged mto the upper chamber 
The summit of c comcides with the opening of the 
semilunar valves 

The dedme of the c wave and the production of 
the negative wave, x', is asenbed to two factors (a) 
the mcrease in the negative pressure within the 
thorax resultmg from the ejection of the r entneu- 
lar contents — about 75 cc in man — from the 
thoracic cavity (p 263) , (b) the depression (draw- 
mg toward the ventncle) of the auriculo-ventricular 
septum as the ventnde contracts 

The third positive wave, r, is a stasis wave It is 
due to the mflow of blood from the veins and its 
accumulaUon m the aunde while the A-V valves 
are dosed It is therefore the result indirectly, as 
IS the c wave, of ventncular systole 

The dedme of wave v and the production of the 
negative fluctuation, y, are due to the openmg of 
the A-V valves and the escape of the blood mto 
the relaxed ventnde A small notch which some- 
times appears on the upstroke of the v wave near 
Its summit IS asenbed to a vibration set up by 
the dosure of the semilunar valves 

The pressure curves of the two aundes show similar 
features but are not perfectly synchronous As a result 
of the tune taken for the exatation wave to spread to 
the left aunde, systole of this chamber commences 
0 013 second after that of the nghL 



Fic 21 2 Auncular pressure curve Descnption in text 
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During ordinary conditions of bodily rest or light 
cardiac work the auncular contraction would ap- 
pear to be of minor importance m the d)Tiamics of 
the circulation, i e , in the fiUing of the ventnde 
This must be evident when it is recalled that the 
dynamic phase of auncular systole occupies only 
0 05 second while the total penod of ventncular 
fiUmg has a duration of about 0 4 second Also m 
auncular fibrillation (p 235), m which condition 
the aunde can certainly exert no propulsive force 
upon the blood, filhng of the ventnde is apparently 
not mterfered with 

But accordmg to Prinzmetal and his associates 
contractions of the nght aunde and the nght 
auncular appendix are forceful dunng heavy car- 
diac work due to mcreased venous return, and exert 
an important effect m fiUmg the ventndes The 
body of the left aunde, however, at no time serves 
otherwise than as a simple passage or conduit for 
the blood 


THE INTEA-VENTEICTJLAE, PEESSX7EE CUEVE 
The aunde and ventnde throughout a large 
part of the cardiac cyde commimicate with one 
another through the A-V opening, the pressures 
in the two cavities dunng this time are therefore 
virtually equal When auncular and ventncular 
pressures are recorded simultaneously the two 
curves run parallel for long stretches (fig 21 3) A 
small positive wave is frequently seen just pre- 
cedmg the mam pressure nse of the ventncular 
curve (Ime 8) This occurs synchronously with 
the a wave of the mtra-auncular curve and is due 
to auncular systole When the ventnde contracts 
(Ime 1) the pressure nses rapidly and almost m- 
stantly mounts above the auncular pressure 
This causes the firm dosure of the A-V valves 
which, as we have seen, actually bulge mto the 
auncular cavity to produce the c wave The 
pressure contmues to nse and the steep upstroke 
of the curve is mscnbed Upon attammg a value 
m each ventnde just greater than the aortic or 
pulmonary diastohc pressure, respectively, the 



Fig 21 3 Superimposed curves of ventncular, auncular, and aortic pressure, together with a curve, an elec- 
trocardiogram, and a phonocardiogram (see text) Time, 1/10 sec 
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semSmiar \’al\es are forced open This point is 
marked bv Ime 2 m figure 21 3 The \entncular 
cavities and arterial lumma are now m free com- 
munication with one another, the v entncular and 
arterial pressures are about equal and continue to 
nse together for a time, but soon reachmg theur 
manma, form the short plateaux or rounded sum- 
mits 01 the curves \ sharp dedme m the curve 
follows as sv stole comes to an end and the v en- 
tncubr muscle commences to relax The fall m 
mtra-v entncular pressure below the aortic pressure 
cau=es the closure of the semilunar valv es (line 5) 
This sharp drop m pressure at the termination of 
Ewstole produces the mosura of the central arterial 
pulse (p 187) 

Following the closure of the semiluiiar valv es and 
as a result of the more complete relaxation of the 

V entnde the prKsure curv e falls preopitouslv to 
reach finallv a level below the auricular pr«sure 
(fine 6) -kt this mstant the \-V valves open and 
blood 13 agam received from the upper chamber 
Throughout the penod which follows m which 
both aunde and v entnde are rdased, pressures 
m the two cavities are approximatdv equal and at 
a low lev d Toward the latter half of this penod, 
howev er, the cairv es mav show a gradual nse as a 
result of the distension of the heart cavities bv the 
accumulated blood and the nse m venous pressure. 

THE PHASES OP THE CAEDEAC CYCLE AS SHOWV BY 
THE VESTKlCtXAE PSESSITEE CCEVE 

The V ertical fines numbered from 1 to S drawn 
through the v entncular curv e mdicate the cxxur- 
rence oi important events m the cardiac cade 
When, as m the figure, arterial, auncular and 

V enous pulse tiacmgs are accuratdv supenmposed 
vnth the v entncular curv e, that is, when all tiac- 
mgs commence at the same instant and are in- 
scribed beneath one another, then the numbered 
hues will mchcate svmchronous ev ents in the van- 
ous curves at the pomts of mtersection. 

Tke phases cf '■crincular syslole ard lie posl- 
parsed oj ’^•rlncv’ar diaslclc 

\ entncular svstole is represented bv that part 
ot the pressure curv e mdnded between fines 1 and 
5 That IS, from the dosure of the A-l valves to 
the dosure of the semilunar valv es In man while 
the bodv IS at rest, the entire length of v entncu- 
lar svstole IS about 030 second (trom 035 to 
0 36 second) Its length vane= with the pulse 
17 te, shotiening with acederatioa of the heart, and 


vice versa Svstole is divided mto two penods 
bv the opeiung of the semilunar valves (fine 2) 
The first of these phases (from fine 1 to bne 2) is 
termed the presphygirtc period or period of iso- 
mcinc contradion The former term unpbes that 
this penod precedes the appearance of the arterial 
pulse (G spingmos, pulse), the latter term con- 
notes that the musde fibers are not shortenmg 
This IS actuallv the case, smee the fibers are at 
this time contracting upon a mass of liqmd which 
IS mcompressible and completdv fills a dosed 
cavitv The second phase (bne 2 to line 5) mter- 
venes between the openmg and dosmg of the 
semilunar valves and is termed the sphygtrtc or 
ejeciwn period, smee dunng this time the blood is 
being discharged mto the aorta and pulmonarv ar- 
terv The v entndes do not empty themselv es com- 
pletdv dunng the ejection phase of the cardiac 
evde, a variable amount of blood remammg m the 
heart at the end of sv-stole. The short penod of 
ventncular diastole immediatelv foUowmg the ejec- 
tion penod and up to the moment of opierung of the 
\-\ valves (line 6) is known as the poslspkygmc 
period or penod of isorrciric rc’axolion Dunng this 
penod the v entnde is agam dosed and undergoing 
rdaxabon, no blood is entering its cavity so that 
the length of the fibers remains unchanged — hence 
the use of the term, isometnc. 

In man the presphvgnuc or isometnc contrac- 
tion penod lasts for from 0 04 to 0 06 second It 
IS subject to bttle vanation under changmg con- 
ditions of heart rate, etc. The penod of ejection 
takes up the balance of the tune of the svatohe 
penod, Le., about 035 second I'anations m the 
length of svstole associated with changes m heart 
rate are brought about chieflv bv changes m 
length of the ejection phase This penod is pro- 
longed m aortic stenosis 

The commencement of the penod of isometnc 
contraction is sviidironous with the initial vibra- 
tions of the first heart sound and follows bv a v eii 
small fraction of a second the beg innin g of the R 
wave of the dectrocardiogram (ch 23) The ter- 
mination of this penod and the commencement of 
ejection is marked bv the nse m the arterial 
pressure curve. The end of the ejection penod 
comcidK with the beginnmg of the second heart 
sound Therefore, the total duration of svstole 
mav be determmed m man from the mterval 
elap^mg between the mitial vibrations of the two 
heart sounds (p 210) The time from the com- 
mencement of the pnmarv vrave m the central 
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artenal pulse (p 187) to the bottom of the in- 
cisura will give the length of the ejection phase, 
1 e , the tune elapsmg between the opening and 
closmg of the semilunar valves The difference be- 
tween the tune of duration of the whole of systole 
and that of the ejection phase will give the length 
of the isometnc period An estimate may also be 
made of the total length of ventricular systole 
by measurmg the interval from the beginning of 
R m the electrocardiogram to the end of T 
Wiggers takes as the end of the systolic period 
not the actual moment of closure of the semilunar 
valves but the pomt where the mtraventncular 
pressure curve drops suddenly to produce the 
mcisura He further divides the ejection penod 
mto two phases The first of these is termed the 
penod of maximum qechon (from Ime 2 to hne 
3 m figure 21 3), which extends from the opemng 
of the semilunar valves to the pomt of maxunal 
pressure The somewhat longer second phase dur- 
mg which the pressure is declining gradually and 
the outflow IS lessening is termed the period of 
reduced ejection (hne 3 to Ime 4) The mterval 
elapsmg between the end of the latter period and 
the closure of the semilunar valves, i e , while 
the masura of the central artenal pulse is being 
inscribed (Ime 4 to Ime 5), is mduded by Wiggers 
m the diastohc penod and termed the prolodt- 
astolic phase In the dog's heart the total duration 
of systole as thus defined was found to be from 
0 15 to 0 26 second The penods of maximum and 
reduced ejection were 0 05 to 0 12 and 0 06 to 
0 14 second respectively 


Duration of different phases of ventricular systole in the 
human heart 


seconds 

Systohc phases Total duration, 0 25-0 36 


Isometnc contraction penod (pre- 
Bphygmic) 0 04-0 06 

Penod of ejecbon (sphygmic) 0 21-0 30 

Maximum ejection 0 09-0 14 

Reduced ejection 0 12-0 16 

The phases of ventricular diastole 

The postsphygrmc penod or penod of isometnc 
relaxation and the protodiastolic phase of Wiggers 
have already been mentioned After the opemng 
of the A-V valves (at the end of the period of 
isometnc relaxation) the blood flows rapidly mto 
the ventnde, the mtraventncular pressure curve 



Fig 21 4 Diagram of cardiac cycle Time, 3-fo sec 


falls to the zero Ime (Ime 6 to Ime 7, fig 21 3) This 
is spoken of as the penod of rapid filling Unless 
the heart is beatmg rapidly the period of rapid 
fiUmg IS followed by one dunng which the ven- 
tncle, bemg already nearly fuU, fills much more 
slowly During this penod (hne 7 to hne 8) the 
ventricular volume mcreases very httle, the mtra- 
ventncular pressure may nse shghtly The term 
diastasis has been given to this phase by Hender- 
son Auncular systole follows the penod of dia- 
stasis and, as already seen, causes the small pres- 
sure wave m the ventncular curve at the end of 
the diastolic period It has been pomted out (p 
206) that only the first half of auncular systole is 
responsible for this pressure nse The penod of 
diastasis is much curtailed or abohshed when the 
heart beats rapidly, m which event auncular 
systole may ensue at the end of the phase of rapid 
filhng, or after only a bnef period of diastasis 
The penod of diastasis lengthens of course as the 
heart rate slows The phases of the cardiac cycle 
are shown diagrammatically m figure 214 

Duration of different phases of diastole in the Inman 
heart 

seconds 

averages 

Diastohc phases Total duration 0 50 


Protodiastohc penod (Wiggers) 0 04 

Isometnc relaxation (post-sphygmic) 0 08 

Rapid inflow 0 09 

Diastasis 0 19 

Auncular systole , 0 10 
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The chief factor concerned m the opening and 
dosing of the valves is, as already indicated (p 
204), the difference in pressure upon their opposite 
surfaces Some additional features of the valvular 
mechanisms must now be considered 

The Aueiculo-Ventrichlar Valves (Tricuspid 
A ND Mitr^ ) 

The valve leaflets or cusps, three in number on 
the nght and two on the left side, are attached by 
their bases to the fibrous nngs surrounding the 
aunculo ventncular opemngs Their free margms 
are connected through delicate tendons (chordae 
tendmeae) to the papillary musdes which prevent 
mversion of the valves mto the auride durmg 
ventncular systole The chordae tendmeae are 
tightened at the commencement of systole by the 
contraction of the papillary musdes The leaflets 
are composed mamly of a double layer of the endo- 
thelial Immg of the heart, strengthened by a few 
connective tissue fibers Their attached bases are 
thicker and contam more connective tissue, small 
blood vessels and dehcate strands of smooth 
musde The latter, however, play no part in valve 
dosure which is effected, as mentioned above, m a 
passive manner 

The mechamsm of valve dosure 

Durmg auncular systole the leaflets do not lie 
back against the ventncular wall, but occupy a 
mid position as a result of two oppwsmg currents 
The inflowmg blood pressmg upon their auncular 
surfaces keeps them open, while eddies reflected 
m the reverse direction from the ventncular walls 
strike their ventncular surfaces and tend to dose 
them Thus they float m a posiUon of delicate 
balance When, as a result of the fall m intra- 
auncular pressure at the end of auncular systole, 
the mcommg jet is diminished in force and finally 
ceases, the back eddies persistmg for a brief space 
and bemg unopposed, approximate the valves or 
bnng them gently mto apposition (fig 22 1) They 
are not, however, firmly dosed This is effected 
by the nse m pressure m the ventnde when it 
contracts Dean has shown by attaching a ham 


to the septal leaf of the valve and recording its 
movements, that if ventncular systole does not 
follow almost mstantly upon the cessation of the 
flow of blood from the auncle the valves start to 
reopen In mstances, therefore, in which vontneu- 
lar systole is delayed, that is, when the A-V in- 
terval is prolonged, the reopening of the valves 
proceeds for an appreciable time Then, when 
ventncular contraction occurs, a small amount of 
blood regurgitates into the aunde before the 
valves are swimg dosed by the rising intraven- 
tncular pressure The backward flow of blood 
through the orifice may then give rise to a murmur 
just preceding the first heart sound (prcsjstolic 
murmur) 

The Semilunar Valves 

The dynamics of aortic and pulmonar>' dosure 
are essentially the same m prmciple as those de 
senbed for the A-V valves The valves form three 
small pockets open toward the arterial lumen 
Back eddies which arc set up dunng the ejection 
phase of systole prevent the contact of the valves 
with the artenal wall VTicn ejection ceases the 
centripetal currents carrj' the valves into apposi- 
tion and firm dosure is effected by the higher 
pressure at this time upon their artenal surfaces 

The Heart Sounds 

Two sounds can be heard dunng the cardiac 
cyde The first sound is of relativ dy long dura- 
tion, soft in quality and low in pitch The second 
sound is shorter, sharper and of higher pitch 
These characteristics arc best imitated vocally by 
the syllables "lub” and "dup” separated by a 
bnef pause The two heart sounds mark the be- 
ginning and end of ventncular sj stole and the 
determination of the interval between their com- 
mencements (as determmed by the phonocardio- 
gram) is a reliable method for arriving at the 
length of ventncular systole m man The pause 
between the end of the second sound and the 
beginning of the first coincides with v’cntricular 
diastole 
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The factors coticcntcd in the production of the 
sounds 

The First Sountj The first sound is heard most 
clearly and at maximum intensity over the fifth 
left intercostal space , i e , within an area centered 
over the "^_pcx beat’' Here the mitral element of 
the sound predominates Any abnormal sound pro- 
duced at the tncuspid \al\c is detected by listen- 
ing over the , loner end of the s t ernum 

The pnncipal factors entering into the produc- 
tion of the first sound are (1) t he closure of . the 
auncu lovcntricular valves and the tension set up 
in the valve leaflets and chordae tcndine^ as t^ 
intravcntncular pressure rises (lalvidar element), 
(2) the rush of blood from the v'cntricles and the 
shock transmitted to the walls of the aorta and 
pulmonary' artery (v ascu lar _ element ) , and (3) con- 
traction of the venlncular muscle Vibrations set 
up bj' the auricular muscle at the end of its sj stole 
ma> sometimes contnbutc to this sound 

The v'lbrations of the \ alv cs is the most impor- 
tant clement of the first sound Some have claimed 
that the first sound is not prolonged into the 
ejection period, and therefore the impact of the 
blood upon the walls of the large vessels cannot 
contribute to the sound But the observations of 
Straub and of Onas and Braun-lMencndcz indicate 
that the first sound does extend bej'ond the iso- 
metne period and that the vascular clement is an 
important component Of the three the muscular 
clement appears to add least to the sound Dock 
has questicmed whether the v'cntricular muscle 
produces a sound at all He recorded the sound 
vibrations by means of a phonocardiograph ap- 
phed to the surface of the heart and reported that 
no sound was produced when the empty heart 
contracted, valve action being abolished Although 
he concluded from this that the normal first sound 
contained no muscular element, evidence from 
other sources is strongly opposed to such a con- 
ception Wiggers and Dean, previously, had re- 
corded sound V'lbrations from an isolated stnp of 
myocardium It has also been shown that w'hen 
free movement of the valves of the beating heart 
is prevented, the booming character of the first 
sound still persists 

Phonocardiographic records from the chest over 
the heart show , as a rule, no vibrations before the 
onset of ventncular contraction (fig 21 3) thus 
mdicating that the prcsystolic a pposiLon-oL-the 
yalvp.i; The sound commence s 0 008 second 

before the peak of the R wave of the electrocardio- 


gram. Its duration is about 0 18 second Sometimes, 
however, the phonocardiogram records a few small 
presystolic vibrations which are attnbuted to 
auncular systole, occasionally a famt sound is 
heard at this time 

^ The Secont) Souini results from th e vibrations 
set up in the blood column and artenal walls, as 
the aortic and pulmonary valves are placed imder 
tension follow mg their closure The duration of 
the second sound is about 0 10 sec ond It com- 
mences about 0 09 second after the summit of the 
T wav e. of_the_electrocardio gram It is heard 
best over the pulmona ry and aortic area s — the 
upper part of the sternum adjacent to the second 
left mtercostal space, and the second nght costo- 
stemal junction, respectively 
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Tire Tihrd Heart Soto d Sometimes a faint third 
sound is heard in normal hearts which follows the 
second sound by about 0 03 second and lasts for about 
0 04 seco nd It is heard at the apex and is commonly 
found m young adults Thayer found it present in 
65 per cent of normal indiv'iduals It may be made to 
appear or is intensified bj procedures which mcrease 
the venous flow into the auncles, eg, exerase, re- 
cumbent position, etc The sound was first described 
by Gibson and independently by Herschfelder, several 
explanations have since been given to account for it 
(1) Some have considered it to be due to the asyn- 
chronous ebsure of the aortic and semilunar valves, 
but the intcrv'al between it and the second sound is too 
great for the acceptance of this explanation (2) WTiite 
considers that it is due most probablj' to the openin g 
snap nf the. A-AL. valves or to the vibration of the ven- 
tncular walls as the blood rushes into the ventncle 
(3) Another view is that the sound is simply due to 
prolonged after-vibrabons of the aortic valves which 
have become separated from the earher vibrations as 




Fig 22 1 Two diagrams showmg mechanisms con- 
cerned m valve closure A, shownng relations of papil- 
lary muscles and chordae tendmeae to valve flaps, 
B, partial closure due to eddy formation (after 
Wiggers) 
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a silent interval None of these explanabons is entirely 
satisfactory in all instances. 

Variaiums tn the xntemiiy of the heart sounds 

It is the general bebef that the first sound 
mjntenatyLJrathJthe force of ventriculax systole 
and the loudness of the second sound with the 
height of-the-artenal.blpod.Bressure The expen- 
ments of Wiggers bear this out The sounds were 
recorded graphically and correlated with the m- 
traventncular and aortic pressure curves It was 
found that the vibrations of the first sound were 
increased m amplitude and number when the ten- 
sion developed by the cardiac muscle was m- 
creased T he mten sity of the firs t soun d is directly 
rplated-to the-rate of.th e pre ssure nse.ivithmJhe. 
ventnde__durmg the isometnc period The m- 
tensity of this sound Is not dependent upon the 
volume of the systohc discharge but rather upon 
the diastohc pressures m the pulmonary and 
systemic arcmts Wiggers found that when the 
heart nas slowed and the systohc discharge conse- 
quently increased but the diastolic pressure low- 
ered, the intensity of the first heart sound was 
reduced v>hile acceleration of the heart (reduced 



bell, 0, side tube to air 
M, microphone, CX , dry cell, R, resistance, Ri, kei 
m galvanometer arcuit, T mduction cofl, iP, kei 
m microphone circuit, G galvanometer (after Lewis) 


systohc discharge with raised diastolic pressure) 
mcreased its mtensity 

The mtensity of the second sound m the aortic 
or pulmonary area is increased by an elevat ion m 
the systemic or pulmonary 'pressurcSjTCSpcctively 
Among the rardiovascular conditions associated 
with mtensification of the second sound ari, mitral 
stenosis and'^ failure of the left ventncle nhich 
raise the pulmonary arterial pressure, and^ilfinal 
hypertension which raises the aortic pressure 

The GRAPmc Registration of the Heart Somms 

The phonocardtogram The instrument employed for 
this purpose consists of a stethoscope fastened to the 
chest and proiidcd with a side tube open to the air so 
as to obviate pressure changes, a microphone and 
a stnng galvanometer (fig 22 2) A type of appara 
tus devised more recently (Kauntz and assoaates), 
which they call the cathode ray "vibrocardiograph”, 
avoids the acoustic errors of air transmission and cm 
ploys a water filled capsule m contact with the chest 
The vibrations arc picked up by a dynamic type of 
microphone The clectncal currents are transmitted 
to an amplifier and thence to the vertical plates of two 
cathode tubes The vibrations arc recorded photogra- 
phically 

The record of the first sound is composed chicflv of 
a senes of from 9 to 13 vibrations, and has a duration 
of from 0_9_to.0 Jfi seconds These arc of small amplitude 
to start with but rise to a "crescendo” which reaches 
Its manmura at the end of the isometnc penod and is 
followed by a “diminuendo” of about the same dura 
tion This mam senes of vibrations is sometimes, ns 
mentioned above, preceded by a couple of small intro- 
ductory vibrations which occur pnor to the ventncular 
pressure nse These are possibly of nuncular ongin 
The mam senes IS also followed by a few final v ibrations, 
variable in number The vibrations are m general 
irregular, which places the sounds m the categorv of 
noises rather than of musical tones The frequency is 
low, bemg on the average 45, 50, and 33 per second, 
respectively, for the first, second and third sounds A 
normal and a senes of abnormal phonocardiograms are 
shown in figure 22A, page 213 

Graphic registration of the heart sounds has per- 
mitted precise relationships to be established between 
them and the ev ents of the cardiac cycle, ns recorded 
by other graphic methods, e g , intracardiac pressure 
curves and the electrocardiogram The phonocardio- 
gram also, as already mentioned, provides an accurate 
method of measunng the length of ventncular systole. 

The heart sounds may also be picked up by a micro- 
phone applied to the chest wall over the heart, amph- 
fied and conducted to a loud speaker The fetal heart 
sounds can be amphfied m this way so that they are 
clearly audible to the obstetncian during labor 
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Fig 22 3 a normal heart sounds recorded from apex, B, a diastobc murmur of aortic origin, C, presystolic 
murmur, D, gallop rhythm, pres>stohc (1') tjiie, E, gaUop rfajOhm, earlj diastohc (2') tj-pe The numbers 1 and 
2 refer to the heart sounds, M, murmur (after Lewis) 


ABN’ORMAL HEART SOUVDS 
Murmurs 

WTien the valves at one or other of the cardiac 
orifices become deforme d by _d ts£ase, they impede 
the flow of blood _or_alJpyLleal;age_tO-gfiC^t:>- ^"d 
abnormal sounds replace either partially or com- 
pletely the usual heart sounds Such sounds are 
spoken of as murmurs or bruite \\Tien the valves 
produce narrov mg of one of the orifices of the 
heart, the condition is spoken of a s stenosis , thus 
aortic or mitral stenosis implig_restnc tion of the 
respective opening and mcreased resistance to t he 
flow of bl ood through it The velocity of the blood 
flou through the constricted orifice is also m- 


creased The v^alv e surfaces are usually roughened 
and the smoothly rounded and somewhat funnel- 
shaped nature of the opening is lost The normal 
stream-hne character of the flow through the 
orifice is replaced by a t urbulent flo w All these 
factors contnbute to produce the abnormal sound 
When the valves are mcapable of closmg tightly 
they are said to be i nampsten l They no longer 
perform their duty but allow blood to pass through 
the orifice m a direction the reverse of that of the 


(nrculation So aortic or mitral incomtdence or 
resurRilation is spoken of to mdicate leakage of the 
respective valve Obviously if the valves are de- 
formed sufficiently to produce narrowmg of a 


particular orifice, they will also be mcapable of 
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dosing properly and leakage wfll occur as well 
Stenosis is therefore usually associated with a 
certain degree of incompetence and vice versa 

Time Relations The particular valie iniolved is 
deteimined from the relaUon of the murmur to the 
events of the cardiac cj de and from the pomt upon the 
chest wall where the sound is transmitted with the 
greatest mtensitj For mstance, the aortic valves 
should open fuUj dunng the ejection phase of ven 
tncular s>'stole so as to offer httle or no resistance to 
the outflow of blood at this time At the end of the 
period of ejection the> should close tightlj If however 
the orifice is stenosed, the obstruction causes a murmur 
to be heard durmg v entncular g-stole which replaces or 
modifies the clear first sound This is referred to as a 
sysiohc murmur If, on the other hand, the valves are 
mcompetent and do not come together at the end of the 
sj’stohc discharge, a rush of blood from the aorta into 
the ventnde occurs m diastole, and a murmur modifies 
the normal second sound - — diastolic murmur (fig 22 J B) 
The murmur may appear m earlj , rmd-, or late diastole 
or may persist throughout almost the entire period 
When stenosis and mcompetence co-enst a murmur 
may be produced at the aortic onfice durmg both 
systole and diastole, in which event the two normal 
sounds are replaced bj a to and fro blowmg sound A 
systohc murmur will also be caused b) incompetence 
of the A V valves (imtral or tncuspid) smce the nse m 
pressure dunng v entncular systole will dnve blood 
backwards mto the aunde and cause abnormal vnbra 
tions to be set up 

Mitral stenosis (stenosis of the tncuspid onfice is 
very rare) by offermg an obstruction to the flow of 
blood from the aunde mto the ventnde maj cause a 
murmur to be heard at anv time between the second 
and the first heart sounds The mtensity, durabon and 
tumng of the sound vary with the degree of stenosis 
and the rate of blood flow through the onfice. Though 
the murmur may extend throughout diastole it tends 
to be more mtense toward the beginnmg and the end of 
this phase, it may be heard only dunng these times, or 
be confined to one or other of them As pomted out by 
Lewis, the rate of blood flow mto the v cntnde which is 
an important factor m the production of the abnormal 
sound, IS most rapid durmg these phases of diastole. 



the time relaUons o 
neart mumurs to the heart sounds A, nresv'stoh 
murmm, B systohc murmur, C, early d^t^ mur 
mur Numbers refer to normal heart so^ 


At the end of diastole an impetus is given to the blood 
by the systole of the aunde, while the earlv part of 
diastole is the penod of rapid filling (p 209) of the 
ventnde. The late diastoUc murmur (prcsystolic> may 
therefore disappear when auncular fibidlation_5iipcr 
venes and abolishes the propulsive action of auricular 
systole. \\'hen the heart is beating slowly the murmur 
is more hkelv to be well marked in early and in late 
diastole The blood which has accumulated m the 
aunde dunng the preceding v entncular systole rushes 
through the mitral onfice when the valves open, but 
the flow slows as the ventnde becomes full (penod of 
diastasis), so the murmur disappears It reappears 
again when the aunde, distended with blood as a result 
of the prolongation of diastole, c ontrac ts When the 
beat IS rapid and the penod of diastasis abolished, the 
murmur is hkely tb be heard throughout diastole which 
IS then occupied entirely by the phase o f rapid filli ng 
The obstruction to the flow of blood through the 
narrow ed mitral onfice causes a nse in auncular pres- 
sure which becomes transmitted back to the pulmonary 
veins and ultimately to the pulmonary artcnal vessels 
and the nght ventnde Though the lungs contain a 
larger than normal amount of blood the flow through 
the vessels is slowed Symptoms and signs referable to 
distention ol the pulmonary capillarv bed arc prominent 
features, e g , reduced vital capaaty , dyspnea, cough, 
hemoptysis and c\ anosis The filling of the kft v enlricTe 
dunng diastole is slowed and the aunde contracts with 
a greater force than usual at the end of this penod The 
cardiac output may be reduced, the left ventnde is 
normal in size or even smaller than normal while the 
left aunde and nght v cntnde arc enlarged 

Aort ic reRur^italion causes a diastolic murmur, which 
may be heard only m early diastole or may persist into 
late diastole. It is due to the leakage into the ventn de 
through deformed aortic valves, which arc not accu 
rately apposed, their surfaces arc usually roughened 
The volume of regurgitated blood vanes in amount, and 
the general signs vary with the extent of the leak Since 
the deformed valvcs,^ as well as being incompetent, 
offer some obstruction to the outflow of blood from 
the ventnde (that is, a certain degree of stenosis of the 
onfice usually exists), a systolic murmur is often to be 
heard over the aorUc area A jresystolic murmur i s not 
unTOmraonly heard m aortic incompelen re rrsem bling 
that of mitral stenosis This was desenbed many y cars 
ago by Austin Fhnt and is usually referred to as the 
Flint murmur Accordmg to the most generallv accepted 
explanation, it is due to vibrations set up m the antenor 
leaflet of the mitral valve which is pushed by blood 
regurgitating through the aortic onfice into the path of 
the stream entenng from the aunde Goulcy has de- 
senbed a characteristic deformity of the nght leaflet of 
the aortic valve which he declares serves to direct the 
regurgitatmg blood against the mitral leaflet Other 
features of insufficiency at the aortic orifice are (1) 
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greaLenlargement of the heart (cor bovtnum) due dueSj 
to ddatation of the left ventricle and hypertrophy of its 
muscular ivall This chamber is called upon to accom- 
modate in diastole not only the blood from the auncle 
but that regurgitated as veil And it must eject this 
greater volume of blood during systole. But the greater 
thickness of the \ entncular muscle is not simply a work 
hy^iertrophy (see p 257), (2) low diastohc and high 
systohe pressure, abnormally high pulse pressure, (3) 
collapsing pulse, and (4) capillary' pulsation 
The high initial tension at the end of diastole, vhich 
results from the fiUmg of the \ entncle by an unusually 
large amount of blood, causes a more powerful con- 
traction The isometnc period is much shorter than 
usual and the pressure curve rises abruptly As the 
semilunar \’al\es open, an “explosne” ejection of the 
large volume of blood into the underfilled aorta causes 
the abrupt mcrcase in systohe pressure A much greater 
proportion than usual of the ventncular contents is 
discharged during the first half of sy’stole, and a much 
smaller proportion than usual dunng the penod of 
reduced ejection It is at this time — the penod of 
reduced ejection (p 209) — that the sharp fall m pres- 
sure occurs and not during diastole The pressure fall 
conUnues steeply' into the penod of isometnc relaxa- 
tion Little further dechne dunng the remainder of 
diastole occurs The leakage into the ventncle and 
penpheral vasodilatation are imnor factors contnbut- 
mg to the low diastohc pressure charactensUc of 
aortic regurgitation The sudden ejection of a large 
volume of blood in early systole and of a relatively 
small amount in the second half of the ejection penod 
also gi\ es an explanation of the high-peaked character 
of the pulse traang, and for the low position on the 
catacrotic hmb of the dicrotic wave, and also for the col- 
lapsing, or water h ammer, character of the radial 
pulse (Comgan's pulse) WTien the finger is held on 
the radial artery, a sharp impact is felt, followed by an 
equally sudden collapse, which is especially marked if 
the patient’s arm is held vertically A sound desenbed 
as resembhng a pistol shot may also be heard, when a 
stethoscope is apphed over the artery 

The pulsation in the capillanes is attnbuted by 
Lewis and Drury to dilat ation of the artenol es, which 
occurs for some unknown reason m aortic regurgita- 
tion (p 214), the arterial pidse being thus readdy' 
transmitted to the capillary bed It can be seen most 
readily by shghUy compressmg the skin at the base of 
the finger nail Wiggers found, however, that it could 
^b^ produced in an artifiaal model, when central re- 
gurgitation was produced and the penpheral resistance 
kept constant. He therefore considers it to be due 
pnmanly to the low diastohc pressure and high pulse 
pressure, though its occurrence is imdoubtedly facih- 
tated by the dilatation of the artenoles 

Enlargement of the mitral onfice by mcision of the 


fibrous tissue surroundmg it (mitral commissurotomy) 
is an operation practiced in recent W the rehef 
of mitral stenosis / \ 

Aortic stenosis In severe steposis bf the aortic onfice, 
produced experimentally, the “pre^ure in \the left 
ventncle dunng its isomemc contraction n'ses higher 
and more abruptly tban'’m'The normal heart, but both 
arterial systohe and ^fistohe^pressures tend '^o be 
lower The penod of ejection is prolonged, ^this is 
largely responsible for the production of the typical 
pulse tracmg shown on p 186 Owmg to the narrowed 
aortic onfice, the blood is expelled from the ventncle at 
high velocity The energy expenditure of the heart 
muscle for the work performed is mcreased (i e , the 
mechamcal eflaaency is reduced) The veloaty factor 
(p 142), instead of bemg around the normal of about 1 
per cent of the total work, may constitute 10 per cent 
or more. The mtensity of the sy'stohc murmur m- 
creases with the degree of stenosis The high pressure 
developed m the ventncle tends to be transrmtted to 
auncle and pulmonary vems, and to the pulmonary 
artenes and nght ventncle, when the left ventncle 
fails to mamtain its normal output. 

Galiup or CA^'TER Rhvthhs In certain cardiac 
conditions three distmct sounds are heard which give 
nse to a rhy thm not unlike the gallop or canter of a 
horse In some cases the abnormal sound precedes the 
first sound — the presystolic type of gallop rhy thm Two 
sounds are heard m rapid succession followed by a 
pause, and then by the second sound (fig 22.3, D) This 
type is assoaated with depressed aunculo-ventncular 
conduction (p 227) or sometimes with bundle branch 
block (p 229) The extra sound is attnbuted to the 
forceful contraction of the auncle Normally the ven- 
tncular contraction follows so closely upon auncular 
systole that any sound that may be set up by the con- 
traction of the auncle merges mto the first sound But 
when, as a result of sliced conduction m the A-y 
bu^e, the auncular arid ventncular sy'stoles are 
separated by an appreaable mterval the contraction 
of the auncular muscle may become audible The 
unusually large load of blood retamed m the auncle, 
due to the delay m the ventncular contraction, and the 
hypertrophy of the auncular muscle which frequently 
exists, ako favor the production of the sound 

In other mstances the abnormal sound follows shortly 
upon the second heart sound — early diastolic type of 
gallop rhythm (fig 22.3, E) In some instances the extra 
sound IS simply an mtensification of the thud sound 
described above as occurrmg m normal subjects It 
may then, though very occasionally, follow strenuous 
muscular exercise In most mstances this type of 
gallop rbyrthm is associated with cardiac failure and is 
then mdicative, usually, of a severe myocardial dam- 
age. The abnormal soimd is not caused by asynchro- 
nous closure of the pulmonary and aortic valves It is 
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most probably due to vibrabons set up m the ■nails of 
the dilated and relaxed ventricle caused b> the shock 
of blood as it rushes from the auncle under a high head 
of pressure. The sound therefore follows upon the open 
mg of the A-V valves, i e., after the period of isometnc 
relaxabon (p 209) 


WTien the heart rate is slow and aunculo-ventncular 
conducbon much prolonged, a tj-pe of gallop rh>'thm 
may dev elop in which the abnormal sound occurs near 
the middle of diastole — mid-diasloUc type of gallop 
rh} thm — and is attributed to a forceful contracbon of 
the auncle. 
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General Description of the 
Electrocardiograph 

The electrocardiograph as devised by Emthoven 
IS, in essence, a very sensitive galvanometer The 
cardiac action current is led through a fiber of 
finely spun silver-coated quartz glass, 0 002 mm 
m diameter (about { of the diameter of a red ceU) 
The fiber, or “string” as it is termed, is suspended 
vertically m a holder between the poles of an 
electromagnet WTien the magnet is excited by a 
powerful current an electric field is set up, the lines 
of force passmg from its north to its south pole 
The heart current is conducted through the stnng 
(fig 23 1) A strong beam of hght is directed 
through apertures in the arms of the magnet lymg 
m front of and behmd the stung The latter and 
its lateral movements (deflections) are thus cast 
as shadows which are magnified and brought to a 
focus upon a moving photographic surface (plate, 
film or sensitive paper) moving vertically at the 
desired speed m a camera of speaal design 

The sensitivity of the strmg is standardized so 
that a deflection of 1 centimeter represents 1 milli- 
volt Horizontal Imes a millimeter apart are 
marked on the record by means of etchmgs upon 
the camera lens Each division represents -}ts 
milhvolt (mV) The shadows thus cast upon the 
photographic surface are registered as the deflec- 
tions or w'aves m the electrocardiogram mentioned 
above and descnbed on pages 219 and 220 

The passage of the heart current causes cucular 
hnes of force to be set up around the fiber These 
take a clockwnse or anti-clockwise course accordmg 
to the direction (descendmg or ascendmg) of the 
cardiac current, and cause the strmg to move, 
respectively, outwards or mwards toward the arch 
of the magnet Time is indicated by vertical hnes 
caused by some form of trmmg device which breaks 
the beam of hght at regular intervals Fme verti- 
cal Imes mark time mtervals of second, heavier 
ones of i- second 

The strmg galvonometer type of electrocardio- 
graph IS the one m most general use today but 
wnthm recent years an mstrument employing a 
movmg magnet or movmg coil galvanometer and 
radio tube amplification has been devised 


The Electrocardiograph Leads 

The standard leads We have aheady seen (p 
200) that the electromotive force developed m the 
cardiac muscle of an expenmental animal can be 
recorded by placmg paired contacts directly upon 
the surface of the heart and connectmg them with 
a galvanometer or by placmg one contact upon the 
heart and the other upon some mdifferent part of 
the body Records obtamed m this way are called 
eledroRrams It is dear that the electrical changes 
occurrmg immediately beneath a contact electrode 
will dominate the record The heart m situ is, 
however, surrounded by a conductmg medium — 
the blood and tissue fluids which are, m fact, 
solutions of electrolytes It is possible, therefore, 
to connect the electnc field set up about the heart 
dunng Its beat by leadmg off from certam paired 
regions upon the body surface to the strmg of the 
electrocardiograph A part of the electromotive 
force developed by the heart can m this way be 
“t appe d” and the activity of any part of the 
cardiac musde, and not merdy the region beneath 
the electrodes as m the case of electrograms, will 
impress its mfluence upon the electrocardiogram 
The parts of the body employed for this purpose 
are the two forearms (or hands) and the left leg 
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(or loot) These may be coupled m any one of 
three combmations, each of which is referred to 
as a lead They are — 

Right arm and left arm ■= lead I 
Right arm and left leg ■= lead 11 
Left arm and left leg = lead 111 ' 

These are the leads ongmally employed by 
Emthoven, and the only ones m use chnically for 
many years, they are known as the standard l^ds, 
or as bipolar Imb leads, and because they record 
difierences m potential between two pomts (two 
arms or an arm and a leg) remote from the heart 
they are also referred to as indtrectleads 
The electrodes consist of phable metal electrodes 
(3" X 2" m area) covered with gauze soaked m 
strong sdt^lution or with a ]eUy compq^ of 
sS^t, tragacanth, glycenne andjrater They are 
apphed to the forearms and the left leg By means 
of a switch on the control board of the electro- 
cardiograph, a record from each lead can be taken 
m turn 

Unipolar direct and semtdireci leads Wilson m hi® 
espenments on bundle branch block in the dog’s heart 
(ch. 24) observed that when one electrode was placed 
on the chest wall o\erl>ing the heart, and the other 
situated on some remote indiSerent part of the bod> , 
the electrocardiogram was almost identical with one 
obtained when the first or exploring electrode was in 
contact with the cardiac surface. The potential changes 
occurring beneath the distant or indifferent electrode 
are of small magnitude, anfovershadowed^v the large 
potential changes occumng beneath the precordial or 
e^lonng electrode The indiflerenl electrode should 
ha\ e as large an area of contact as possible, the potential 
changes bemg then mmimiaed, a large area of the right 
arm is usually selected.* Whereas m the use of bipolar 
indirect leads the potential difierence between two 
remote parts is recorded, when a unipolar lead is em- 
ployed the potential changes of a relabvel) small area 
of the heart beneath the exploring electrode is recorded ' 
In addition to the standard leads one or more records 
are now usually taken by the unipolar method, the 
exploring electrode bemg placed on the precordium or a 
neighbormg area of the chest. Such leads m close 
proximity to the heart are called smidirect, if the 
exploring electrode were placed directly on the surface 
of the heart (which m man is possible, of course, only 
under rare and speaal circumstances) the lead would be 

•In 'Wilson’s method of employmg uiupolar semi 
direct leads, the exploratory electrode is paired with a 
cw/w electrode ■wluch is formed hy connecting together 
aU three standard leads— both arms and left leg- 
through Ohm resistances This serves as an “artifi- 
ml ground or neutral electrode, the potentials of the 
tnree leads tending to cancel one another (fig 23 J) 


called jjirccl R ecords taken mth semidircct leads give 
more imorinalion concemmg the heart, especially with 
respect to small myocardial mfarcts, ventricular hyper- 
trophy or bundle branch block, than do the standard 
leads These unipolar chest leads arc designated by the 
letter C, the position of the indifferent electrode by 
R, L, F or B (to indicate, respectively, right or left 
left arm, left leg or back), and subscript numbers 1 to 
6 for the several positions of tbc exploring electrode in 
most common use If Wilson’s central electrode is 
employed (see footnote) the unipolar chest leads arc 
designated V with subscript numbers I to 6 These 
designations arc listed below and arc shown in figure 
23 4, p 220 

CRt, CLi, CFi, CB,, (Vi), nght 4th mtcrcostaj^ 
space at the border of the sternum 

CR*, CL-, CFj, CBj, (V), left 4th intercostal 
space at the border of the sternum— 

CRj, CLi, CF,, CBj, (V,), midway between Vi 
and \’t 

CRi, CLi, CF, , CBi, (V,), over apex beat or left 
midclavvcular line in Slh intercostal space 

CRs, CLi, CFi, CBi, (Vi), midway between V, 
and Ve 

CR«, CLe, CF, , CBt, (Vt), m left midaxillary Imc 
at lev el of apex beat 

Continuing around the chest at the same level, three 
other positions of the exploring clcctiodcj namely, m 
the left postaxillary hne, at the angle of the left scapula 
and over the vertebral column, they arc designated, 
respectively, by subscnbing the numbers or 9 to 
the letters CR, CL or CF or to 'V In other instances, 
the exploring electrode is inserted into the esophagus 
where it lies in close proximity to the heart. This 
esophageal lead is l ettered ,\*E, a suhsenpt number 
indicates its distance, m centimeters, from the teeth 
(e.g, ■\’E,s)'" 

Unipolar hmb leads A unipolar limb lead is one in 
which the eiplonng electrode is upon an arm or a leg, 
and paired with a central electrode as described in the 
foot note on this page, or the central electrode may be 
made by connecting two instead of three hmb leads— 
the so-called augmented unipolar hmb lead of Gold 
berger— the connection with the hmb lead to which the 
explonng electrode is connected being omitted The 
deflexions so-obtaincd are of larger amplitude than when 
the three leads are joined Unipolar hmb leads are 
designated Vn , Vl , and ItF for right arm, left arm 
and left leg positions, respectively, of the explonng 
electrode 

A sagittal bipolar cbest lead — in which one electrode 
IS placed on the 4th mtercostal space to the left of the 
sternum, the other on the postenor wall of the chest 
duectly opposite the first— is recommended by W’oKcrth 
and Whod They have shown that abnormafiues may 
he detected m this plane which do not appear in records 
taken with the other leads 
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An endocardiac (direct) lea d can be employed but 
IS con fined chiefly to c^cal r^earch The direct 
ISdls Introduced into the auncle or ventricle by cathe- 
terization through the median basilic vein (p 268) 
The electrogram so obtained differs from the ordmary 
electrocardiogram The auncular complex is repre- 
sented by a senes of 4 rapi d, deflections (P nave) 
above and below the base line, followed by a negative 
Tb vave The ventncular complex as recorded from 
&e nght ventncle consists of a posi^e deflecUon R, 
a negativ e S, f ollowed by a second positive waveJL^ 
The T wave may be negative or po sitive (see Battro 
and Bedoggia) 

The Normal Electrocardiogram (ECG) 

During the cardiac cycle the electncal changes 
m the heart cause five distinct movements or 
deflections of the galvanometer stnng Three of 
these are directed inward, i e , toward the arch 
of the magnet, two are directed outward The 
photographic surface, as we have seen, moves 
perpendicularly from above dowmward The move- 
ments are, in consequence, marked in the record 
as deflections to one or other side of a vertical 
zero line^representing the isoelectric position of 
the sfring The electrocardiogram, however, is 
always examined after rotatmg the plate to the 
left into the horizontal position, when the deflec- 
tions appear as waves above or below the zero 
Ime The waves from left to nght have been 
designated simply by the letters of the alphabet, 
P, Q , R, S and T (fig 23 5) P, R and T are di- 
rected upwmrd, Q and S dowmward Q is not 
always present A fourth small positive w’ave, JJ, 

IS sometimes seen in leads I and II immediately 
following T Its significance is unyioivn The 
vertical lines m this figure mark fifths of seconds, 
the horizontal Imes, 1 mm apart, mdicate tenths 
of millivolts 

The follownng is a descnption of the waves taken 
with standard leads 

The j P wav e is produced by the spread of the excita- 
tion wave over the auricles Notching of the P wave 
not infrequently occurs in leads _n. and HI, and oc- 
casionally in lea(l_Ji.The duration of the P deflection 
as measured along the base Ime averages 0 09 second , 
and normally does not exce ed 0 12 second It precedes 
the auncular contraction by about 0 02 second A 
negative wave following P is sometimes seen, though it 
IS usually buned m the pRS complex It is called the 
Tb wave (T wave of a uncle) It is more likely to be 
^Ident iri heart block, when an auncular contraction! I 
occurs without being succeeded by ventncular systole (( 

The Q, R, S and T deflections are produced by the 
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Fig 23 2 Diagram of the prmapal parts of the 
electrocardio^ph P, roll of photographic paper mov- 
ing behmd the lens, CL, which narrows the shadow, 
ST, SH, of the stnng ST to a thin vertical Ime and 
focuses It upon the sensitive paper By means of ruled 
etchmgs upon the lens, horizontal Imes 1 and i mm 
apart are thrownn upon the record, the heights of the 
waves m the electrocardiogram can thus be measured 
and the electromoPve force m each wave calculated T 
IS a rotatmg toothed disc which breaks the light beam 
at regular mtervals of or ^ seconds and by throwmg 
verbcal shadow hues upon the record serves as a tune 
marker O and C mdicate the positions of the lenses m 
the projection system, S and N are the poles of the 
electromagnet, L is the source of light ^e current 
from the subject passes through the control box below 
Switches on the dial enable a record from any lead to 
be taken RA, LA and LL represent the three standard 
leads, nght arm, left arm and left leg (Kmdness of Dr 
L N Katz) 


ventncles, the first three waves durmg the spread, 
and the T wave durmg the retreat of the excitation 
wave (p 201) The durabon of the QRS complex vanes 
inversely with the heart rate In normal young adults 
It ranges between 0 05 and 0 1 at the ordmary heart 
rate A duration exceedmg a tenth of a second is ab- 
normal 

The R wave co mmence; , jiboiit 0.02 second before th e 
beginning of the nse m the mtraventncular pressure 
curve (p 207), it reaches the base Ime agam before 
the semilunar valves open 

The duration of the P-R mterval ( from the begummg 
of P to the begummg of QRS) vanes mversely with the 
heart rate The normal range at ordmary heart rates 
m normal young adults is from 0 12 to about 0,2 0 
second It increases m length with age, rangmg between 
0 07 and 0 14 at 1 year and , between 0 14 and ' 0 23 
second m persons over 60 T he length of the mterval is 
taken as a measure of the time taken for the impulse 
to pass over the auncle and A-V connections- as far as 
the upper part of the mterventncular septum A value 
exceedmg the upper normal hnut mdicates an abnor- 
^nally slow conduction r ate ( d 227) 

The S-T interval, that is, the mterval elapsmg be- 
tween the end of th e S wave (or of the R wave when 
the S wave is absent) and the commencement of T 
dunng which the record follows the base hne, vanes 
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in length from zero to 0 15 second according to the 
rate of the heart It coinodes approximately with the 
period of maximum ejection of ventricular sj stole 
(p 208), when the entire ventricular musculature is 
contracting and therefore m a state of e^ual electrical 
potential The T wave represents the tJge of reduced 
^ecUon, electncal acfavitv oTlh e heart fs 

_suhsi3ing Its termmation comades with the com 
mencOT^t of isometnc relaxafaon A measurement of 
the Q T mteiwal (begmiung of Q to end of T) gives very 
approximately the length of ventncular systole. The 
Q-E mterval, i e , the lapse of time between the com 
mencement of the Q wave and the commencement of 
ventncular ejection as determined from the sub 
clavian pulse, is from 0,^ to 0 16 second 
The U wave nhich follorvs the^’l'lvave by about_0 03 
second, is a low broad deflection occumng m 60 pier 
cent or more of normal electrocardiograms It has a 
duration of about second, and is thought to be 
due to the supiemormal phase of exntabihty of the 
'\entncular muscle, and to correspond, therefore, to 
the after potential of nerve Most ventncular extra 
systoles occur at this tune The Ujwave is likely to 
be more pronounced m athletes (i e , to have a higher 
|I voltage), or when, from any cause, the stroke_yolume 
/ of the heart is mcreased 



Fio 23.3 Showing central electrode (Wilson) After 
Hecht, The Baste Pnnctples of Chnteal Cardiography, 
by permission of C C Thomas, publisher 



Frc 23 4 Showing positions of chest leads Leads b. 
tween 1 and 6 in numencal order from left to nght 


Voltages Ihe highest wave of the electrocar- 
diogram (R wave) m lead n ranges m normal 
young adults at rest and recumbent from 0 5 to 18 
mm (i e , from 0 (X)5 to 1 8 milh volts (mV) ) The 
hm^ts of the other deflections of the electro- 
cardiogram (standard lead If) of young adults are 
given below 

P wave 0 2-2 2 (mean 1 Q)'^ 

Q wave 0 06-1 9 (mean 0 3) 

S wave 0 00-4 9 (mean 1 2) 

T wave 0 4— S 6 (mean 2 9) 

U wave 0 013-0 05 (mean 0 03) 

Theory of Electrocardiographic 
Interpretation 

einthoven’s triangle 

Let a plate of conductmg material be fashioned m 
the form of an equilateral tnangle (fig 23 6,J) and let 
any two apices of the tnangle be connected through 
a galvanometer so that when the fall m potential is 
from A to C either through B or directly to C the 
galvanometer deflection is upwiard, i e , positive, and 
when the fall m potential is m the opposite direction the 
deflection is downward or negative When an electro- 



T Normal electrocardiogram (kindness of Dr 

John Hepburn) 
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motive force, -whose magnitude and direction (vector) 
are represented bv the length and direction of one or 
other of the central arrow s show n in figure 23 6 I, is de- 
veloped wathm the tnangle, then th epoten tial difference 
between an y two of the latter ’s ap ices wil l ^ propor- 
tional to the lengt h of the p roiection of the^arrow.upon 
^e sid^ .c oimec ting these apices The length of the 
projection on a given side of the tnangle, and so the 
recorded potential change which it represents, will vary 
with the angle which the arrow makes with the hon- 
zontal Whether the central EMF produces an upward 
or a dow nw ard deflection will depend upon its general 
direction In the figure all the projections of the sohd 
arrow are positive, two of the projections of the 
arrow drawm in mtemipted hues are negatne and one 
positive But the arrow might pomt m any duection, 
and depending upon its direction m relation to a given 
side of the triangle ite projection upon that side will be 
of positive or negative sign It will be found, neverthe- 
less, that m whatever direction the arrow pomts, the 
algdratc sum of its projections on the sides AB and BC 
will equal its projection on AC 

If the source of the electromotive force were m the 
center of a conductor of three dimensions (volume 
conductor), e g , a bodj' of fluid containing electrolytes, 
vectors m any radius could^Be calculated*— 

Now let t^e three standard electrocardiographic leads 
be imagmed as forming an equilateral triangle about 
the heart (fig 23 6, H), let the electncal ams or vector* 
of the heart be represented by the arrow, and the poten- 
tial differences, negative or positive, which are re- 
corded (as deflecHohs) in the electrocardiogram m 
the three leads, be taken to correspond to the pro- 
jections of the arrow upon the respective sides of the 
tnangle Then the potential difference between any 
two pomts upon the body represented by the apices of 
the tnangle, and recorded m any lead and at any m- 
stant, will vary in magnitude m accordance with the 
angle (designated angle a) which the arrow makes -with 
the horizontal, and will be proportional to the size of 
the projection of the arrow upon the hne of the lead 
Then the algebratc sum of the polential dtffere ufos^ 
recorded tn leads I and III will eoiial that rccorded jiiJea.d 
11 This truth, first enunaated by Emthoven (Em- 
thoven’s law), is expressed by the following formula, 
gi -4- = e*, m w^ch e repjasentSJijat fntiaLd i ff erence 

and the numeralsithe resDective J,esds< It forms the 
basis for the mterpretation of the electrocardiogram 
It may be stated further and m general terms that if 
three points (whether or not they form an eqmlateral 
tnangle) are equidistant from a source of energy (eg. 


* A vector is anythmg, such as f orce , veloc ity, momen- 
tum or electnca Lener gy having bofE direction and mag- 
nitude and which can be represented by a straight hne 
, of appropnate direction ana length 


a flame or the heart generatmg dectnc currents) the 
difference between the -values at pomts 1 and 3 can be 
predicted if the differences between pomts 1 and 2, and 
2 and 3 are known Therefore, knowmg the voltages of 
a deflection in lead I and lead HI (potential difference 
between nght arm and left arm, and between left arm 
and left le g, res pectively) the voltage m lead H can be 
calc ulated 

Theories oe the Ortgin and Spread of the 
Electricai, Currents in the Heart 

From the time that the electncal currents of 
the heart were first demonstrated by Koelhker 
and Muller (1856), and the discovery by A D 
Waller (1879) that they could be recorded m man, 
several theones have been proposed as to the 
mode of their production and to explam how they 
are transmitted and recorded as the characteris- 
tic ^deflections of the electrocardiogram - 

Startmg -with the discharge of the impulse and^ 
its transmission over the auncular muscle, leav- 
mg unexplamed the underlymg chemico-physical 
changes leadmg to its generation -withm the pace- 
maker of the heart (S_A node m mammals), a 
theory known as the hose-apex th eory . or theory 
of it'!frfhvlrd pnlrd*"’ f/fffrrffffrffL was offered 
This was foimded upon what was then known of 
the pnnciples of electro-physiology and the anat- 
omy of the heart It was supposed that the wave 
of exatation, havung traversed the auncular 
muscle and produced the P wave, and then enter- 
mg the ventncular muscle, followed a course 
from the base of the nght ventncle to the apex 
and then from the apex to the left ventncular 
base It was beheved by Gotch that such a path- 
way was detenmned by the developmental his- 
tory of the heart, namely, the doublmg upon 
itself of the embryomc cardiac tube The region 
at the base of the nght ventricle was the first to 
become electncally n egative * to the rest of the 
heart and produced the R deflection,. The apex 
was next exated and the potential change re- 

*To avoid confusion, the term electncally negative 
should be defined Lijured or active tissue by conven- 
bon IS ^d to be electncally negabve to unmjured and 
lestmg tissue. But the acbve or injured tissue is com- 
parable to the negabvm pole of a voltaic cell of which 
the two poles are, let us say, of zmc and copper But 
zmc, though the negabve pole, is actually electro- 
posibve, the" current flowmg -wit^ the battery from 
zmc to copper and from copper to zmc outside. Lewis 
suggests the use of the word “z mcabv e” when re- 
femng to ac tive or in Hired bssue 
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versed, the S deflection was then inscribed, i e , 
it became electrically negative to the base and 
the rest of the heart Activity next spread to the 
base of the left ventricle and persisted here for a 
time after it had ceased at the apex Thus the T 
wave w as formed In this way, the spread of the 
exatation wave m the heart was compared to the 
spread m a stretch of skeletal muscle 
But subsequent research proved the inade- 
quacy of this simple explanation which was based 
largely upon experiments with the amphibian 
heart m which electrodes were placed directly 
upon base and apex 

The exatation wave does not spread in this 
way in the roammahan heart, but is transmitted 
rapidly through a speaal conductmg system, whose 
terminal ramifications penetrate to aU parts of the 
cardiac musculature. It does not follow the muscle 
bundles (p 201) but reaches mnumerable pomts 
m the relatively large areas of the myocardium 
'almost simultaneously Furthermore, even when 
electrodes are placed upon the base and the apex 
of the frog’s heart, the deflection does not always 
mdicate that the muscle beneath the basal elec- 
trode is activated first It depends upon the preasc 
location of the basal electrode, some pomts at the 
base are activated before, others after activation 
of the apex 

Accordmg to the theory of hmtted poleiiltal dif- 
ferences proposed by Lewis, mmute areas of muscle 
become electrically negative to correspondmg areas 
lymg immediately adjacent The rest of the myo- 
cardium IS considered to be electncally neutral, so 
miCTOScopical dectnc cells, called dipoles or decln- 
cal doublets by Craib, are visualized, which consti- 
tute the advancmg front of the wave of exatation 
In contrast to the theory of dislribiiled potential 
dijfa-eticM, m which the difierences of electncal 
potential are created between relatively large 
masses of the myocardium— base and apex— the 
theory of limited potential diSerences considers 
the heart muscle as consistmg of innumerable units 
m which action currents havmg different directions 
at any given instant and from one instant to the 
next, are developed Some of these will neutralize, 
others will remforce, one another It is the algebraic 
sum of these potential changes which determines 
the potential differences as recorded by the elec- 
trocardiograph It can be represented by a Imc — a 
rertor^avmg a certam defimte duection and 
magmtude The resultant of the electromotive 
forces developed withm the heart and recorded at 
any instant is spoken of as the eU^iMl axis of the 


heart It IS the direction and magmtude of current 
flow, le, of the electrical axis rather than the 
location relative to one another of two oppositely 
charged masses of cardiac muscle, which determines 
the characters of the electrocardiogram 
A general theory of the genesis of the electro- 
cardiogram founded upon the classical membrane 
theory (chap 62) seems to be m best agreement 
with the physiological and anatomical charac- 
tenstics of cardiac muscle The membrane theory 
in Its general application is as follow s The electro- 
lytes withm any living cell differ in-kmd,and in 
concentration from those in the surrounding fluid 
The intracellular and extracellular constituents 
are separated from one another by a semipcrme- 
able membrane— permeable to some ions but 
relatively, or absolutely, impermeable to others 
Ions became aligned on the two sides of the mem- 
brane— those on the inner side being negatively 
charged, those on the outer side carry ing a posi- 
tive charge Thus an electrical potential is es- 
tablished between the two surfaces of Uic mem 
brane The polarity of the membrane is shown in 
figure 23 7 IThen a stimulus is applied to the cell, 
membrane permeability is reduced, a leakage of 
ions across the membrane follows, i c , depolariza- 
tion occurs, and a current flows withm the cell 
from the depolarized region to the adjacent part 
which is still in the polanzcd slate, and in the 
opposite direction on the other side of the mem- 
brane (fig 23 7) Activity, then, is assoaated with 
dcpolanzalion, recovery with repolarization (The 
mechanical change m the cell follows upon the 
electrical change and is not responsible for it ) 
No electncal changes are created in the resting, 
uninjured state of the cell, when its membrane 
surface is completely polarized or when it is com- 
pletely depolarized An electromotive force is pro- 
duced only dunng depolarization or rcpolanzation 
Now the cardiac muscle is a svncvlium, that is, 
a multinucleated protoplasmic mass, being un- 
divided like skeletal muscle into small units by' 
membranous partitions The auricles ta ken t o- 
gether may, therefore, be_considcred as-a-singlc 
cell and the ^ o^ ventndes another These tw o 
cell units are connected only by the junctional 
tissues Consequently, changes in electrical po- 
tential will occur only when depolarization occurs 
at some part of the cardiac surface — endocardial 
or epicardial — where the myocardium is covered 
by membrane Only when the impulse “breaks 
through to some part of one or other surface 
will an electncal change be recorded m the elec- 




Fig 23 6 Description m text. 


Fig 23 7 Descnption m text 


trocardiogram Thus, an explanation is given for 
the fact that, according to Elatz, an injury within 
the sub^ancc of t he rn yo cardium g i ves no ele c- 
trocardiographic e\adence of its presence unless 
it ex^ds to the enddcardiurtT ^or e pic ardium 
ThF^cOTrse of the processes of depolarization and 
repolanzation m tune and space are reflected in 
the contours of the electrocardiogram Though 
they cannot be followed preasely, a certain de- 
gree of orientation of the course of the electncal 
events has been shown Depolarizatio n spreads 
f rom the S-A node through the auncularlnusH e, 
causing the P nave, repolan za tion comm ences 
almo st immediately after and follows approx- 
“ imatel y th7r''sarfnr~course'^ depolanzation^^ but 
progress^ more slovvdy It gives nse to the Tn 


The changes m electncal potential developed at 
the surface of the heart set up an electric field m 
the surrounding conductmg medium (tissue fluids 
and blood), which spreads eccentrically m a duec- , 
tion at right angles to the course taken by the 
depolarization or repolanzation process 

THE ELECTRICAX AXIS OF THE HEART 

The electncal axis of the heart has been defined 
on page 223 as the resultant of the electromotive 
forces developed m the heart and recorded at any 
instant 

Determination of the electncal axis of the heart, 
vectorcardiogram, spatial electrocardiogram 

In the method of Emthoven and Fahr the electncal 


wave Reachmg the upper part of the septum on 
either side beneath the endocardium, the impulse 
causes depolanzation The Q wave is inscnbed 
It then spreads through the septum and, by the 
arborizations of Purkmje, to all parts of the ven- 
tncular muscle, m which large areas are activated 
at mnumerable points almost simultaneously De- 
polarization spreads to the apex, then to the muscle 
in the interventncular grooves, then to the IjAeral 
lya fe of the nght and jgftjventocles, and finally to 
the~ cpnus region ^T^e n ght_ySDtocIe As the^ 
depolarization process takes this course, the R 
and S deflections are produced The depolarized 
state persists for an ap preaable time, and, since 
it mvofves the entire ^rface of the ventricles, no 
potential difference exists and the electncal record 
follows the base-line (i soelectri c or isopotent ial 


axis of the heart projected m the frontal plane of the 
body IS delermmed as follows A deflection or group of 
deflections (e g , QRS) in each of the three standard 
leads IS drawn to scale on the corresponding side of the 
triangle Perpendiculars are dropped from simultaneous 
pomts on the deflections toward the center of the 
triangle A Ime jommg the mtersections of these per- 
pendiculars gives the direction, and its length the 
magmtude of the potential difference between the 
simultaneous pomts aS projected m the frontal plane 
of the body Any number of such vectors can be drawn 
from a correspondmg number of simultaneous pomts 
Three are shown m figure 23 6, each is known as an 
lj utanlaneons electncal .a xis If the distal ends of the 
hues are jomed a loop is formed the long axis of which 
IS called the modal electncal axis, it mdicates the maxi- 
mum manifrat potenual value of the electrocardio- 
graphic deflection whose axes are represented If a large 
number of instantaneous axes are drawn and their ends 


bne) This constitutes the S-T interval or segment joined the loop so formed is irregularly elhptical m 
Repolanzation then commences, and p royeeds^gjjape and jg called a vectorcardiogram m the frontal 
relatively ^wlv to create~ an~electromotive fo rce} plane If mstantaneous electrical axes sue determmed 
whi^ gives rise to~~tbe~T w^e m a similar manner m the sagittal plane, and the 
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vcctorcardiograrQ combined mtb one m tbc frontnl 
plane, a three dimensional or sp alta l vectorcardiogram 
ran he constructed 

The Tolalion of the electrical axis 

Determinations of the electncal ans at successive 
moments throughout the cardiac cj de have shovm that 
its direction is contmually changmg This follows 
naturally from the fact that the electncal axis is an 
expression of the balance that has been struck at the 
moment between separate action currents Smee the 
directions of these vary from instant to instant, the 
direction of the resultant force would be expected to 
vary likewise (fig 23B) Dunng the spread of the ei- 
atation wave m the heart the electncal axis swings m 
an orderly manner from left to nghL 


DEVIATION OE THE ELECTRICAL AXIS 


The direction of the electncal axis, of course, 
bears a relationship to the anatomical axis of the 
heart. The latter may be taken as passmg longi- 
tudinally through the mterv'entncular septum, 
bemg directed forward, downward and to the left 
and rou^y parallel to the side of the triangle 
represented by lead II Obviously, changes m 
the position of the heart m relation to the sides 
of the tnangle enclosmg it will, by causmg corre- 
spondmg alterations m the direction of the elec- 
tncal axis, be reflected in the electrocardiogram 
The heart alters its position shghtly dunng or- 
dinary respiration During expiration, as a result 
of the ascent of the diaphragm, the apex swings 
upward and to the left, i.e , anti-dockwise, and 
the heart assumes a more transverse position, the 
opposite movement occurs dunng inspiration 
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Fic 23 S A diagram of the human heart m sect 
representing the dueebons m which the exatal 
wave sprrads m the human ventnde and the tmu 
swnds at which, after its commencement m the v 


Even changes m the positron of the body (tummg 
m bed from one side to the other) or distension 
of the stomach may cause slight changes in the 
direction of the anatomical axis A_rotatiQn of 
the heart to the left tends to alter Hie directi on 
of the electncal axis (le/f axis devidltoti\jn such a 
"way as to increase the amplitude of the R wave 
and reduce the S -wayejnjeadj, and to reduce the 
R wave and mcrease the S wave in lead HI The 
more transverse position of the heart tends also 
to reduce the P and T wav es m lead m or to cause 
mversion of the T wave Movement of the heart 
mto a more vertical-positiDn_prodiices the oppo- 
site, effects (ngliL axis-dexiaUon) upon the QRS 
complex— reduction m the height of the R wave 
m lead I with an increased depth of the S wave, a 
small P and an upnght T In lead HI the am- 
pbtude of R is mcreased Rotation of the heart may 
result from tumors, hvT>er^op]^' of,the ventn de. 
elc. In the rare dev elopmental anomaly — complete 
transpiosition of the heart (dextrocardia) — immer- 
sion m lead I of all the wav’es of the electrocardio- 
gram occurs A similar ECG isjproducedLlf the 
arm leads of a_nDnaaLDetson-are_reve rsed , o ne 
t^en from the nght precordmm is the mirror 
image of the normal taken from the left side The 
heart lies with its ajpex^pointing^to the nghL 
Displacement of the heart as a whole, as by' a 
pleural effusion or pneumothorax, is less likely to 
produce changes m the electrocardiogram than 
when it undergoes rotation 

It has been menboned above that divmision of 
one branch of the bundle disturbs the electncal 
balance of the heart, an abnormal deviabon of the 
electncal axis to the nght or left will be"^result, 
mterruption of a branch of the bundle by disease 
causes a similar distorbon of the electrocardio- 
gram (see p 229) In cardiac hv’pertrophy and 
ventncular e.xtrasystoles abnormal deviabon of/ 
the axis will also occur ' I^ft bundle branch block, 

I kfLxeutncularhy'perbophy and)nghtveSncular 
extra^ stoles (see fig 23 9, p 225/Suse left aids 
dev^bon, nght bimdle branch block, n^t 
ventncular hypertrophy and left ventncular ex- 
trasystoles (see fig 23 10) produce nght a -ns devi- 
abon 

There has been a considerable amount of dis- 
cnission concemmg the mode of produebon of the 
electrocardiographic features of v'entncmlar hyper- 
trophv The followmg explanabons have been 
advanced 

(1) That It is due to the g reater mass of miisd e. 
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the electncal changfes occurring in the hypertro- 
phied chamb er overbalahcing't Eose'of the normal 
side This theory has been disproved by the dis- 
covery that the electrocardiographic features 
which were thought to be produced by one ven- 
tncle are actually produced by the other (p 229) 
In other w'ords, the electrical changes in the 
soutid ventncle overbalance those of the hyper- 
trophied side ^ 

(2) Altered position of the hcar l The greater 
mass of the hjiicrtrophied ventncle causing rota- 
tion of the heart around its longitudinal axis, this 
probably plays only a mmor r61e ^ 

(3) Slowed condiichon o ver the bundle branch 
supplying the hypertrophied ventricle as a result 
simply of the lengthemng of the conduction path- 
way mcidcnt to the enlargement of the ventncular 
cavity, or to actual injury of the conducting tissue 
associated in some way with the cardiac disease 
According to Barker and associates one or other 
of these tw’o factors is the most probable explana- 
tion of the characters of the electrocardiogram in 
ventnc ulaLhypexttophy 

Conditi ons associated with Jlattemns or imerston of 
the T wave Vagal andlijra^thetic stimulation may be 
followed by in version of the T wa ve Inversion also 
appears in the early stages of d igitalis poison ing, after 
the administration of adrenah ne. qu imdin e and other 
drugs, and in acute infei^ ns In these instances there 
may be httle or no altnation in the QRS complex 
Inversion of the T wave in leads I and 11 is taken m 
general as a very unfavorable sign and frequently ac- 
compames grave cardiac disease But though it is true 
that m a senes of cases showmg persistently an in- 
verted T the duration of hfe is shorter than in those in 



Fig 23 9 Abnormal axis deviation a, left ventncular 
hjipertrophjfj b, nght ventncular hypertrophy, verti- 
cal lines mark i sec. (kmdness of Dr John Hepburn) 


which it IS upnght, the direction of the wave neverthe- 
less cannot be rehed upon alone m amvmg at the 
prognosis of an mdividual case The deflection may be 
inverted in temporary and comparatively unimportant 
conditions, or it may be upnght though a fatal ter- 
rmnation from cardiac failure is immmenL Flattenmg 
or sbght mversion of T m lead HI is of no significance, 
it may occur in perfectly normal persons 

The Venous Pulse 

Pulsation m the large veins at the root of the 
neck IS a normal phenomenon which can be demon- 
strated by means of special apparatus It is only 
under abnormal conditions, however, and then 



Right a»b devlatlan 

rotation of the heart to the right 

tight bundle branch block 
right venlncular hypertrophy 
lettcxtrasystole * 


Lett aria deviation 

rotation of the heart to the left 
left bundle branch block 
left ventricular hyp ertro phy 
right eztraaystole 


Fig 23 10 Diagram to illustrate nght (beaded arrow) and left (interrupted arrow) ^s deviation Normal elec- 
tncal axis shown by arrow with solid shaft Electrocardiograms are for standard lead I 
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only occasionally that the pulsations arc visible 
to the eye Valuable mformation concerning the 
events of the cardiac cycle from an expcnmental 
as well as from a clinical pomt of view can be 
gamed by a study of ]ugular pulse records 
The pulsations occurrmg m the jugular bulb are 
the result of px^re ch^gK occurring within the 
rjght auncle Smce the vem is m direct comrauni 
caUon with the mtenor of the auncle, changes in 
volume and pr^ure, which correspond closely 
to the pressure fluctuations of the intra auricular 
pressure curve, are transmitted to the column of 
venous blood The mtra auncular pressure is 
influenced by events occurrmg not only in the 
auncle itself but by pressure changes transmitted 
from the ventnde For this reason a study of the 
waves of a jugular tracing enables the true rela- 
tions of the different events of the cardiac cycle 
(auncular and ventncular) to be determined 
The jugular tracmg, though the counterpart in a 
quahtative sense of the mtra auncular pressure 
curve, gives no quantitative information, being a 
record of volume and relative pressure changes 
only, and no entenon of the absolute pressure 
values developed in the auncle The \\avcs_c^and 
V represent ventncular ev^ts and arc m conse- 
quence spoken^oT as~the ventncular complex 
The mterval between the commencements of the 
o and c waves (o-c interval) mdicatcs the time 
"dapsmg between auncular and ventncular systoles 
."and its duration is an mdex of the conduction 
(rate between the two chambers 

The waves of Ihe venous pulse arc given the same 
lettermg as those of the auricular pressure curve 
(p 205) Their mam features are 

Positive wave a due to auncular systole. 

Negative wave x due to commencement of auncular 
relaxation. 

Positive wave c,due to ventncular contraction and 
bulgmg of A-V valves into the auncle 

Negative wave x* due to drawmg down of A-V sep- 
tum and the discharge of blood from the thoraac 
cavity 

Posibve wave xjlae to fillmg of auncle which is 
closed helow by A V valves. 

Negative wave y due to opemng of AJLtalves and 
emptying of auncle mto the ventnde. 

In figure 23 11 is shown a typical venous pulse. The 
waves show their disUncbve characters which may be 
recognized almost at a glance. Venous traangs from a 
chmeal case, however, are frequently atypical and pre- 
sent a confused senes of irregular w'aves which are 
impossible to identify by mere inspection Sometimes 
successive waves, for mstance, o^and c, or v and a, arc 



merged together At other times certain wa\cs arc 
absent \Vc must then have recourse to some method 
of distinguishing the vanous fluctuations in order to 
interpret the traang An nrtenal tracing senes as a 
key In figure 21J (p 207) the inti acard iac, % c nous , and 
arterial cunes arc_nccuralel> supenmposed, that is, 
they all commence at the same instant. Conscqucntlj 
synchronous c\ents he along aertical lines intersecting 
the several traangs In the case of the jugular traang 
the commencement of the upstrol e of the carotid is 
synchronous with the commencement of the c wave 
The upstroke of the carotid or of the radial arterj is 
practicallj alwaja a landmark which is clcarl> dis- 
cernible Therefore, if one could take a \ cnous traang 
accuratcl) supenmposed with a carotid traang a \crti 
cal line drawai through the commencement of the up- 
stroke of the latter would when extended through the 
venous curve indicate the commencement of the e wave 
It IS not feasible, however, to do this, but the time 
relations of the two vmting levers can be correlated bj 
means of what arc known ns ah^nment mark s That is, 
while the wnUng surface is at rest the two levers are 
given a light tap so that each mal cs an upnght mark 
The marks arc used as points from which measure 
ments iraj be made and the two tracings sjTichroniicd 
m an indirect way Thus(cf fig 23 11) the distance from 
the alignment mark AL to the carotid upstroke is 
measured This distance is then laid off uiion the venous 
Ij^ng commencing from the alignment mark AL 
It vnll indicate a point on the jugi^r traang_corre 
sponding to the commencement of the c wa ve Vhen 
the nrtenal traang is taken from the radial, as is most 
commonly done, the procedure is the same, except that 
a distance representing -fa second, obtained Jrom the 
time traang, must be deducted from the measure- 
ment This Is the difference in the times of arrival of 
the pulse at the carohd and the radial The instrument 
employed for the clinical registra tion of l ugular and 
a rtenal pul ses, and originallj 'ilcviscd bj Mackenzie, 
IS knowai as the ^poly ^aplf) 

In determining The length of the artenal pulse wave 
(p 184) a procedure similar to that just desenbed is 
followed in timing the successive amv als of theweveat 
two points in the artenal tree 
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The following IS a convenient classification of 
cardiac irregularities 

A AJJcclious of rhythm due to impaired conduc- 
tion Ihroush the A-V bundle and its ramifica- 
tions 

I Stem of bundle 

(1) Delayed conduction 

(2) Missed beats, partial heart block 

(3) Complete heart block 

n Bundle branch block Intraventricu- 
lar block 

B Wolff-Parhnson-Whitc syndrome 
C Affections due to abnormal impulse formation 
I Extrasystoles 

(1) Ventricular 

(2) Nodal 

(3) Auncular 

II Paroxj'smal tach 3 'cardia 

Auricular, nodal and ventricular 

III Auricular flutter 

IV Auncular fibrillation 

V Ventncular fibrillation 
D Alternation of the heart 

E A ffcctions due to vagal influences 
I Sinus arrh> thmia 

II Phasic irregularity 

III Sinus bradycardia 

IV Sino-auricular block 

V Aunclilovcntricular block 

A Affections of Rirvniii Resulting from 
Imtaired Conduction 

1 IN THE A-V NODE OR STEM OF THE BUNDLE — 
AURICULO-VENTRICULAR BLOCK 

In animals, conduction from auricle to ventricle 
can be depressed or blocked by crushing, cutting, 
or the application of cold to the A-V bundle 
This strategic point in the pathw ay of the excita- 
tion w'ave IS also attacked by disease, and conduc- 
tion through it may be depressed or completely 
fibohshed Depression of conduction through the 
node or bundle vanes in degree Three stages arc 
recognized 

(i) Delayed conduction 

In this stage conduction is merely slowed, every 
impulse reaches the ventncle The intervals be- 


tween the auricular and ventricular systoles (Ag- 
Vs intervals) arc lengthened and may have a 
duration of 0 5 second, though, as a rule, they are 
considerably shorter than this The condition 
can be recognized only by means of the electro- 
cardiograph or a venous pulse tracing Lengthen- 
ing of the P-R interval in the former tracing, or of 
the a-c interval m the latter, beyond the normal 
maximum of 0 2 second is taken to mdicate de- 
layed conduction (fig 24 1) 

(2) Missed beats — partial heart block 

VTien impaired conduction reaches a certain 
degree, impulses from time to time fail to reach 
the ventncle, and a beat is missed The auricular 
beats are perfectly regular, and m this way the 
condition differs from smo-auricular block (p 240) 
A ventncular beat may be missed only occasionally 
and at irregular intervals The P-R interval of the 
electrocardiogram, or the a-c interval of the venous 
pulse, may generally, though not mvanably, be 
seen to lengthen progressively for several heart 
cycles preceding the dropped beat The penods 
of delayed conductioh preceding the missed beat 
are called, after their discoverer, the Wencke- 
bach penods The interval of the cycle succeed- 
ing the missed beat is shortened again to near the 
normal length In a further stage of the condition 
the beats are dropped more frequently and may 
be spaced at cither regular or irregular mtervals 
in the tracing VTien the grade of block is still 
more advanced, impulses fail to penetrate the 
bundle after every second auncular beat, or three, 
or even four auricular contractions may occur 
before an impulse reaches the ventncle, i e , the 
ventricle responds only to every third or fourth 
auricular beat So, an aunculo-ventncular rhythm 
becomes established in which the two chambers 
beat in the ratio of 2 1, 3 1, or 4 1 The first of 
these IS seen most frequently, the second is the 
least common (fig 24 1) 

(J) Complete heart block 

When the A-V node or bundle offers an absolute 
barrier to the passage of the impulse, the dissoaa- 
tion of the rhythms of the two ventndes is com- 
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Fig 24.1 Upper tracme, d(ia\-ed condocfaon, lead I Lower traang, incomplete heart bloa, ted 1 



tncle. The obhqneij directed lines represent conduction oier the 4 \ hunolc, tne sio ver me ronuucuon raic mi 
more oblique the line The gaps in the lower rectangles indicate missed beats of the \cntnde U will be notcr 
that delaj in conduction increases progressive)! in successive cveJes until a lical is missed Hcaw vertical line; 
= i sec. 


plete(fig 24J2) The aundes beat at their own rate 
of about 70 per minute and the ventnde at its 
inherent rate of about 35 The latter is then 
spoken of as the icho-v entnc ular rhiThm Both 
ventndea beat simultaneous!} This fact sug- 
gests that when the v entnde assumes this rate it is 
under the control of some single region possessing 
the power of rh}'thniical actmt} From experi- 
mental mvesbgation it appears that the control- 
Img center is the A-V bundle below the site of the 
lesion The speed with which a particular region 
of the heart can develop and discharge impulses 
apparentl} determines its abflity to dominate 
other regions It has been mentioned that when a 
region of higher rhvthnuat}' is destro} ed or iso- 
lated the region next m order of ih}-thniical power 
assumes the rble of pacemaker (pp 198, 242) 
When, for instance, the S-A node is destro}ed or 
isolated the A-V node assumes control, and v hen 
this or the upper part of the bundle is separated 
from the tract of tissue below, the lower I}'ing 
portion takes over the govemment of the ven- 
tricular rate. 

Partial and complete heart block are accompanied 
by changes m the rhj-thm of the artena! pulse. VTen 


beats arc missed occasionalK the pul'C mtcrmit 
cither at regular or incgular intervals In the mor 
lullv developed conditions marled slowing (brad} 
cardia) of the pulse occur' W'lblc pulsations in th 
veins at the root of the neck mav occur, for the aunck 
m contracting upon a larger volume of blood accu 
mulated as a result of the mfrcqucnc} of the v entneub 
contractions, causes a pronounced wave to be tram 
mittcd along the jugular \ certain proportion of th 
venous pulsations mav be seen to be unassociate 
with an artcnal pulse Sometimes a sound ma} b 
heard over the heart at the time of the isolated venou 
pulsation smee the auricular contraction is unusuall 
forceful and the sound vibrations thus set up are no 
smothered bv the first heart sound which, in the norm 
all} beating heart, follows so closclv upon auncub 
s}stole 

The venous pulse traang and clectrocardiograr 
show charactcnsbc features The a and P waves of th 
respective records occur at the usual times, but th 
ventneubr complex (c and r m the venous curve an 
QRS and T in the electrocardiogram) is absent, a ga 
appearing m the traang each time a beat of the ver 
tncle IS missed In incomplete heart block, as on 
would expect, a reblionship between a v entneub 
complex and a preceding auncubr wav c can alw 3 }'s b 
made out, whereas m complete blocl there is no icb 
bonship In the venous pulse, for example, the a an 
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c vra\cs may occur svmultaucouslj , and produce a 
large 0 + c u-ave Or the a and v vra%es may coinade 
Corresponding cflccls are produced upon the electro- 
cardiogram 

Temporary heart block may result from %anous (oinc 
agents, c g , digitalis, strophanthus, quimdine, etc , 
Vihich exert a speaCe effect m depressing aunculo- 
\entncular conduction Heart block may be a sequel 
or an accompaniment of scicral acute infectious mala- 
dies, c g , diphthena, rheumatic fever, etc It is pro- 
duced m animals b> asphj’xia (p 2S0) Increased 
\agal tone is sometimes responsible for delajed con- 
duction over the A-V bundle Partial heart block is 
not uncommonl}' seen in the course of rheumatic fever 
and IS then, in man> instances, of vagal ongin, bemg 
temporanij abolished by atropine Persistent heart 
block due to increased vagal tone and abolished by 
atropine occasionallj occurs 

Slokes-Adams syndrome This condition was first 
dKcnbcd byAdams (1827) and later bj Stokes (1842) 
Its features arc a sloa pulse and syncopal attacks or 
convailsivc seizures, usuallj epileptiform in character 
The term includes am' condition of vascular ongin in 
which these features are assoaated, and it is probable 
that the underljang morbid state upon which the sjm- 
dromc depends is not identical in all instances (see also 
caroUc sinus, p 283) In the majonty, hoaever, the 
slowed cardiac action is the result of heart block, and 
the cerebral symptoms arc the direct result of the 
brad 3 cardia The prolonged pause between beats per- 
mits the diastolic pressure to fall to a low level, the 
blood supply to the cerebral centers suffers in conse- 
quence Hardening of the larger artenes or aortic 
regurgitation, etc , when present in association with 
heart block, must enhance the effect of the bradycardia 
upon the diastohc pressure That heart block alone is 
capable, however, of causing the syndrome was shown 
by Erlanger and Blackman (p 201) who reported 
similar syncopal and convulsive seizures in dogs after 
division of the bundle Adrenaline or ephednn has 
been employed with some success 

n BUNDLE BRANCH BLOCK — INTRA-VEN- 
TRICULAR BLOCK 

When one or other of the primary divisions of 
the bundle is blocked by disease the impulses 


reach the muscle of the two ventricles asynchro- 
nously The ventnde of the sound side is activated 
a fraction of a second before the other The 
affected ventricle is excited later by the escape of 
the impulse from the healthy side through the 
septum (p 222) The imbalance bctw’een the 
electrical effects in the two ventricles pro- 
duces characteristic electrocardiographic features 
Bundle branch block is most commonly associated 
with coronary disease The left branch of the 
bundle is involved five times more frequently 
than the right (see also p 224) 

It may sometimes be of interest to know in 
which branch of the bundle the block occurs 
Barker, MacLeod and Alexander stimulated the 
surface of the exposed human heart at different 
pomts and obtained extrasystoles (p 230) whose 
characters indicated that a record in which the 
mam initial deflection is upward in lead I and 
dow'nward in lead m is due to disease of the left 
bundle branch and that an electrocardiogram m 
which the mam initial deflection is downw'ard in 
lead I and upward m lead III is due to disease of 
the right branch Roberts and associates m expen- 
ments upon the cat and the monkey, also found 
that division of the right branch produced a 
record m which the mam mitial deflection was 
downward m lead I and upward in lead III 
Opposite effects resulted from division of the left 
branch 

The direction of the T wave (upward or down- 
ward) IS usually opposite to that of the mam de- 
flection of the QRS group Thus m disease of the 
right branch the T wave has the normal direction 
m lead I but is inverted m lead HI Bundle 
branch disease is of the gravest significance, the 
subject rarely survivmg many months after it has 
been discovered The electrocardiograph is the 
only means by which it can be recognized Dis- 
tortion of the electrocardiogram similar m type to 
that seen m bundle branch block occurs m other 
conditions (p 224) but a distmguishmg feature of 
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Fig 243 fl, left bundle branch block, 6, nghtbundle 
branch block Note lengthenmg of QRS (^mpare 
with fig 23 8 (kindness of Dr John Hepburn) 


the former is lengthening of the QRS comples 
bejond the normal maximum of I’s second In 
disease of the left branch of the bundle the Q E 
mtenal is prolonged ovong to the lag m \entncu- 
lar ejection 

B W om-PXRKI^SON HITE (WTWO SyVDROUE 

In this rare congenital anomalj the P-R intcnral 
of the electrocardiogram is shortened and the QRS 
complex prolonged The P-R mtenal is 0 12 
second or less and the QRS complex extended to 
o\er 0 10 sec- The shortened P-R mtenal mai be 
due, m some cases, to an accesson conducting 
strand between aunde and lentnde Buttemorth 
and Poindexter fashioned an e-xtra electncal con- 
duction pathwaj m the dog’s heart, which, when 
stimulated, produced an electrocardiogram similar 
to that characteristic of the simdrome Wood and 
Wolferth, m the histological examination of the 
heart of a patient which had shown this smdrome, 
also found three accesson pathwai s from the right 
aunde to the x entnde 

On the other hand, cases of the TOW s>Tidrome 
occur in which no anatomical anomal> m the con- 
ducting sj-stem can be demonstrated, and e\en 
when such exists there is no condusiie endence 
that It IS the cause of the accelerated aunculo- 
lentncular conduction Pnnzmetal and his col- 
leagues ha\ e produced tiTneal WTW complexes m 
dogs bi applj-mg a non-intemipted direct current 
of subthreshold sUength to the \-V node, but 


such complexes could not be induced after sever- 
ance of the \-Y bundle— an indication that the 
impulses traverse the normal A-V connections 
These inv cstigators earned out a large number of 
similar c-xpenments in which the movements of the 
heart were recorded b> high speed cmcmatographj , 
and the records analvzcd after slowing down to 
half speed Thev condude from their obscrv alions 
that the accelerated conduction of the WPW s\ n 
drome is due to shortening of the delav of the 
impulse at the \-V node to a fraction of the normal 
which amounts to about 0 12 seconds 
These expenments have thrown considerable 
doubt upon the anatomical explanation of the 
Wr\\ svndrome Prinzmetal and Ins colleagues 
consider it to have a ph> siological rather than an 
anatomical basis 

The prolongaUon of the QRS complex is at- 
tributed to a functional bundle branch blod 

C DlSTLRCANCESOFRHTTHMDtTTO \BN0RMAL 

Impulse Poraiatios 

I EMRASVSTOLES or PREMATURJE CXlNTRACnOXS 

An extrasv stole can be induced ttiJcrimcntaliv 
b> stimulating the cardiac musde at mv time 
except during its phase of absolute rcfractonncss 
(p 189) Extrasv stoics occur in the human heart 
as a result of some abnormal process of impulse 
formation Though extrasv stoics mav be asso- 
ciated V ith organic heart disease thc> more fre 
quenth occur in its absence, thc> mav then be of 
reflex origin initiated from the abdominal va=cera 
or be due to some form of intoxication, e g , digi 
tails, chloroform anesthesia, hvpcrthv roidism, 
e-xccssivc smoking, etc Beattie, Brow and Long 
produced extrasv stoles in cats b> stimulation of 
the hvpothalamus (ch 67), and their occunence 
in man foUowang brain lesions has been reported 
bv Lucke and bv Rorth, which mdicatcs that in 
some instances thej are of central origin The 
aunde or the v entnde ma> be the site of ongin 
of the premature contraction, or the extra im 
pulse maj arise in the A-V node (sec diagrams, 
fig 244) 

(I) I enlrmdar cxlranslolcs 

The premature contraction occurs after the 
normal v entncular beat has ceased and the musde 
has recovered from its absolute rcfractorv state 
It IS not preceded bj an auncular contraction, and 
is not dependent upon an impulse rccen cd from 
the upper chamber (fig 24.5) The premature con 
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traction followed In a long pause Tins is 
usually of just sufiicicnt duration to cause the 
succeeding normal icnlncuhr heat to ocair at the 
instant that it would lia\ c occurrcrl had llicrc liccn 
no premature contnction The came of this 
con prnsolory pause has been explained elsewhere 
(p 190) Bncfl\ , it IS due to the normal impulse 
rcacliing the acntridc when the muscle is still 
rcfraclora ns a rc-sult of the premature heat The 
intemil hetwetn the normal heat and tlie one 
follov mg the premature contraction is therefore 
equal in length to two normal cardne c\dts (fig 
24 4, I) Somctimu:, howexcr, when tlie extra- 

stole occurs carU in diastole and the heart rate 
is slow there ma\ he no compensaton pause 
Tlie auricular impuhc then readies the eentneu- 
lar muscle after it ins rccoeercd from the rcfrac- 
ton slate resulting from the premature heat, the 
auncular impulse therefore brings about a re- 
sponse at, or (as a result of 'omc lengthening of 
the \, \, intenal following Uie jircmalurc beat) 
slightlj after the usual time 71ie normal ecn- 
tncular s\ stoics arc then all equalK or ncarl> 
equalh spaced and the extra contractions arc 
inter]tQsed here and there between them Tliat is, 
the time interval from the nonml heat preceding 
the extra contraction to that following it is of 
normal length or liut slighlh lengUicned Prema- 
ture beats of this nature arc called inierpolated 
rxira^'i sides ' 

(2) iurteuhr exlra^ylcles 

Tlie premature contraction nn«cs in the aundc 
at some point outside the S \ node The abnor- 
mal imjiulsc readies the \cntridc along the usual 
paths and cxolcs a \cntnailnr contraction, unless 
the auncular beat is so premature that sufTiacnt 
lime has not elapsed to permit the> recovery of 
the \cntncular muscle from its refractor) slate 
The latter, except for its time relations, is ap- 
proximatcl) normal An auricular extras) stole, 
therefore, causes a premature contraction of Uic 
whole heart Phe premature auncular heat pre- 
vents the occurrence of the next normal auncular 
imjiuIsc and the pause of Uic aundc winch follows 
the abnormal auricular contraction is usually 
precisely equal to a normal interval This fact 
has been cxidained upon the assumption that, 
normally, impulse formation in Uic S-A node is the 

* It should Ik. noted that except in the ease of inter 
pointed jjcits there is not an extra or additional beat, 
os the term extras) stole seems to imjd) The pre- 
mature beat, m effect, disjilaccs the normal beat 




Pic 24 4 (After Lewas) I A diagram illustrating 
disturbance of the heart's mechanism when a splole 
IS caused b) exciting the vcntnclc during diastole Ic, 
initial c)clc. Ic, forced or extras) stohe evde, Re, re- 
turning cvclc, and Ksc, rcstorcti evdes p is the pre- 
mature or forced heal Note that the auricular rli) thm 
remains undislurlvcd flic forced and returning c)clcs 
arc together equal in length to two initial c)clcs II 
A diagram illustrating the events when a premature 
contraction is excited from the pacemater Stimulus 
production in the tissue viiiich originates the heart 
rhv Uim is indicated b) the line S 1’ , the impulse is 
sujmoscd to discharge when it reaches the (me xx' 
and to fall at each contraction of the heart to the level 
)■)' c and d arc equal in length III \ diagram illus- 
trating a premature beat ansing in the A-V node 

result of the liberation of cnergv whidi has been 
built up during the previous quiescent period 
Upon the occurrence of tlie abnormal impulse this 
store of cnergv , accumulated for the normal im- 
pulse, IS disdiargcd and a definite time inlcrv'al 
must elapse before it is again built up to the re- 
quired level (see fig 24 4, II) Sometimes, how- 



Eio 24 S Vcntncular cxtrasvstolcs (bigeminal pulse, 
p 234) arising in right vcntnclc — left axis deviation 
(p 224) (Kindness of Dr John Hepburn ) 
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ever, the interval foUowmg the premature 
contraction 13 shghtly lengthened, suggesting that 
the rate at uhich the S A node builds up its store 
of energy is lowered In any event, there is rarely 
a long (compensatory) pause following the beat 
of the vciitnde, the interval between the two 
normal beats, 1 e , from the beat preceding to the 
one succeeding the premature contraction, being 
nearly always shorter than two normal cj’clcs 
In other words, the normal auricular impulse 
followung the premature auricular contraction 
upon reaching the ventndc docs not “miss fire”, 
as m the case of vcntncular extrasystolc, but calls 
forth a response from the vcntncle 

(3) Nodal cxlrasystoles 

Extrasystoles occur sometimes as a result of 
impulse formation m the A-V node or supra%cn- 
tncular part (stem) of the bundle On account of 
its central position between the two chambers, 
impulses arising in the A-V node pass upw ard and 
dow nward to cause simultaneous or nearly simul- 
taneous responses from aunde and ventndc 
Sometunes the vcntncular contraction may ac- 
tually occur first, in which case it is suggested 
that the impulse has arisen in the stem of the 
bundle and so has its course to the ventricular 
musde considerably shortened The extra c> dc is 
usually, though not invanablj, followed bj a 
compensatory pause (fig 24 4, HI) 

In rare instances extrasystolcs ansc as a result 
of abnormal impulses initiated in the sino auncu- 
lar node — stuns cxlrasyslolcs Except for the in- 
terposition of the extra beat the rh> thm of auridcs 
and \entndes is but little disturbed The inter- 
val following the extra beat is normal m length 
or shghtly shortened 

The efecls of extrasystolcs upon the characters of the 

dccirocardtogram and of the arterial pulse 

The Electrocardiogram In ventricular cx- 
trasystoles the electrocardiogram shows irregular- 
ity in the spacmg of the ventncuhr complexes 
The foUowmg characteristics are found 

(1) The mtervals betw een the R w a\ e caused 
by the premature beat and the corresponding 
waves of the normal beats preceding and follow - 
mg it, respectively, are altered in length The 
mterval between the last normal R wave and the 
premature R wave is short, whUc the mterval 
followmg this to the next normal R wave is 
prolonged-compensatory pause The time elaps 


mg between the two normal R waves is usuallv' 
equal to the length of two normal cvclcs 

(2) The premature R wave is not preceded by a 
P wave Since the premature vcntncular con- 
traction occurs unrelated to auricular systole it 
frequently happens that a normal contraction 
of the auricle occurs about the same time ns the 
vcntncular extrasv stole P and R waves then 
become fused At other times the P wave folio \s 
closclv upon the premature R wave 

(3) The P waves are cquallv sjiaced and 'omc 
appear which arc not succeeded bv a vcntncular 
complex (refractory period of the ventricular 
muscle) In the case of the interpolated tv]K of 
extrasystolc, however, each P wave is follov ed bv 
an R wave, and no long pau=c is seen 

(4) Vcntncular extrasystolcs also sho abnor- 
malities of the QRS complex which distinguish 
them from premature contractions of auncular or 
nodal origin An impulse ansing in the heart 
below the point where the bundle foils \ til ac 
tivatc one ventricle shghtly in advance of the 
other It is to be exjicctcd then that the QRS 
deflections of the electrocardiogram \ ill be a 
record of unbalanced electrical effects This is 
actualh the case (fig 24 5) In other \ ords, if the 
extrasystolc anses in the left ventricle its record 
will be deformed much in the same manner as that 
already described ()) 229) for right bundle brandi 
block (right axis deviation— mam initial eleflec 
tion downward in lead I and ujiward in lead III) 
If the premature beat arises in the right ventricle 
the electrocardiogram will show the features of a 
left branch defect (left axis deviation— mam initial 
deflection upward in lead 1 and do \ nward h id 
III) 

In auricular cxtras\sto!es the clectrimardiograni 
shows disturbances in the timing of both the 
auncular and the ventricular complexes, but, as 
alrcadv mcntioneal (p 231), a normal or onlv a 
slightlv lengthened pause follows the extra In at 
The P waves arc unequallv spaced but each is 
followed by a ventncuhr complex The abnomial 
auncular wave may coincide with ind be buried 
in the QRS complex of the preceding nomial cvclc 

The records of cxlrasystoles arumg u the 1-1 
node or supraventricular part of the bundle are 
vanable according to the timing of the auricular 
and ventricular contractions When the auricles 
and ventnclcs arc excited simultancousK the P 
and R waves become fused When the two cliam- 
bers arc not activ alcd simultaneously , the P pre- 
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cedes the R \\a\c bv a short mtcrwal, or the order 
of tlic \\a\es nn\ be rc\crscd (R-P interval) 

Tin \RTFRiAt Pui.SF It Ins been demon- 
stnteif tint sc\cnl lonR-rccogni/cd irregularities 
of the pnNc arc the rusult of cxtrasvstoles For 
c\aniple, in (be irrtgularih known as tuicrmiilnit 
piihr (lure niipiar from time to time rclativcl) 
long intcr\als during wliicli no beat is felt in the 
radial (fig 216, a) The intcraals arc most pro- 
nounced wliLii a premature contraction of the 
aentnek which n too weak to open the semilunar 
\ dvos occurs T iiis most commonh hap|icns when 
the heart muscle rcceiaes the abnormal impulse 
during the earlier part of its relatne rcfraclorj 
phase Ihe i>rcmature beat mav be delected In 
hearing a faint first heart sound which is not 
succeeaUd b\ a second sound (p 211) No pulse 
is produced in the radial at the time, nevertheless 
the c\tras\ stole ma\ be followed In a compensa- 
torv pause, and grajiliic records show as a rule 
that the gap in the radial tracing is just equal to 
tv o normil c\cUs Ihit is, a beat is dropped 
DtmpleteU from the arlerid record Flie detection 
of an extra contraction ol the xcntriclc, liowcxcr, 
enables the irrcgularitv to be distinguished from 
the missed beats of partial heart block (p 227) 
vliicli mix gne an arterial tracing with similar 
characHrs 

If xcntricular exlrasx stoles which fail to open 
the scrniluiiar \aUes arc repeated after cacli 
normal beat, the long intcrxals separating the 
latter will cause pronounced slowing of the pulse 
rate* The pauses between the arterial pulses arc 
doubled 111 length and the pulse frcquciia' as a 
consccjueiice is reduced to half the normal llradv- 
cardia produced in this wax and sometimes termed 
false heart hlocK is distinguished from true heart 
blocl In a studv of the xenous pulse or the elec- 
trocardiogram which rexeals the extra xcntricular 
complexes, or the faint sounds of (he extra con- 
tractions m i\ be he ird upon auscultation 



1 10 24 6 ( \flcr Pnee ) a, inlcrniission of the pulse, 
b, jjulsus bigenunus, due to ii single cxlmsvstolc with 
Its succeeding compensatory pause occurring regularly 
after each normal beat ExS, cxtrnsj stole 



Tie 24 7 Top tracing, auricular tachicardia, middle 
tracing, nodal tachycardia, bottom traang, ventneu- 
lar tachycardia (Kindness of Dr John Hepburn ) 


When the cxtrasyslolcs arc forceful enough to 
open the semilunar xalxes, and occur regularly 
one after each normal sx stole, paired pulse beats, 
cadi couple hcing followed bv a long pause, arc 
felt m the radial (fig 24 6, b) This txpc of pulse 
irrcgularitx , which is sometimes seen following 
ox'crdosagc with digitalis, is called the bigamnal 
pulse (Jttilsus btgctrttttus) 

II PAROXXSMAL TAanCARDIA 

This max be defined as a condition m which the 
rate of the heart is greatly' accelerated for a longer 
or shorter period without obvious cause The 
rale xanes in different eases from 140 to 250 per 
minute Tlic onset of the paroxysm is sudden and 
the increased rate is maintained for a x'ariablc 
length of time with perfect regularity', successive 
cycles usually not x’arvmg in length by' more 
than a iiundrcdtli of a second The paroxy'sm lasts 
for onlv a few beats in some instances, in others it 
persists for a few minutes, hours or even days, 
though attacks of more than ten day's’ duration 
arc X'cry' rare (Lewis) The attack ceases as ab- 
ruptly ns it commenced, the heart resuming its 
normal rate almost instantly 

The paroxysm, it is believed, consists of a senes 
of rapidly recurring cxtrasystolcs xvbich com- 
pletely submerge the physiological rhvthm The 
site of origin of the extrasystoles, as m the case of 
single premature beats, may be in the aunclc, the 
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A-V node or stem oj the bundle, or m the ventncle 
(fix 24.7) The auricular t>T)e is the most com- 
mon each auricular impulse spreads to the ven- 
tnde and causes a contraction whose features as 
indicated by the electrocardiogram are normal 
The P wa%e IS frequentl> in\erted 

When the impulses anse m the A-V node or supra 
ventricular part of the bundle, the P-R mtervab of the 
dectrocardiogram are shortened Iniersion of the P 
ivaves IS common Or, the contractions of the two 
chambers ma> be simultaneous, the P waves bemg 
then buned in the ventricular (QRS) complexes 
Again, the contraction of the ventncle maj occur be- 
fore that of the aunde, it then sometimes happens 
that a progressive lengthenmg of the mtervals between 
the R and P waves (R-P interval) of the electrocardio- 
gram IS seen, ultiniatel> an auricular beat is missed 
This 13 termed reversed heart block In other instances, 
as the R-P mtervals reach a certam length, a con 
tracuon of the ventnde occurs prematurelj, and is 
not followed b> a contraction of the aunde. It is 
thought that the ventncular contraction is caused by 
the same impulse that caused the ptecedmg auncular 
beat That is, the impulse ansmg m the node first 
excites the aunde, then re-enters the junctional tissue, 
which has now recovered from its refractorj phase, and 
passes d o w n w a rds to the v entnde. This is spoken of as 
reciprocal rhythm 

When the impulses anse m the ventnde the QRS 
complexes have the characteristics of those caused by 
ventncular extrasystoles (p 230) The auncular 
rhythm is usually undisturbed but occasionally it is 
abnormal, for, when a senes of rapidly recurring con- 
tractions arises m the v entnde the impulses may pass 
along the bundle m a retrograde fashion and activuite 
the aunde to the exdusion of the normal impulse. In 
other words, the ventnde then sets the pace and the 
aunde follows In such instances the P waves are 
mv erted and succeed the QRS deflections, or are buned 
m the ventncular complexes as m the nodal type men- 
tioned abov e. 

m AtmictTLAS PLtrrrER 

There are t« o forms of this disorder, pure and 
smpure flutter In both types the aunde beats 
at the phenomenally rapid rate of from 250 to 400 



Fio 24 8 Pure flutter with a ventncular exlrasystolc 
(kindness of Dr John Hepburn) 


beats per minute, but m pure flutter the rhy^m 
IS regular, m impure flutter it is irregular Hutter 
disSfrom paroxj'smal tachycardia m the foUow- 

“ta)^S^wcular rate of beating is usuaUy much 
greater than that seen in paroxysmal tachycardia 

(b) The disorder is of much longer duration 
peraistmg unchanged for months or years, though 

it IS sometimes transient 

(c) The V entnde fails as a rule to foUov the rate 
of the aunde, a state of rdaUve heart block be- 
comes established as a result of the comparativdy 
long refractory phase of the juncUonal tissue 

(d) It IS produced by the passage of the impulse 
over one or more circular pathways-circus 

motemcnl (p 235) . j * 

Auncular flutter may become converted to 

paroxysmal tachycardia 

In pure flutter the rhy thm is remarkably regu- 
lar (fig 24 8) The lengths of the auncular cy dcs 
vary no more than a few thousandths of a second 
over comparativ dy long penods In impure flutter 
this constancy of cyde length is not seen and 
varying degrees of irregulanty occur In flutter 
the auncular walls do not completely relax That 
IS, though the proportion of active to inactive 
fibers vanes during the rapid beating, at no one 
time are all the fibers m the relaxed state (p 206) 

In the electrocardiogram, therefore, the levd of 
the tracing between the P waves lies for the most 
part above the isopotential Ime, only touching the 
latter for an instant The level of the tracmg 
IS contmually changmg and the electneal changes 
of the aunde are earned over to alter the form of 
the ventncular complex. On the other hand, the 
fibers are never all contracted at the same time, 
so that auncular sy'stole as well as diastole is in- 
complete 

The ventnde rarely keeps pace with the racmg 
aunde, the refractory phase of the conductmg 
tissue bemg longer as compared with that of the 
auncularjmusde As a consequence, a state of 
relative heart blocks devdops and an aunculo- 
ventncular rhythm of 2 to 1, or less frequently, 
of 3 to 1 or 4 to 1, becomes established Should 
the ventnde respond to each beat of the aunde, 
as occasionally happens, senous circulatory dis- 
turbances follow, ventncular diastole is so short- 
ened that the ventnde receives a greatly reduced 
load of blood The output of the heart may be so 
reduced as a result that loss of consaousness re- 
sulting m death may follow 


Chapter 24 


DISORDERS OF HEART BEAT 


235 


IV AURICULAR IXBRILLATION \ 

This conditjon so far as fundamental causes are 
concerned ma}' be looked upon as an advanced 
stage of flutter The auricular muscle is the seat of 
incomplete contractions which recur at a fre- 
quency of from 400 to 600 per mmute So incom- 
plete arc the contractions and so rapidly are they 
produced that the individual beats are scarcely 
dislfngmiHablc from one another The auricular 
ca\uty IS never emptied of blood and its wall is a 
qmvering sheet of muscle Auricular fibrillation 
IS the nmst common of all the serious cardiac 
irregularities, being associated, accordmg to Lewis, 
in 60 to 70 per cent of alt cases of cardiac failure 
in hospital practice It is most frequently seen 
in mitral stenosis and in thyrotoxicosis (ch 58) 
It rarely occurs in the absence of myocardial 
disease 

Onl> a proportion of the auricular impulses pass 
through the A-V bundle and activate the ventricle 
The relatively long refractory period of the con- 
ductmg tissue shields the vcntncle from the high 
rate of the auricular beating The arterial pulse, 
nevertheless, is usually considerably faster than 
the normal (100 to 150) though it may be normal 
or even slowed Those unpulscs w'hich reach the 
vcntncle do so in a somewhat haphazard manner, 
and indeed one of the most characteristic features 
of fibrillation of the auricles is absolute irregu- 
lanty in the rate and force of the ventncular 
beats These features are expressed m the terms 
“dchnum cordis", “complete irregularity of the 
pulse" or “perpetual arrhythmia", which were 
applied to the condition before its true nature 
was recognized A proportion of the heart beats 
are frequently so w'cak that they fail to cause a 
pulse in the radial The apex beat is therefore 
much more rapid than the pulse The former, for 
example, may be 150 and the latter only 60 or 70 
The difference is called the pulse deficit With 
treatment and improvement in the condition of 
the cardiac muscle the pulse rate therefore may 
mcrease 

The venous pulse in auricular fibrillation is of 
the ventncular form, a waves are absent, bemg 
represented by a senes of rapid vibratory waves 
(/ waves) Sunilarly m the electrocardiogram, 
small rapid undulations replace the P waves 
(fig 249) 

Tjif Uvderliing Processes Concerned in the 
Production of Flutter and Fibrillation of the 



Fig 249 Auncular fibrillation, lead 2 (after Lewis) 

Auricles The circus movement theory versus the theory 
of numerous separate points of excitation The observa- 
tion that fibrillation could be induced m ammals by 
electrical stimulation has led to a much clearer under- 
standing of auncular fibnllation and flutter m man 
Lewis, employing faradization as the method of mduc- 
mg fibnllaPon, studied the subject intensively and, 
applying the results of the fundamental w ork of Mayer, 
of Mines and of Garrey conceived that the exatation 
w ave followed a circular pathw ay through the auncular 
muscle — the so-called circus movement That is to say, 
the wave startmg at one place took a devious course 
through the cardiac musculature, returned to the pomt 
from which it started and re-entered the path -which it 
had previously traversed Majer induced a circus 
movement in the umbrella of the jellyfish (Medusa) by 
creatmg a local block and appljnng a stimulus to one 
side of the blocked region (fig 24 10, 1, A) The contrac- 
tion wave which resulted was forced as a result of the 
block to take a unidirectional course, and after com- 
pleting the circuit of the disc of bssue returned to the 
region of the block, which by this time had disappeared 
If the tissue from which the wave had been mitiated 
was again excitable, i e , had passed from the refractory 
state, the wave circled the nng a second tune, then a 
third time, and so on repeatedly When, on the other 
hand, the disc was stimulated m the absence of a block, 
a contraction wave set out m both directions and the 
two waves meeting, after havmg completed half the 
circumference of the strip, were suppressed at B (fig 
24 10, n) That is, further progress of the waves was 
arrested, for each came to a region of tissue which, bemg 
occupied by the other wave, was refractory 

Mmes and Garrey hnked up Mayer’s observations 
upon Medusa wnth the fibrillation of cardiac muscle 
Mines showed that a similar circular motion of the con- 
traction wave could be induced m the cold-blooded 
heart Muscular nngs cut from the auricles of large rays 
were employed Garrev thought that he had refuted 



Fig 24 10 (Modified from Lew is ) Black = contraction 
wave Descnption in text 
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the prevailing behef at that time, namely, that fibrilla- 
tion of the auricle was due to the imtiation of impulses 
from mulUple foa throughout the auncular muscle— as 
proposed ongmaU> by McWfiUiam Garry found that 
if he cut a smaU piece from the fibnllatmg auricle, the 
severed tissue at once ceased to fibnllate, an event 
which he contended could not occur if numerous pomts 
of exatation existed, but such would naturally result 
if the impulses traielled over a cmcular pathway from 
which other parts of the auncle were exated He m- 
duced a circulating contracUon wave m large annular 
strips cut from turtles’ ventricles 

Evidence i\as obtamed by Lewis which seemed to 
show that the impulses m the fibnllatmg auncle 
travelled m the natural nngs of muscle enorclmg the 
openings of the vena cavae 

The theory of circus movement has been very widely 
though not universally accepted Brams and Katz 
contended that if a circus movement is responsible for 
flutter and fibnllation more than one orculatmg wave 
must exist They base this conclusion upon the observa- 
tion that if after experimental flutter or fibnllation has 
been established, the auncles (or m the case of ven- 
tncular fibnllation, the ventncles) are separated from 
one another by crushmg betneen them the rapid 
beatmg persists with httle change m each of the sepa- 
rated parts Scherf, as a result of his failure to abohsh 
auncular fibrillation by clampmg or hgatunng the 
auncular muscle m the path of the supposedly circulat- 
ing waves, was one of the first (1928) to throw doubt 
upon the existence of a circus movement A httle later 
Andrus and Carter concluded, from their experimental 
results m which fibnllation was mduced by a smgle 
induction shock apphed to the auncular appendix, that 
the waves did not onginate and travel m a nng of 
muscle 

The most recent and convincmg evidence agamst the 
circus movement theory has been secured by Pnnzmetal 
and his assoaates They mduced auncular fibrillation 
by the apphcation of acoratine to the auncles of dogs 
and observed the auncle by means of high speed 
cmematography They saw no indication of a circus 
movement. Two types of activity were observed, (a) 
contractions and relaxations of microscopic or mmute 
segments of muscle, nhich they term the “IP’ aclmly, 
and (b) stronger contracbons and relaxabons of macro- 
scopic or larger muscle segments which appear upon 
the background of the innumerable “M” contracbons 
This ^-pe of movement they have designated the “L” 
actmty Both types of acbvity are heterorhythmic and 
utterly chaobc, and apparently arise from numerous 
discrete ectopic foa 

The actions of the cardiac glycosides, such as digitalis, 
and of qmmdtne upon fibrillation and 
flutter, and in heart failure 

DioiTAiis belongs to a class of drugs known as the 
cardiac glycosides, which also mclndes sboohanthm 


ouabam (G-strophanthm from S gratus), and squill 
Digitalis m therapeubc dosage exerts a three fold effect 
upon the acUon of the heart (a) It mcreases the force 
of the ventricular contracbon both of the faihng (hypo- 
dynamic) heart, and of the normal mjocardium as 
shown for the isolated papillary muscle of the cat by 
Cattell and Gold This is the drug’s most valuable 
property Ouabam and sbophanthm have a similar 
acbon (b) It depresses AV conducbon, and (c) it 
stimulates the vagus, a reflex effect through the carobd 
smus and the vagus center (Heymans and assoaates) 
This acbon is seen only m the faihng heart, not m rapid 
heart acbon m the absence of failure 

These last two effects cause slowmg of the ventricle 
m fibnllabon and flutter, but exert no significant effect 
upon the rapid auncular rate of impulse producbon 
lie depression of A-V conducbon shields the lentnde 
from the fibnllatmg auncle, the weaker impulses fail 
to reach the ventncle, the pulse therefore becommg 
slower and more regular In therapeutic dosage the 
drug has httle or no effect upon the rate of the heart if 
the auncular rate is normal In o\ erdosage the drug may 
cause complete blockage of impulse conducbon m the 
A V bundle It used to be thought that digitahs was of 
value only m fibnllabon or flutter, but it has been 
shown conclusively withm the last two decades that it 
strengthens the ventncular beat, and is of the utmost 
value m cardiac failure whether or not athcr of these 
arrhythmias are present Indeed it is of little value m 
fibnllabon or flutter unless mjocardial failure exists as 
■well 

Certam effects of the cardiac gljxosides upon the 
metabolism of the m> ocardium have been demonstrated 
which help to explam then- bencfiaal acbon upon the 
cardiac conbacbon (a) The> mcrcase the oxj gen con 
sumpbon of the hearb (b) They increase the ubhzaUon 
of glucose and of lactic and (c) They cause a parbal 
restorabon of the adenosinetnphosphatc and phospho- 
creabne contents of the failmg my’ocardium m which 
these energy rich phosphate bond metabolites arc 
depleted In overdosage these drugs themsehes cause 
deplebon to the extent of SO per cent or more of these 
mafenals 

The action of digitalis and other cardiac glycosides 
appears to be mainly m unprovmg the ubhzabon of 
chemical energy by the myocardium, rather than by 
increasmg the total amount of energy liberated, though 
the latter probably also occurs 

The cardiac glycosides exert no benefinal effects 
upon myocardial msuffiaency due to anoxia, m thyro- 
toxicosis, or m 'vitamm Bj deficiency The reason for 
this IS unknown 

QtnNiDiNE (an isomer of quimne) also exerts a three- 
fold acbon m fibnllabon (1) It depresses or abolishes 
vagal tone and so lengthens the refractory penod of the 
auncular muscle and decreases the transmission rate 
This acbon upon the vagus is therefore opposite to that 
of digitahs f2) It acts directly upon the auncular and 
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•ventneuJar muscle, lengthening the refractory period 
(by from 50 to 100 per cent) and slowing the transmis- 
sion rate. (3) It depresses conduction in the junctional 
tissues— a direct action The abolition of the fibnllaUon 
of the auricle and the restoration of the normal rhythm 
was believed, on the basis of the circus movement 
theor>, to be due to the lengthening of the refractory' 
penod of the auricular muscle, and as a consequence, 
to closure of the gap of excitable tissue between the 
crest and tail of the wave (see fig 24 10) Inotherwords 
“the head catches up to the tail” (Osier) But however 
fibrillation is produced, we know at anv rate that 
quinidmc restores the normal auricular rate and thus 
acts upon this arrhvthmia in a manner different from 
that of digitalis In the restoration of the normal 
auncular rhythm by quimdinc fibrillation is fre- 
quently converted first to flutter 

The different effects of qumidine upon the heart 
interact in a complicated manner For example, its 
action upon the ventncular rate wall be the resultant 
of the following three effects 

(1) Rapid auncular beating tends automatically to 
depress conduction through the A-V connections 
Therefore when tlie rate of the aunclc is reduced by 
<hc drug, A-V conduction is increased 

(2) The reduction in vagal tone also increases A-V 
conduction 

(3) The direct effect of the drug upon A-V conduc- 
tion, as stated above, is one of depression 

As a matter of fact (1) and (2) frequently overbal- 
ance the last effect (3) and some increase in the ven- 
tncular rate results 

Quinidinc in overdosage produces severe lone ef- 
fects among which arc aunculo-v entncular block, 
cxlta-sy'stolcs, paroxysmal tachycardia, and even death 
as a result of v entncular fibnllaUon The return of the 
normal auncular contracUons under quinidinc treat- 
ment IS someUmes, though rarely, followed by the 
dislocaUon of an inlra-auncular thrombus and death 
from embolism Complete standstill of the heart has 
also been reported as a result of the paraly sis bv the 
drug of the sino-auncular and aunculo-v entncular 
nodes and other tissues capable of impulse initiation 

V V'EVTRICnLAR nBRU-LATION 

The ventricular muscle may pass into a state of 
rapid, tremulous and ineffectual contractions 
closely similar m nature to the condition just de- 
scribed as occurring m the aunde In animals, 
ventricular fibrillation may be mitiated by direct 
electrical stimulation of the ventricular muscle, as 
was first shown by Ludwng in 1850 Mechanical 
stimulation of the ventnde, espeaally by pricking 
the tissue in the A-V groove, ligation of a coronary 
artery (Porter) or certain chemicals and drugs m 
excess, e g , digitalis or calaum chloride, may 


induce fibrillation Levy found that chloroform 
anesthesia renders the hearts of experimental 
animals (cats) highly susceptible to fibrillation 
A mere touch of a finger or mstrument, the stimu- 
lation of a sensory nerve, section of the vagi or 
their paralysis by atropme, may set the ventnde 
fibnllatmg The heart behaves as though sensi- 
tized by the anesthetic and ready at the least 
provocation to fibnllate Adrenalme was found to 
greatly' enhance the effect of chloroform — a fact 
which indicates the danger of adrenaline ad- 
ministration while a subject is under the effect of 
this anesthetic Fibrillation may also ensue spon- 
taneously' under chloroform and Levy found that 
the condition is more likely to supervene when the 
ammal is passing from deep to light anesthesia 
Cy'dopropane, like chloroform, has the effect of 
sensitizing the heart to the action of adrenalme 
in induang v'cntncular tachy'cardia and fibrilla- 
tion, but these cardiac irregulanties are rarely 
seen imder ether anesthesia Quinidine reduces the 
susceptibility to fibrillation during cy'dopropane 
anesthesia 

The effects of ventncular fibrillation upon the 
curculation are mcomparably more senous than 
those of the correspondmg auncular condition 
This IS evident when the importance of the two 
musculatures m the dynamics of the arculation 
arc compared (p 206) In fibrillation of the lower 
chamber the propulsive force of its contraction is 
practically' abolished and the circulation comes to 
an end, death follows within a few' minutes 

From experiments upon ammals it is bdieved that 
many' instances of cardiac failure m patients under 
chloroform are due to fibnllaUon of the ventncles 
This IS generally considered to be of sudden onset, 
but it has been shown that when the condiUon is 
induced in ammals by chloroform it is frequently 
ushered m gradually A solitary extrasy'stole first oc- 
curs, which IS followed after a Ume by couphng, tnp- 
ling, and later by short runs of extrasystoles Ixinger 
paroxy'sms of rapid beaUng follow Fmally as the 
tachy'cardia becomes more rapid it merges mto fibrilla- 
tion 

When fibnllaUon is induced suddenly as by electnc 
shock its development may be somewhat different Ac- 
cordmg to Wiggers and his assoaates, only the first 
contracUon is a true premature beat, those which 
follow are caused by re entry of the exataUon wave. 
These mvesUgators, who induced ventncular fibnlla- 
Uon in dogs by the apphcation of a single strong mduc- 
Uon shock to the ventnde late in systole, recognize 
four stages m the devdopment of fibnllaUon In the 
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first or undvlaicry stage, which lasts for only a second 
or two, the contractions are rapidly repeated but do 
not follow the same course over the surface of the 
ventricle, the electrocardiographic deflections show 
considerable vanabihty in form In the second stage 
of convulsive incoordination, which lasts for from 15 
to 40 seconds, the contracbons are more frequent 
and involve smaller areas of the ventricular muscle 
The contracbons of different areas of the muscle arc 
out of phase so that the ventricle appears to be pulled 
about convulsively The third stage of tremulous inco- 
ordination lasts for 2 or 3 minutes, the surface of the 
muscle IS broken up into mdependently contracbng 
areas of ever-decreasing size which are out of phase 
With one another Thus, a tremuIouB appearance is 
given to the ventncles The^nal stage of atonic fibrilla- 
tion develops when the developmg anoxia of the car- 
diac muscle causes weakenmg of its contractile force. 
This stage appiears usually withm from 2 to S minutes 
foUowmg the first stage and Is marked by weak con 
tracbons or wavelets which travel only a short dis 
tance over the ventricular surface It ends in complete 
cessabon of all acbvity 

Ventricular fibnllabon m man may result from — 

a) Electric shocks — electrocubon, hghtmng sboke 

b) Chloroform or cyclopropane anesthesia 

c) Coronary occlusion and other causes of severe 
anoxia. 

d) Trauma to heart or chest wall 

e) Ventricular paroxysmal tachycardia, in which 
fibnllabon may be a terrmnal event 

f) Toxic doses of digitalis or qumidme 

g) Vanous diseases during the death agony 

The fundamental factor or factors leadmg to fibnllo 
bon of the ventncles have been the subject of research 
by several invesbgators Kebar and Hooker have 
found microscopical tissue changes m the dog’s heart, 
m which fibnllabon was mduced by dectnc shock 
There also occurred an increase in potassium m the 
outflowmg fluid perfused through the heart They 
attnbute the fibnllabon to a leakage of potassium 
from the cells and an unbalance of the potassium ion 
The addibon of potassium to the perfusion fluid brings 
the fibnllabon immediately to an end and restores the 
normal beat Accordmg to Nahum and Hoff, the 
essential condibon for the onset of fibnllabon is the 


Fio 24 11 Radial taang shomng pulsus altemans 
gaiter Mackenzie; 


establishment of a block or blocks of the conducting 
system in a heart whose automabaty is simultaneously 
sbmulated, cither factor alone is incflecbvc They found 
that the rapid injecbon of a concentrated solubon of 
KCl throws the ventncles immediately into fibnllabon 
This docs not occur if the injccbon is made slowly, for 
then automabcity instead of being sbmulated is 
dqiressed, block of the conduebng system occurs but 
fibnllabon docs not ensue Thus, they believe that the 
two essenbal elements m the production of \cntncular 
fibnllabon arc intravcntncular block and automabatj 
of the ventncles Ventncular fibnllation, though 
usually fatal is not invariably so, for rare instances 
have been reported m which the ventncles after 
fibnllabng for a bncf penod resumed their normal 
rate and recovery occurred Two methods, chemical 
and electneal, have been used in attempts to restore 
the normal rh>thm to the fibnllabng ventncles 
Hooker has shown the efficacy of an excess of potassium 
m stopping fibnllabon and of calaum in rcstonng the 
normal beat m the hearts of dogs subjected to clcctnc 
shock AOS per cent solubon of KCl is injected under 
pressure into the carobd toward the heart, so that it 
reaches the coronary s>’stcm This stops the heart 
When a 0 023 solubon of CaCl is then introduced bj 
the same route, the normal cardiac rhj thm, in a sue 
ccssful expenment, is restored Hooker and his asso- 
ciates showed that defibnllabon of the dog’s heart 
can be accomplished and the normal beat restored 
if a countershock, consisting of an alternating cuncnl 
of about one ampere, is passed through the heart In 
fibnllabon due to nnona (e g caused bj coronary 
occlusion) the heart maj be dcDbrillatcd bv either of 
these two means but the heart muscle is usuallj unable 
to develop a forceful contracbon owing to tlic ox>gen 
lack Wiggm has modified Hooker’s procedure b> 
sending into the heart a senes of shocks (3-7) of aliout 
one second durabon and one or two seconds ajiart He 
recommends that when fibnllation follows coronary 
occlusion cardiac massage should be pracbccd while 
the counlcrshocks are being given, in order to increase 
the blood flow to the ventncular muscle In fibnllation 
due to electrocubon or other cause, the countershocks 
may be applied through the chest wall although much 
sbonger currents (20-30 amperes) wall be required 
It IS obvious, however, that any method devnsed for 
the resuscitabon of the fibnllabng human heart has 
httle pracbcal applicabon on account of the short 
tune which thu heart survives, even though the ncces 
Eaty eqmpment were on the spot 

D Alternation of the Heart Pulsus 
Alternans 

This is a condition in which every second wave 
m a pulse tracing is of relatively small amplitude. 
This peculianty of the arterial pulse is due to 
alternate variations m the strength of the ven- 
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tncular systoles, and to a smaller quantity of 
blood being ejected mto the aorta dunng the 
W eaker beat Figure 24 1 1 shoi\ s a typical sphygmo- 
gram of this condition There is as a rule little or 
no difference in the lengths of the mteiA'als be- 
tween pulse beats T\Tien a slight difference does 
exist, the interval succeeding the strong beat is 
then longer than that following the weak beat 
It wall be remembered that m the bigeminal pulse, 
which might in some instances be confused with 
alternation, there is inequality m cycle lengths (p 
233), but the longer interv'al follows the weak 
(premature) beat Furthermore, in alternation the 
ventncular rhythm does not share, or does so very 
rarely, in any irrcgulanty of the pulse mtervals 
which may occur in the arterial tracmg The 
electrocardiogram, for instance, Shows no discrep- 
anacs m the length of the intervals between the 
R waves The slight vanations in the pulse mter- 
vals are attnbuted by Lewis to a slower rate of 
transmission of the weaker pulses to the penph- 
ery When records are taken sunultaneously of 
the apex and the artenal pulse, it is sometimes 
found that the weak beats of the former comade 
with the strong beats of the latter This discord- 
ance between apex and artenal beats is explamed 
upon the assumption that those muscle fibers 
which contract dunng the weak apical impulses 


though less numerous are actually more effechve 
m ejecting the blood than those causmg the 
stronger thrusts at the apex (see. Theory of 
Alternation, below) The appearance of alterna- 
tion m the electrocardiogram (e g , alternate vana- 
tions m the height of the R wave) is rare When 
this so-called cledncal allcrmtion does occur the 
larger deflections sometimes correspond to the 
weaker pulse beats But, it will be recalled m this 
connection that the deflections of the electrocar- 
diogram are determmed by the balance of the 
electrical forces developed dunng the cardiac con- 
traction rather than upon theu total value Elec- 
tncal alternation may occur without alternation 
of the pulse 

It IS not possible to detect pulsus altemans by 
palpation of the pulse, the vanations m strength 
of the pulse beat bemg too slight to be perceptible, 
but it IS clearly revealed m the sphygmogram 
(fig 24 11 ) It may also be detected by means of a 
blood pressure armlet The pressure m the arm- 
let IS raised gradually, when it is found that at a 
certam level the weaker beats are suppressed, but 
the stronger beats get through The pulse at the 
wnst IS then precisely half the ordmary rate The 
pressure dunng the weaker beats may be as much 
as 25 mm Hg below that durmg the stronger, but 
usually the pressure difference is not more than 
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Fig 24 12 I, sinus arrhythmia, II, smus bradycardia. III, smo-auncular block (Kindness of Dr John 
Hepburn ) 
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5 or 10 mm Persistent alteraaUon of the heart 
when the pulse is slow or of normal frequency is 
usually inchcabve of grave disease of the myocar- 
dium Alternation sometimes also occurs at rapid 
rates of beating, e g , auricular fibrillation, parox- 
ysmal tachycardia etc , but it is then of less senous 
significance 

Theory or Alternatiok The “all or none" law 
states that the cardiac muscle responds maxomally to 
any stimulus that is capable at all of evoking a re- 
sponse It IS apparently difficult to reconcile this 
pnnaple with the varymg force of the ventricular 
contractions m alternation, unless it be assumed that 
during the weak beat a smaller proportion of the 
heart fibers respond than durmg the strong beat. 
This 13 the prevaihng view 

The heart, it is thought, must be m what has been 
called a hypodynamtc state m order for alternation to 
occur That is, the heart muscle is so depressed that 
only half of its fibers have recovered from the previous 
contracbon before the impulse arrives These fibers 
alone contract, and when the next impulse arrives they 
are still refractory, but those which had not previously 
contracted have recovered their imtabihty and now 
respond In this condition all beats are weak but 
equal Should a ventricular extrasystole occur m such 
a heart, the long pause which follows shifts the balance 
between the refractory and the non refractory fibers 
and preapitates the alternating rhythm After the 
long pause of the premature beat a larger proportion 
of fibers have had tune to recover and are therefore 
able to respond to the impulse. The next impulse, 
however, finds the muscle m a partial refractory state, 
1 e., only a small proportion of the fibers have by this 
time recovered They only can respond — a weak beat 
results This small proportion of fibers when the next 
impulse arnves will m turn be refractory, but the larger 
proportion which had not previously contracted will 
now respond— a strong beat results So the altematmg 
rhythm is perpetuated, the fibers which responded 
dunng one contraction fail to contract at the next 
beat and conversely those which had failed to respond 
to one impulse respond to the next. 

E Irregularities Due to Variations in 
Vagal Tone 

l SINUS ARRHYTHMIA (fig 24 12, I) 

This IS a condition in which rhythmical variations 
m the rate of the whole heart occur synchronously 


with respiration It is due to alterations in the strength 
of the vagal influence upon the pacemaker (S-A node) 
as a result of the respiratory excursions, the heart 
rate mcreasing toward the end of inspiration and slow- 
mg toward the end of expiration It is a youthful 
irregulanty, being very common m children, and may 
be considered a physiological phenomenon That it is 
entirely of vagal ongm is shown by the fact that it is 
abolished by atropine It also disappears when the 
heart rate mcreases as a result of exercise, fever, etc , 
but IS enhanced by deep breathing 

n PHASIC ntREGULARTTY 

In this disorder penodic slowing of the heart occurs 
for a few seconds qmte independently of the respira- 
tions. It also IS a vagal effect since it is abolished by 
atropme. The manner of its production is unknown 
It occurs m convalescence from acute fevers, and 
sometimes dunng the administration of digitahs 

m SINUS BRADYCARDIA (fig 24 12, II) 

This IS a persistent slowing of the whole heart due 
to mcreased vagal tone mfluencmg the sino auncular 
node The rate may be as slou as 40 per minute 
Bradycardia of tins nature occurs in apparently 
healthy persons, many of whom are athletes 

IV SINO AURICULAR BLOCK (fig 24 12, III) 

The entire heart (auncles and ventncles) misses a 
beat at regular or irregular intervals The condition 
thus differs from A V block m which only the ventncle 
misses (p 227) A complete set of waves is therefore 
dropped from the venous or electrocardiographic trac- 
ing, and the artenal pulse intermits Since the condi- 
tion IS temporanly abohshed by atropine and may be 
induced by stimulation of the vagus, it is probable 
that the missed beats are due to the action of the nerve 
upon the S-A node Smo-auncular block sometimes 
results from digitalis administration 

V AURICULOVENTRICULAR BLOCK 

Defective conduction between auricle and ventncle 
due to heightened vagal tone is occaaonally seen, it is 
abolished by atropme. 
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Tuf Heart Rate 

In pcncral, the rote of the heart l)cirs an in- 
\tr«L rel itinnehip to the size of the amnial, and a 
direct relationship to the nietaholic rote The 
heart rati in the can,ir\ , for example, 11 in the 
neiphhorhood of lOOO heats jier minute, whereas 
that of the elephant is about 25 fhe aecrogc 
rote in adult man is around 70 per minute, but 
there IS a rather wide \ariation between indiNid- 
uals, a rate considtrabh below or abo\c this a\ cr- 
ape being not uncommon Muscular training tends 
to reduce the cardiac rate, athletes not infrc- 
quentU ha\ing a pul^e role between 50 and 60 
On the other hand, a rote between 80 and 90 is 
sometimes «ecn in other hcalthe persons The 
rate diminishes progrc*Sitecl\ from birUi, when 
It IS around 1 >0 per minute, to adolescence, but 
increases shghtU again in old age \mong phjsio- 
logicnl conditions whicli tcmiiornnh increase the 
heart rate arc tntncular cxcrct<:c (p 246), emoUonal 
cxctlfn,<rt and /i^f; cmtrouv aitol temperature It 
also increase's somewhat during dif^estton The rate 
IS lowered during deep (55 to 60) \mong patho- 
logical conditions which cause an increase in 
cardiac rate arc l.emorrhane, surreal shoel, li\pcr- 
//nri)iJi5r7;,/rrfr (an increase of 10 beats per minute, 
per 1° rahrenheit rise m temperature) and certain 
cardiac arrh\thvuas, e g , parose smal tachycardia 
p 233), auricular fibrillation, etc 

Tacincardia and bradycardia arc general terms 
used to denote, rcspccUaclj, an> considerable 
increase in heart rate above, or reduction below, 
the normal average 

Cardiac behavior is influcnce*d by three agen- 
cies I, ucncs, II, clietnea! ww/en(7/5,— hormones, 
metabolites and inorganic salts in the blood, III, 
vucchanical cjfecls everted upon the muscle fiber 
Itself b> the blood within the heart chambers 
Eacli of these v ill be considered scparatelj 

I Nfrv'oijS Control of the Heart 

Tlic heart, as we know, beats rhythmically 
after its complete separation from the central 
nerv’ous system (ji 191) but in tlie intact animal 
this automatic action is under the continuous 
influence of nervous impulses Tlic ncrv'ous mcch- 
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anism comprises groups of nerve cells m the 
medulla — the cardiac centers, various ajjcrcnl path- 
wavs along which impulses arc conveyed to these 
centers from numerous regions of the body, and 
Uic vaf^iis and accelerator or augmentor nerves 
winch transmit impulses from the centers to the 
heart 

the vagus XERV'ES 

The vagus nerv'cs are cardio-inhibitor>' This 
action was discovered by the Weber brothers in 
1845 They convei-^ fibers, belonging to the para- 
sjrapathctic division of the involuntarj' nervous 
s>’stera, from a center m the medulla {cardio- 
inhibitor center) to the special tissues of the heart 
Tlic medullary center was located by Miller and 
Bowman in the dorsal nucleus of the v'agus situ- 
ated in the floor of the 4th v cnlncle Weak elec- 
trical stimulation of this area produced slowing 
of the beat, and stronger currents, complete arrest 
of Uie heart Tlie cardiac fibers of the vagus 
separate from the trunk of the non e m the neck 
between the ongins of its superior and infenor 
Iar>Tigeal branches Intermingling with fibers of 
the accelerator nerves they enter into the forma- 
tion of the deep and superfiaal cardiac plexuses 
whence they arc continued to the auricular muscle 
Here they make connection with ganglion cells 
Postganglionic fibers pass to the specialized tissue 
of the sino-auncular (sino-atrial) and auriculo- 
vcntncular (atno-ventncular) nodes where thej' 
arc prolonged between the muscle fibers They 
form a rich plexus and arc seen to end as nng- 
shaped or club shaped structures (“boutons”) upon 
the fibers of the specialized tissue Many post- 
ganglionic fibers do not enter the nodal tissues but 
terminate in the auricular myocardium proper 
Those winch enter the aunculoventncular node do 
not extend beyond the upper part of the bundle 
None has been found to terminate m the ventneu- 
lar myocardium (Nonidcz) , or in the lower parts of 
the specialized conducting system 

It IS probable that there arc two types of v'agal 
fibers, one type producing a change m cardiac 
rate (chronotropic effect), the other depressing 
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Fig 2S 1 Showing the effect of vagal stimulation 
upon the arterial blood pressure Note that although 
stimulation was continu^, escape occurred, which m 
this instance was confined to the ventncles (hfcDowall) 


conduction (dromotropic effect) * The S-A node 
IS innervated mainly through the right, whereas 
the A-V node receives most of its parasympathetic 
fibers through the left vagus nerve 

Stimulation of the cardiac vagus causes pro- 
nounced slowmg or complete stoppage of the 
heart and, m consequence, a fall m blood pressure 
(fig 25 1) The slowing is brought about mainly 
through the lengthening of diastole, the duration 
of systole being relabvely little affected When the 
heart ceases to beat it does so m the diastohc 
phase of the cycle, appearing fully relaxed and 
engorged with blood For these reasons the vagi 
are sometimes referred to as the diastohc nerves 
The \agal effect upon the heart thus resembles the 
action of an excess of potassium (potassium m- 
hibition, p 193) 

When complete stoppage of the heart is caused 
by vagal exatation the ventncles, but usually not 
the auncles, commence after a time to beat agam, 
though the stunulation of the neri'e is contmued 
This is spoken of as the “escape of the heart” from 
the inhibitory influence The amphtude of the 
returmng contractions is frequently greater than 
usual The escape phenomenon cannot be ex- 
plamed with entire satisfaction, it is not due sim- 
plj to fatigue of the nerve and its failure to 
transmit impulses The distention of the cardiac 
chambers Gengthemng of muscle fibers, p 254) 
b} the blood accumulated dunng the penod of 
cardiac quiescence is probably a factor There 
IS some e\'idence that acceleration of acetylcholme 
destruction is concerned m the escape mechanism 
Nahum and Hoff found that the escape phenom- 


* To the other effects of the vagus on the \ 
namelj , on exatabilitj and contractditj , Engelm 
apphed the respecUte terms, balhmolroptc ani 


enon is greatly dmumshed after adrenalectomy 
and exasion of the stellate ganglia, and conclude 
that adrenahne and the sympatheUc nerves play 
an essential idle m its production The impulses 
which re-start the heart apparently arise from 
some level m the speaal conductmg tissue below 
the level of the S-A node 

In mammals the vagus nerves exert their effects 
upon the heart through then action upon the 
auncular muscle and the junctional tissues They 
exert no direct action upon the ventricular musde 
The effects upon the aunde are slowing of the 
beat (chronotropic effect) and weakening of its 
contraction (motropic effect), shortening of the 
refractory period and a nse in the threshold (rheo- 
base) of exatation, i e , m order to evoke a re- 
sponse from the aunde a stronger stimulus must 
be apphed to the musde during vagal stimulation 
than at other times The chronaxie of the auncu- 
lar musde is moderatdy shortened The slowmg, 
or stoppage of the ventncular beat is an mdirect 
effect due to auncular slowmg, or arrest of the 
auncular contracbons, or to depression of con- 
duction m the aunculo-ventncular connections 
That is, m the latter instance, partial or complete 
heart block is temporarily mduced If the A-V 
bundle is severed, vagal stimulation is then with- 
out effect upon the ventncular rate 

The slowmg of the heart caused by vagal stimu- 
lation IS often accompanied by an mcrease m 
amphtude of the beat as a result of the greater load 
of blood, and the consequent lengthenmg of the 
cardiac musde fibers 

_The effect of vagal stunulation upon the auncu- 
lar r ate is a^bed by Ej'ster and Meek to a shift 
of toe pacemaker to a less rhythmical region,^ 
fh^t IS, to toe production of a block m the upper 
part of the S-A node,_orj with str onger sti mula- 
tion, to complete suppression of impulse forma- 
bon m this region The .duty of initiatin g toe 
impulses devolves then u pon re gions, e g , the 
node, toe A-V node, or other 
pai^ of toe special tissues possessmg lower rhyth- 
mical powers E^’ldence for this view is afforded 
by the observabon that shortenmg of A-V mter- 
yals or toe development of nodal tby thnn (se?. 
p 232) mayjxsult from vagd sbmulabdh (p 193) 

^t has also been shown that primary negabvity 
canjoHongef be located m toe upper part^oF 
the smoauncular node when the vagus (nght) 

IS strongly stimulated but is found to have de- 
scended to toe lower part of the S-A node or to 
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the A-V node Potassium salts also cause a shift 
of the region of pnmarv’ negativity from the upper 
to the lower part of the S-A node— anotlicr ex- 
ample of the similarity between \agal and po- 
tassium inhibition Potassium also depresses 
auriculo-\ entnailar conduction 
The right and left aagus ncr\cs differ in their 
effects Stimulation of the right ncr\'c from which, 
as alrtads mentioned, the S-\ node receives its 
nnm p ir.isv mpathetic innervation, results chiefly 
111 slowing and weakening of the auricular beat, 
and .IS a stcondarv result of this, in reduction of 
the Ventricular rate Exatation of the left nerve, 
which ends diicflv in the A-V node, causes ven- 
tricu)tr or sjopji.ige, b} depressing A-V 

conduction and blocking Uic auricular impulses, 
little elTecl upon the auricular rate results An 
electrocardiogram, for example, taken during 
stimukition of the left nerve shows a grc.atcr 
number of P (auricular) than of R (ventricular) 
deflections 

The dilTcrrncc lictwccn the ctTccts of the two nerves 
vanes consulcnhlj m diflcrcnt sjkocs For example, 
the left nerve in the tortoise depresses conduction from 
auricle to vcntncle but exerts no effect ui>on the auncu- 
hr rate, while 'lowing of the auncular rate is the sole 
result following stimulation of the nerve of the right 
side In the dog similar differences have been demon- 
strated Nevertheless, in the latter animal .and in other 
mammals the nght nerve depresses conduction to a 
greater degree than has been supposed, its effect being 
mcrch ma<ltd bv the greater effect which this nerve, 
05 compared v ith that of the left side, exerts upon the 
auncular rate Increase in heart rate automatically 
depresses V-V conduction, consequent!} when the 
nght nerve is stimulated the slower rate which results 
induces an imjirovcmcnt in conduction whicli offsets 
an} direct depressing effect of this nerve upon the A-V 
tissues Lewis and Cohn found that when arrangements 
were mode to maintain the auncular rate constant 
during stimulation of the nght vagus, the effect upon 
conduction was onlv shghtlv less than that shown b} 
the left nerve 

Wflicn the auricula^ impulse production is extremely 
rapid, ~hs in auncular fibrillation (p 235), vagal stimula- 
tion increases tlic rate at wli)ch_tbc_impulsc is trans- 
mitted through the auncle Tins effect, however, is not 
the result ^of an} favorable influence winch the nerve 
exerts upon the fundamental properly of musclc-fibcr 
conduction, but is due rather to the shortening of 
auricular systole and, in consequence, of the refractory 
penod of the muscle The state of partial rcfractonness 
winch the rapid beating bad induced is lessened This 
enables the ampulsc to take a shorter course winch in 
turn causes a still more rapid fibnllating rate (up to 


30CX) per minute) This effect of stimulation of the 
vagus in the conditions of flutter and fibrillation has 
been termed rapid rc-cxctlatton The phenomenon is 
demonstrable m experimental flutter either by direct 
stimulation of the nerve or by the admmistration of a 
vagotropic drug such as pilocarpine It is possible that 
It occurs occasionally as a temporar}’ manifestation m 
clinical flutter or fibnllation The effect of vagal 
stimulation upon the A-V connections dunng flutter 
or fibrillation is, as in the normal heart, to depress 
conduction and slow the vcntncular rate 

The tone of the vagus 

During the normal life of the animal the vagus 
nerves exert a continuous restraint upon the ac- 
tion of the heart In otlicr words the vagais, or 
rather the cardio-mhibitory' center, possesses tone, 
impulses passing from it m a continuous stream 
to the heart This effect, which may be compared 
to the action of a dragging brake, can be readily 
demonstrated in animals bj cutting or freezing 
the nerv cs The icart’s jvction then immediately 
becomes greatl} accelerated Tlic increase in rate 
following the rcmov.al of the vagal influence also 
occurs though the stellate ganglia (eh 72) have 
been prcviousK excised, the result therefore can- 
not be due to an increased action of the accelera- 
tor ncrv’cs The tome action of the vagus ncrv'cs 
maj be annulled Iiy means of atropine, to 

grain being required in man to complctel} 
abolish their effects, tlic heart rate then increasing 
to 150 or 180 per minute The difference between 
this rate and the norm.al resting rate of 70 pei 
minute, therefore, represents the vag.al effect 
which IS being constantly exerted under ordinary 
circumstances Various conditions, physiological 
and pathological, alter the tone of the v agus cen- 
ter The tone is naturally higher in some species, 
c g , tlic dog, which IS capable of feats of endur- 
ance, than in others, c g , the domestic rabbit 
It also shows individual variations in man, ath- 
letes usu.allv show ing a higher tone than those who 
lead sedentary lives 

Vagal tone is apparently reflex in nature and 
dependent upon afferent impulses flowing to the 
vagus center especially along the sinus and aortic 
ncrv'cs (p 246, 282) Section of these nerves causes 
an increase in heart rate and little further ac- 
celeration occurs as a rule when the vagi them- 
selves arc subsequently severed 

THE ACCELERATOR OR ADGMENTOR NERTOS 

The accelerator fibers were described by Von 
Bczold in 1863 They belong to the thoracico- 
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lumbar division of tbe mvoluntary nen'ous s3rstein 
and arise from cells situated m the lateral horns 
of the upper thotaac segments of the spinal cord 
—I to '5CT (see p 1094) These cells consUtute a 
spinal cardio-accelerator center The pregan- 
ghomc fibers enter the ganglia ted cord of the sym- 
pathetic to connect with cells m the titfcrtor, 
middle and superior cervical ganglia In many ani- 
mals and also often m the human subject the 
infenor cemcal and the first thoraac gangha arc 
fused mto an irregularly shaped structure called 
the slellaie ganglion from which accelerator fibers 
pass directly to the heart The heart also receives 
accelerator fibers directly from the sympathetic 
cham as far down as the 4th or 5th thoracic 
ganglion In order, therefore, to remove aU ac- 
celerator influence from the heart it is necessary, 
as shown by Cannon, Lewis and Bntton, and 
by others m man, to mterrupt these connections 
as well as to remove the stellate gangha The 
axons of the cells of the cemcal gangha (post- 
ganghomc fibers) form the inferior, middle and 
superior cardiac nerves (fig 25^) These fibers, 
espeaally those forming the nerves of the right 
side, terminate in the sino-auncular node Those 
of the left side are distnbuted mainly to the A-V 
node and bundle According to Nonidez, the 
sympathetic efferent fibers which reach the heart 
are contained mainly m the middle cardiac nerve 
The superior cardiac nene is distributed to the 
(arge arteries at the base of the heart while the 



inferior cardiac nerve is mainly afferent The spmiil 
accelerator center is subordmatc to higher centers 
The precise locations of the latter are not known, 
but the experunents of Beatbe, Brow and Long 
mdicate the presence of a center m the postenor 
hypothalamic region (ch 67) , and Green and Hoff 
observed changes in heart rate, m blood pressure 
and m hmb and kidney \ olumes upon stimulating 
the cerebral cortex (motor and premotor areas) 
in cats and monkeys A medullary center also 
probably exists 

Stimulation of the cardiac accelerator nen'cs 
causes quickenmg of the rate of both auncles and 
vcntncles and an increase in the force of the con- 
tractions We have seen that the \agus exerts its 
influence chiefly upon the auncle and junctional 
tissue, affcctmg the activity of the ventricle only 
mdirectly The accelerator nerv'cs, on the other 
hand, exert, as well, a direct action upon the 
ventricular muscle SUmulation of the acceler- 
ator nerves may so exate the v cntncics as to m- 
ducc fibrillation Fibrillation of the auncles, on 
the other hand, is not mduced by this means 
We have also seen that adrenaline (which has an 
action upon the heart sunilat to that following 
stimulation of the accelerators) is particularly 
prone, dunng chloroform anesthesia, to induce 
fibrillation of the vcntncles (p 237) The m- 
creasc in the ventncular rate that occurs when 
these nerves are stimulated is accomplished usu- 
ally through the shortenmg of both systolic and 
diastohc penods, but systole is curtailed to a 
greater degree than diastole, so that the ratio of 
the length of sv stole to the length of the entire 

cardiac cy clc f — p ~ ^ ratio ) is decreased 
\CTdc length / 

There is evidence that the effect of the accel- 
erators upon A-V conduction is, as one would 
expect, opposite to that exerted by the vagus 

Accelerator lone 

The accelerators also exert a tonic action This 
has been demonstrated by excision of the stellate 
ganglia when the heart rate is reduced Gasser 
and Meek, for example, found that when the 
gangha were remov^ed but the vagi left mtact, an 
immediate and marked fall m rate (about 40 
per cent) occurred, further slowing occurred later 
which was attributed to a nse m vagal tone 
Slowing of the rate is produced, however, by 
exasion of the ganglia, even though vagotomy 
has been performed previously , this fact of course 
precludes the possibihty of the immediate reduc- 
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tion in ratcfoUoning excision of the stellate gangha 
being due to increased vagal tone Chapman and 
assoaates obserxed slowing of the heart m man 
after bilateral excision of the sj'mpathetic ganglia 
from the 2nd to the 5th thoraac ganglia inclusive 
In some instances a reduced cardiac response to 
cxcrase was obscrv'cd after this operation 

Bronk and his associates have demonstrated the 
existence of accelerator tone m the cat by recording 
the action potentials from nerves Icavnng the stellate 
ganglion A fairlv continuous discharge of impulses at a 
rate of from 5 to 20 per second was oliscrv cd Stimu- 
lation of the central end of an afferent nerve (c.g , 
sinus or aortic nerve) caused a discharge of impulses in 
the efferent fibers of the same frequenej as those in the 
afferent impulses 

CARDnvC REFLEXES 

Under ordinary conditions, the activities of the 
cardio-inhibilorv and cirdio-accclcrator centers 
winch result in the continuous discharge of im- 
pulses along the corresponding cardiac nerves arc 
in turn dependent to a ver> large extent, if not 
cntirclv , upon the reception of impulses bj’ afferent 
paths In other words, the "maintenance of the 
tone of the centers, and 'so' of the normal resting 
fate of the heart, and the alterations in rate which 
occur under vanous phv siological conditions arc 
in large measure citfier reflex in nature or due to 
impulses received from cerebral centers The im- 
pulses whidi stream into the nervous centers anse 
in all parts of the bod>, the heart itself included 
By these influences the tone of either center 
may be exalted or depressed, and corresponding 
changes produced m the cardiac rate For example, 
Goltz showed many years ago that reflex inhibi- 
tion of the frog's heart could be induced by re- 
peated gentle taps upon the intestines Reflex 
slowing of the pulse can usually be demonstrated 
in the human subject by pressure upon tlie eye- 
ball at the outer can thus (oculo-cardiac reflex), 
or by the stimulation of nasal branches of the fifth 
nerve Stimulation of afferent fibers in the respi- 
ratory passages* as by the inhalation of irritating 
vapors, e g , anesthetics, is particularly likely to 
cause reflex inhibition of the heart Extrasystolcs 
and bradycardia have been demonstrated clectro- 
cardiographically in man dunng abdominal opera- 
tions, the irregularities being the consequence, 

* The rabbit’s heart is slow cd to betw cen 50 and 60 
beats per minute by the inhalation of ammonia By 
means of this response, it has been found possible to 
make slowing of the heart a conditioned reflex to the 
ringing of a bell (see Chapter 69) 


apparently, of visceral stimulation Excitation 
of the central end of vanous penpheral nerves, 
c g , the sciatic, causes reflex changes in the pulse 
rate In these last instances acceleration is mote 
readfly obtained than inhibition The irradiation 
of impulses on to the cardiac centers from the 
cerebral centers, c g , from the motor area at the 
commencement of musclar exercise (p 246) or 
from regions concerned with emotional manifesta- 
tions, arc held responsible for the changes in pulse 
rate w hich occur under these conditions 

A JJcrcnl cudmgs tn the head attd aorta 

Affer ent Jfibers are contained in the cardiac 
vagus Itself,)^ receptors of these he within the 
heart tissues, and upon the aortic arch If, there- 
fore, the cardiac vagus on one side be cut and its 
central portion (i e , the end leading to the brain) 
stimulated, a reflex through the cardio-inhibitory 
center and the opposite vagus occurs which alters 
the cardiac rate The nature of the change in 
rate — whether acceleration or inhibition — which 
will result from stimulation of the central end of 
the V agus or of most other afferent nerv'es cannot 
always be foretold As a general rule, however, 
s timulation of „ agercnt s pinal nerves caus es acccl - 
eration, and of afferent vagaLfibers,_inhibition 
Tfic'^cct which is obtained depends also to a 
large extent upon the intensity of the stimulus, 
strong stimuli being more likely to increase the 
cardiac rate, w'cak ones to depress it It depends 
also upon the species, in some animals quickenmg 
IS more readily obtained than slowing, in others 
the reverse is true For this reason it has been 
thought that the vagus and other nerv’cs contamed 
two tjqics of afferent fiber, each type being re- 
sponsive to different strengths of stunulation, 
and each being contained in vanable proportions 
in different nerv cs as w ell as m the corresponding 
nerv’es of different species 

In some animals the vagus gives off a branch 
composed entirely of afferent fibers This nerve 
terminates in the wall of the aortic arch and m the 
heart itself It is knowm as the aorltc or cardtac 
depressor nerve (see p 282) \Vhen stimulated, this 
nerve induces cardiac slowing and vasodilatation, 
and, as a result, a fall in blood pressure 

Marey*s law 

Marey’s law states that the pulse rate is in- 
versely related to the arterial blood pressure — a 
nse or a fall in pressure causmg, respecbvely, a 
decrease or an increase in heart rate These ad- 
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jastments are subsen ed by 

(1) A reflex rvhose afferent Innb is constituted 
of afferent vagal fibers (aortic ner\ e} ending in tbe 
aortic arch and beart. 

(2) \ reflex m which the sinus rer-e forms the 
afferent limb These mechanisms will be con- 
sidered m chapter 27 

A fall m blood pressure causes an mcrease m 
the rate of the heart, howe\er, e\en after it has 
been completely denervated, the acceleration is 
attributed to the hlieration of adrenahne 

Tl c Batnbndge Tcfiex 

The mnease m heart rate mduced bj a nse m 
' the^pr^sure of blood entermg the nght aunde is 
known, after its discoierer, as the Bambndge 
reflex. It is earned out presumably through the 
afferent vagal tenmnations beneath the endo- 
cardium and m the yvalls of the great yeins near 
their entrance mto the aunde The nerve fila- 
ments are stimulated by the mcreased venous 
pressure which rises only after the cardiac cham-. 
bers have been completely filled. Through this 
mechanism, the heart rate is adjust!^ auten 
maticallj to the y mutne oi blood poured mto its 
chambers (the venous mflow) 

THE RECIPROCAL ACnONS OF THE CARDUC CENTERS 

Changes m heart rate are brought about not 
simply bv an mcrease or a decrease in tone of one 
or other cardiac center but bv reaprocal varia- 
tions m the tone of both \n mcrease m heart 
rate, for example, is due to a decrease m tone of 
the cardio-inhibitory center accompanied bv an 
mcrease m tone of the accelerator center A de- 
crease m heart rate is the result of mcreased tone 
of the cardio-inhibitorv center together with re- 
duced tone of the accelerator center Such a 
balanced mechanism must make for more rapid, 
smoother and mcer adjustments of the cardiac 
rate than would be possible otherwise Generally 
speakmg, howev er, change m tone of the cardio- 
mhibitorj center appear to exert a somewhat 
greater influence than do alterations m accelerator 
tone. For example, the slowmg of the heart which 
results from a nse m arterial pressure is much less 
pronounced if impulses from the cardio-inhibitorv 
center have been prevented from reachmg the 
heart bv section of the vagn After removal of the 
stellate ganglia, on the other hand, the cardiac 
response to a nse m blood pressure is reduced to a 
less extent. \1eo the mcrease m cardiac rate 


which occurs at the commencement of muscular 
exercise is due to a reduction m vagal tone rather 
than to an mcrease m accelerator tone The 
reaprocal relationship betvyecn the cardiac centers 
m the reflex acceleration of heart rate rcsultmg 
from stimulation of the central end of the saaUc 
nerv e has been demonstrated by Hooker and by 
Bambndge Though reduction in vagal tone was 
the more important factor in the accelerator re- 
sponse, mcreased tone of the accelerators was 
also shown When, for e.xample, the vagi were 
cut and the heart maintamed at a constant rate by 
stimulation of the penpheral end of one of the cut 
nerves, or bv the administration of pilocarpme, 
exatation of the central end of the saatic nerve 
caused cardiac acceleration This was attnbuted 
to an mcrease m accelerator tone, adrenahne 
liberation was not a factor smcc acceleration 
occurred after adrenalectomy More recently, 
Moore and Cannon have found that after syunpa- 
thectomj , vagal action is capable of slow mg the 
heart from a rate of 150 beats per minute to 75, 
and the sympathetic mechanism, after vagotomy, 
can increase the rate from 125 to 225 

VoLUNWARV Acceleration or the Heart Rate. 
Several instances (Taylor and Cameron, and Ogden 
and Shod) have been reported ol indmduals po«cs- 
sing the power of voluntarily accclctaUng the heart 
rate. In one such case the effect was brought about 
apparently through the discharge of impulses along 
accelerator nerves smee other syunpathctic manifesta- 
tions, eg , vasoconstnrtion, gKcosuna and dilatation 
of the pupils accompanied the mcreased pulse rate. 

THE ACCELERATION' OE THE HEART IN ITUSCDLAR 
EXERQSE AN'D IN EMOTIONAL STATES 

There are two stages m the cardiac acceleration 
which accompames muscular effort, namch, the 
mcrease m rate which occurs immediately upon 
the commencement of the work, and that which 
develops subsequently and more gradually The 
acceleration of the pulse at the outset of the exer- 
cise occurs too promptly' to be the result of an 
mcreased flow of blood from the contracting 
musdes to the heart (Bambndge reflex) Miss 
Buchanan has shown, for example, that with ev en 
very bght exercise, namely, clenchmg the fist, 
the diastohc period immcdtalely succeedmg the 
commencement of the movements is shortened. 
Thus, before the exerase the length of the cardiac 
cy de was 0 82 second (pulse rate 73) The first 
cj de after starting the exercise was 0 67 second 
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Subsequently the cycles shortened progressively 
to reach a value of 0 56 second, this corresponds 
to a pulse rate of about 107 per minute More- 
over, it has been shown by other observers that 
the initial acceleration docs not occur if the 
muscles are moved passively or tctanized by 
direct stimulation 

The last mentioned observation indicates that the 
effect IS not the result of a reflex ehated through 
receptors situated in the muscles themselves It is con- 
cluded that the initial acceleration results from im- 
pulses arising in the motor areas of the cortex and 
overflowing on to the cardio-mhihitoiy center and de- 
pressing Its tone On the other hand, i/ the ctrculaiton 
to the arm or leg is arrested while the hmb muscles are 
contracting the pulse accelerates and, provided that 
the limb’s circulation remains occluded, the increased 
rate persists after the exercise has ceased (Alara and 
Smirk) The effect under such circumstances is cvi- 
dcntlv due to a reflex from the contracting muscles 
Its persistence after cessation of exercise until the 
circulation is restored and its disappearance there- 
affer, and also its association wath the pam of mter- 
mittcnt claudication (p 300) strongly suggests that 
the reflex is initiated from afferent nerve terminals 
stimulated by metabolites which have accumulated in 
the contracting muscles This cardiac reflex, though in- 
teresting as a physiological phenomenon, is probably of 
very minor importance in the mcreased pulse rate in 
muscular exercise 

That depression of vagal tone rather than heightened 
accelerator tone is the responsible factor m muscular 
exercise is evidenced by the following facts (a) the 
shortness of the latent penod which is a charactenstic 
of vagal effects, (b) the abbreviation of the cycles 
through shortening of the diastolic period, which was 
noted above, is also a entenon of lowered vagal tone 
(p 243) Bow en also found that dunng exercise m man 
the increase in rate was brought about entirely by 
shortening of diastole Indeed, systole was actually 
lengthened at the commencement of the work Gasser 
and Meek, experimenting with dogs, found that 
removal of the stellate gangha had little or no effect 
upon the cardiac acceleration occurring early in muscu- 
lar exercise, whereas this pnmary increase in rate did 
not occur after vagotomy They found, however, that 
after the initial stages of the w ork, mcreased accelerator 
tone contributed as well to the increased frequency 
Diastole and systole were both shortened though the 
vagal effect predommated The important factor in the 
delayed effect is no doubt the nse m venous pressure 
and the elicitation of the Bambridge reflex (p 246) 
Gasser and Meek conclude from their expenments that 
the chief function of the accelerator nerves is to main 
tain a steady frequency of the resting pulse and that 
their influence does not alter to any marked degree 


under ordmary circumstances the duty of varying the 
heart rate devolving chiefly upon the vagal centers 
The accelerators provide a factor o f jafety-and, -under 
grcum stance s of exceptional stre ss, e.g , strenuous 
muscular exertion or emotional states, reinforce the 
vagal effect. The liberation of adrenahne is an ad- 
ditional factor 

It is probable that in such emotional states as fright, 
anger and mental exatement, the accelerator nerves 
play a more prominent part in increasing the heart rate 
than does a reduebon m vagal tone Bond found that 
sudden starthng of an animal, m which adrenaline 
liberation had been prevented, caused a much greater 
increase in heart rate if the vagi had been sectioned 
and the accelerators left intact than m converse expen- 
ments (accelerators divided and ixigi intact) 

THE EFFECT OF DRUGS UPON THE CAEDUC RATE 

The efferent vagus pathway, as already men- 
tioned (p 241), consists of two links — the pre- 
ganglionic and postgangbonic neurons Atropine 
acts by antagonizing the action of the chohnester 
which, according to the humoral theory of the 
transmission of nervous effects, is liberated at the 
postganglionic terminals Atropine therefore de- 
presses or, m full doses, completely abolishes vagal 
action, the effect upon the cardiac rate being the 
same as if the vagus nerves were cut Muscanne, 
an alkaloid present in poisonous mushrooms 
(Amanita) has a diametncally opposite effect 
Its action upon the cardiac rate imitates that of 
vagal stimulation, namely, to cause slow'mg and, 
finally, complete stoppage of the heart m diastole 
The effects of pilocarpine, physostigminc and the 
ester of choline, acetylcholine (see below) are simi- 
lar to those of muscarine, causmg cardiac slowing 
or standstill (see also ch 72) Their actions are 
antagonized by atropine Minute doses of acetyl- 
choline have been showm by McDowall to have 
an opposite effect to that produced by larger 
doses, they stimulate the heart by the liberation 
within the heart muscle of an adrenalme-hke 
pnnaple Nicotine first excites the vagus but 
later acts like atropine, causing vagal paralysis 
and increased cardiac action Its site of action is 
upon the ganglion cell or at the synapse of the 
latter with the preganglionic fiber 

THE HUMORAL TRANSMISSION OF VAGAL AND 
ACCELERATOR EFFECTS 

Some few years ago Loewu performed a senes 
of experiments which showed decisively that car- 
diac inhibition resulting from vagal stimulation 
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IS due to the liberation of a chemical substance 
possessing an action similar to that of acclylcJio- 
hne (see ch 72) It was also shown that the 
augmentation and increase in heart rate ivhich 
follow stimulation of the accelerators are due to 
the action of an adrenahne like siibslaitcc His re- 
sults have been confirmed by others The experi- 
ments were performed as follows two frog hearts 
were perfused with Rmger’s solution One heart 
(donor heart) was mhibited by vagal stimulation 
The perfusion fluid of this heart when perfused 
through the second heart (reapicnt heart) caused 
mhibition of it also The effect upon the second 
heart could have been due only to the presence 
of a chemical matenal of some sort m the per- 
fusion flmd denved from the first heart, it must 
have been produced by vagal stimulation The 



Fig 25 3 The perfusion apparatus A is furnishci 
with an overflow tube B, the height of which can bi 
TOned to allow alterations in the perfusion pressure 
Fluid is delivered through the tube C The fluid fron 
A passes through the tube D to the inflow limb E o 
me double cannula which supphes the donor heart F 
After imgating the intenor of the donor heart, thi 
fluid passes by the outflow limb G to the gloss cannu 
Ht^tube H to which is attached the recipient hear 
1 cannulated tube is provided with a latera 
overflow, so tlmt the pressure of the fluid supplied t< 
the reapient heart remains constant J and K an 
^ ^ respective!; 


action of the perfusion fluid upon the reapient 
heart was annulled by atropine The cardio- 
inhibitory action of choline and its ester acetyl- 
choline IS also prevented bj atropine The per- 
fusion fluid from a heart dunng vagal stimulation 
has been showm, moreover, to cause contraction 
of the stomach wall of tlic frog (Brinkman and 
Van Dam) and of a loop of intestine, effects whidi 
arc also produced by acct>lcholinc The "vagus 
substance” (Vagusstoff as it was called b> Loewi) 

IS also, like acetjlclioline, readily destroyed bv 
alkali (or by the esterase mentioned below) but ^ 
IS stable in acid media > 

The method used b> Bam to demonstrate Uic 
humoral transmission of \agal effects is showai in 
figure 25 3 

It was later demonstrated b\ Loewi that the 
heart muscle contained an enzjanc — chohncslcrase 
—which rapidlj hjdrol>zcd the ester after its 
liberation into the relatncU inacliae diolinc and 
acetic aad, and so limited the duration of its 
action The action of this esterase is inhibited 
by physostigminc (esenne) The effect of the 
latter drug in inhibiting the heart depends soldj 
upon this action Tliat is, it prcients the hjdrol- 
ysis of the aagus substance which therefore con- 
tinues to exert its effect 

Tlic liberation of a substance possessing an 
adrenaline like action was demonstrated b\ per- 
fusion expenments of a similar nature Perfusion 
fluid collected from one heart dunng stimulation 
of the accelerator nerves when perfused through 
a second heart accelerated its rate 

As mentioned on p 247, minute doses of acctvl- 
choline cause a s>mpathomimctic substance to be 
liberated in the heart muscle Tins substance, 
though having manj of the actions of adrenaline, 
dilation of pupil, inhibition of intestine and of 
thepregnant uterus (cat), and being antagonized bv 
ergotoxinc, differs from adrenaline in other re 
spects The adrenaline like principle has been 
obtained from extracts of heart muscle which has 
not prcvaously been treated with acetylcholine 
(v Euler) 

* Howell was the first to suggest a humoral mecha- 
nism underljang the cardio inhibitory effect He re 
ported an increase in the concentration of potassium 
m the fluid pcrfusi jg an isolated mammalian heart 
dunng vagal stimulation The resemblance of the 
ncUon of potassium upon the heart to that produced 
by stimulaPon of the vagus has been pointed out on 
page 242 Howell proposed the theory that the nerve 
impulses caused the bicakdow n of some organic com 
pound with the liberation of an inorganic form of 
potassium 
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THE SENSORY NERVES OF THE HEART 

The ordinary types of stimulus apphed to the 
heart cause no painful or other sensation ^ The 
exposed heart of a conscious human subject, for 
example, may be stimulated electrically or me- 
chamcally without any sensation of pam bemg 
experienced Pathological processes, espeaaUy 
coronary artery thrombosis and angma pectons, 
may, on the other hand, give nse to acute and 
often agonizing pam (p 328) The results of 
experiments upon animals and of operations upon 
man, m which the cardiac sympathetic pathways 
have been mterrupted or blocked by means of 
alcohol mjections, mdicate that the route for 
cardiac pam is solely through sympathetic af- 
ferents The pain fibers are contamed mainly in 
the infenor cardiac nerves but some travel m the 
middle cardiac nerves The pain impulses then 
pass through the corresponding cervical ganglia, 
and the white rami and postenor roots of the upper 
four or five thoracic nerves (fig 25^, p 244) Pain 
fibers also pass from the heart durectly (i e , not 
through the middle and infenor cardiac nerves) 
to the upper four or five thoraac ganglia Pam 
and stretch receptors have been descnbed m the 
cardiac muscle 

n Chemicai. Control of the Heart The 

Infl-dence Exerted upon the Heart and 

Vascular Musculature by Blood-borne 

Substances 

The known materials m the circulating blood 
which influence the action of the heart are, (1) 
the mweral conshtumts — calcium, potassium and 
sodium, (2) adrejiahfie, (3) actd meiaboltles — car- 
bon dioxide and lactic acid, and (4) oxygen The 
specific effects of the morgamc constituents upon 
the perfused heart have already been considered 
(p 192) Then proportions m the general blood 
stream do not vary under physiological conditions, 
and rarely m pathological states to a sufficient 
extent to affect matenally cardiac behavior 
Adrenalme has a very defimte action upon the 
heart and vessels which will be considered in 
Chapter 59 

Carbon dwonde and lactic acid 

Carbon dioxide exerts an effect upon the car- 
diac and vasomotor centers and directly upon 
the cardiovascular musculature Carbon dioxide 

■* This fact was first shown by Harvey upon the ex- 
posed heart of the Viscount Montgomery (see p 597) 


and lactic aad, formed durmg the activity of 
muscle and other tissues, dilate the penpheral 
vessels (p 291) The active tissues are thus sup- 
phed more generously with blood In muscular 
exercise the greater flow of blood through the 
musdes causes a greater mass movement of blood 
along the vems and a greater flow mto the cardiac 
chambers The higher carbon dioxide tension m 
the venous blood commg to the heart from the 
skeletal muscles enhances the extensibihty of the 
cardiac musde fiber dunng diastole and, m conse- 
quence, exerts a favorable effect upon the fiUmg 
of the heart The cardiac output is therefore 
mcreased (p 263) 

The junctional tissues are particularly sensitive 
to high tensions of carbon dioxide, aunculo- 
ventncular conduction becommg markedly de- 
pressed when the carbon dioxide excess is such as 
to cause a fall m pH of the flmds bathmg the car- 
diac musde fibers At a pH of around 7 0 com- 
plete heart block occurs A less pronounced 
mcrease m COj tension causes slowing of the 
heart, as a result of depression of the activity of 
the smo-auncular node as well as of mcreased tone 
of the cardio-inhibitory center The continued 
exposure of the heart to a high COj tension causes 
weakenmg of the beat and the development of 
irregular rhythms 

An abnormally low tension of carbon dioxide m 
the blood is sometimes referred to as acapnia 
(Greek o, pnvative -f kapnos, smoke) It occurs 
m conditions associated with mcreased pulmonary 
ventilation, the gas bemg “pumped” or “blown 
off” from the body m the expired air The carbon 
dioxide deficit produces effects which are the re- 
verse of those caused by carbon dioxide excess 
Diastole, is mcomplete, the tone of the capillanes 
and small vems is mcreased (p 292), the venous 
pressure falls and the heart chambers are msuffi- 
aently supplied with blood The cardiac output, 
m consequence, is reduced Diastole becomes 
shorter and shorter with a consequent nse m 
cardiac rate, finally, as Henderson and his asso- 
aates have shown m animals durmg prolonged 
artificial respiration with maximum ventilation, 
the heart enters mto a condition of almost con- 
tinuous contraction The blood pressure falls and 
death occurs from circulatory failure 

Low carbon dioxide tension, if accompanied by a 
change m blood reaction toward the alkalme side, 
increases the rate of conduction over the auriculo- 
ventncular bundle The rate of impulse initiation 
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m the smo-auncular node is increased, the tone 
of the cardio-inhibitory center is lowered 

Owing to the several factors mvolved, the eSects 
of carbon dioxide defiat and carbon dioxide excess 
upon the action of the heart in the human subject 
offer many difficulties to the mvestigator In 
forced breathmg (which lowers the COi tension of 
the blood) for example, the respiratory excursions, 
if violent, may mterfere with the venous return and 
reduce the cardiac output Vmcent and Thompson 
observed a fall m blood pressure durmg forced 
breathmg which they attributed chiefly to the 
mechamcal effect of the respiratoiy movements 
upon the venous return, they assert that the 
lowered carbon dioxide tension played a rmnor 
r61e If, on the other hand, the respirations are 
earned out at a different rate and depth, the 
venous return may be augmented and the cardiac 
output, m consequence, mcreased The effect of 
forced breathmg also vanes with the subject and 
with the type of the breathmg, thoracic breathmg 
tendmg to maease the cardiac output, the ab- 
dommal type to reduce iL It is not surpnsmg, 
therefore, that attempts by different workers to 
detenmne the effects of alterations m the carbon 
dioxide tension of the blood upon cardiac action 
have given conffictmg results Probably the most 
complete senes of experiments relatmg to this 
question have been earned out by GroUman, who 
employed the acetjdene method for the determina- 
tion of the cardiac output (p 269) He observed 
a greater output dunng forced breathmg He 
attnbuted the increase to the nse m metabolism 
inadent to the extra work performed by the 
respiratory muscles, and to the mechamcal effect 
of the respiratory excursions m augmentmg the 
venous return For, when the forced breathmg 
was earned out with a carbon dtoxtde-atr mixture 
which mamtamed the carbon dioxide percentage 
of the alveolar air around the norma] value, an 
increase m the cardiac output occurred of the 
same magnitude as that occumng when the over- 
ventilation was earned out with ordinary air 
Breathing a carbon dioxide rich mixture caused no 
change m cardiac output until the carbon dioxide 
m the inspired air reached about 6 per cent, then a 
marked mcrease m the pulmonary ventilation and 
a nse m the cardiac output occurred The latter 
was attributed also simply to mcreased respiratory 
activity 

GroUman concludes that carbon dioxide lack 
must be of an exUeme grade before it exerts an 


effect upon the output of the heart, m ordmary 
experiments upon the human subject the loss of 

carbon dioxide falls short of the pomt where such 

an effect is produced In disease, on the other 
hand, when a profound lowenng of the carbon 
dioxide content of the blood occurs with a conse- 
quent change m the pH of the latter toward the 
alkalme side, ddetenous effects upon the circula- 
tion and reduction in the cardiac output would be 
expected to occur as a result of mcomplete dias- 
tohe fillmg In order to prevent the “washmg 
out” of carbon dioxide durmg artificial respira- 
tion Henderson advocates the addition of carbon 
dioxide (7 per cent) to the inspired air 

Oxygen 

Kgh tensions of oxygen tend to reduce shghtly, 
and very low tensions to maease the output of the 
heart In experiments with subjects who breathed 
mixtures of oxygen and mtrogen m varying propor- 
tions, GroUman found that the cardiac output did 
not alter until the oxygen content of the mixture 
had been reduced to 1 1 6 per cent A moderate 
mcrease in the output then occurred If the 
oxygen lack is profound or of long duration, the 
cardiac muscle suffers and the output of the heart 
then, of course, becomes reduced 

Reduction m the oxygen content of the artenal 
blood by SO per cent or more causes a dimmution 
m the amphtude of the T wa\e of the electrocar- 
diogram This wave may become flattened out or 
mverted in aU three leads if the anoxemia persists 
Changes resembimg those caused by coronary 
infarction (ch 28) may make their appearance 
These electrocardiographic effects have been ob- 
served in disease and in airmen dunng ascents 
to over 5,000 feet 

Breathmg a mixture with a very high percentage 
of oxygen slows the heart rate In the early stages 
of oxygen lack the heart rate is maeased These 
effects are brought about presumably through the 
cardiac centers In the later stages of anoxemia, 
heart block, extrasystoles and other cardiac ir- 
regulanties develop and heart failure supervenes 
The inabflity of the heart muscle to contract any 
considerable oxygen debt has been mentioned 
(P 192) 

Asphyxia 

The combmed effects of oxygen lack and carbon 
dioxide excess upon the heart rate are s^~m 
asphyxi^ At first, marked slowing occurs which 
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IS largely a secondary effect of the nse m blood 
pressure (Alarey’s law, p 245) induced through 
the action of carbon dioxide excess and oxygen 
lack upon the vasomotor center (p 278) Later, 
as the strength of the cardiac muscle weakens, the 
blood pressure falls, the heart rate nses and finally 
cardiac irregularities appear It has been shown 
by McDowall that mQd asphyxia exerts a delayed 
effect upon the cardio-inhibitory center If an 
animal is asphjuaated for a short penod, cardiac 
slowing occurs after recoverj^ Durmg the as- 
phj^xial penod itself, slight cardiac acceleration 
may occur The delayed effect is considered to 
be m the nature of an after discharge (ch 64) 
of the cardio-inhibitory center From this obser- 
vation it is suggested that the mild asphyxia which 
accompames muscular exercise may be a factor 
m the development of the high vagal tone and 
slow heart rate found m athletes and others who 
are accustomed to perform heavy muscular work 

ni The Mecha^hcal Factors Concerned in 
THE Regulation of Cardiac Action 

The effects of mechamcal or physical factors, 
e g , venous inflow and artenal blood pressure, 
upon cardiac behavior have been studied m great 
detail by Starlmg and his associates These classical 
expenments were earned out upon the heart-lung 
preparation of the dog A descnption of the 
preparation follows 

The hearl4ung preparation 

This method enables the output of the left ventricle 
to be determined at the same time that any one of 
several factors, e g , artenal resistance, venous inflow 
or temperature, is vaned as desired, while the remam- 
mg factors are ngidly controlled The followmg de- 
scnption IS taken m the mam from Rnowlton and 
Starhng’s paper (see fig 25 4) The chest is opened and 
artifiaal respiration instituted The artenes ansmg 
from the aortic arch are hgated, as well as the azygos 
vem Cannulae are tied mto the innominate artery 
(C A.) and the supenor vena cava (SVC) The de- 
scendmg aorta is hgated Blood which has been de- 
fibnnated or rendered mcoagulable by the addition 
of hepann is placed m the reservoir F, this is con- 
nected by tubing of wide caliber with the cannula m 
the supenor vena cava. The blood is warmed m its 
passage through a worm immersed m a water bath. 
The only channel open to the blood from the left heart 
IS through the mnommate cannula The lesser circu- 
lation IS undisturbed, the blood from the nght heart is 
oxygenated by passmg through the lungs to the left 
aunde. For the sake of sunphaty the pulmonary 


orculabon is not shown m the figure. The innommafi, 
cannula connects by one hmb of a T-tube with a 
mercurial manometer M’ The other hmb of the T is 
connected by tubmg with a second T-branch, v, the 
hmbs of which are connected respectively with the 
resistance R, consistmg of a rubber finger-stall en- 
closed m a sealed tube, T, and the mverted test-tube, 
B The air m the latter, smee it undergoes compres- 
sion and decompression with the pulsatile vanations 
m artenal pressure, acts hke the air cushion m the 
stand-pipe of a water system, and serves m heu of 
the elastic artenal wall (p 149) The resistance of the 
flow of blood through R can be raised to any desired 
haght by means of the bulb S and the pressure bottle 
A. The pressure exerted upKm the collapsible finger- 
stall IS measured by the manometer M* The blood, 
after passmg through the penpheral resistance, collects 
m the tube N which is provided with a siphon tube Sy 
This can be made of such dimensions that the blood is 
siphoned o5 when 10, 20 or 30 cc have collected The 
chainge m pressure m the side tube leadmg to the 
tambour D, which occurs each time that the blood is 
siphoned off, causes a movement of the lever which is 
recorded upon a smoked surface The output of the 
left ventnde over a given penod is thus determmed 
The output of the left ventnde also gives the measure- 



Fig 25 4 Arrangement of apparatus for heart-lung 
preparation of mammalian heart (Khowlton and 
Starlmg) Descnption in text 
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TABLE 19 

Dog 515 hg Heart 56 gm. Respotise of heart to 
increased venotis tnjioto 
(Patterson and Starling) 
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ment of that ejected by the nght side of the heart, as 
well as of the venous inflow, since obviously the left 
ventricle can give out no more than it receives from 
the nght, and must give out as much, so long as the 
circulation is maintamed 

Starlmg and his associates have shown that the 
dog’s heart possesses a remarkable reserve power 
upon which it draws when confronted with a 
demand for greater work— mcreased venous inflow 
or raised arterial pressure The heart was found 
to respond capably to an maease m the venous 
inflow of several hundred per cent, as the inflow 
inaeased a corresponding increase occurred m 
the output of the heart The heart rate did not 
accelerate significantly, so the greater output was 
accomplished practically entirely by an mcrease 
in the quantity of blood ejected at each beat (see 
p 263) The results are shown m table 19 Fig- 
ures for the venous inflow are not shown m the 
table, but the fact that the circulation was mam- 
tamed shows that the heart was givmg out as 

TABLE 20 

Dog 4 6 kg Heart 52 gm Venous supply mam- 
tatned constant and arterial resistance varied 
(Patterson, Piper and Starlmg) 



much blood as it took m— that is, the output was 
directly proportional to the diastolic fiUmg As 
the mflow mcreascs, the venous pressure nses mod- 
erately and distends the heart cavities up to a 
certain optimal degree of dilatation Beyond this 
point a falling off in output occurs In other words, 
a point amves when the heart is dilated beyond 
its physiological capaaty, the muscle fiber is at a 
mechamcal disadvantage and the heart fails to 
eject as much blood as it receives The ventncle 
becomes distended with blood, and as a conse- 
quence, the venous pressure rises to an abnormal 
height When, in the experiments of Patterson, 
Piper and Starlmg, the venous inflow was mam- 
tamed at a constant rate and the arterial pressure 
raised by increasing the arterial resistance, there 
occurred a corresponding adaptation of the heart 
to the greater demands made upon it The total 
output of the left ventncle remained practically 
unchanged though the artenal pressure was raised 
over 100 per cent (table 20) 

It IS quite evident from table 20 that the heart 
responded to a greater venous inflow by increasing 
Its output per beat and not by increasing its rate 
It IS also true that, if the r enous inflow is inade- 
quate, 1 e , the heart chambers are not completclj 
^ed at the end of diastole, or are just filled and no 
more, simply mcreasmg the frequencj’ of beat, as 
by raising the temperature, fails to mcrease the 
output This IS ob\aous, since if the beats have 
been occumng at the end of a penod of rapid 
filling and no mcrease m venous inflow occurs as 
the rate increases, the acceleration in heart rate 
must be accompanied by a proportional reduction 
in the volume of blood ejected per beat The re- 
duction in stroke volume with nse in rate is 
shown m table 21 If, on the other hand, the 
venous mflow is large, the heart fills earlier m 
diastole and a period of diastasis (p 209) is 
created Then any mcrease m rate by abolishing 
or reduemg this penod must increase the output 
(see also p 263) 

Referring again to table 19, in which it is seen 
that the increased output is unaccompanied by a 
notable acceleration of the heart, it must be re- 
membered that the experiments were earned out 
upon a denervated heart-lung preparation, the 
Bambridge reflex (p 246) was m consequence 
abohshed It cannot be concluded therefore that 
m the intact animal the nse m venous pressure 
which resulted from the greater inflow would not 
have caused an mcrease m the rate of the heart 
In the mtact animal a moderate mcrease m the 
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TABLE 21 

Dog SJ kg Weight of heart 77 J gm Small constant venous inflow, heart rate increased The output remains 

unchanged 


(Mark^\ alder and Starling) 
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output maj also be brought about \\ithout an 
increase in the diastolic \olumc, the ventricles 
simply cmpUing more completely In moderate 
exercise, m man, for example, the diastolic size of 
the heart as obsen’ed radioscopicallj maj not 
increase, whereas the systolic size is less than that 
dunng rest 

The expenments of Starling and his colleagues 
haic shown that the dog’s heart is capable of 
pumping in the neighborhood of 57 times its own 
weight of blood per minute for a considerable 
length of time In one instance a heart weighing 
42 grams give an output of 2400 cc per minute 
If the power of the human heart may be taken to 
be equally great in proportion to its weight, then 
a heart w cighing 300 grams or so should be capable 
of an output of over 17 liters per minute The 
maxunal output actually obscr\^cd in man by 
indirect methods considerably exceeds this figure 
(p 265) Dunng an ordinary life-time the human 
heart performs an amount of work equivalent to 
that which would raise a weight of 100 tons to the 
height of 1 mile 

THE SOireCE OF TICE ENERGY WTIlCn ENABLES THE 
HEART TO INCREASE ITS OUTPUT THE LAW 
OF THE HEjVRT 

It is well known that skeletal muscle contracts 
more forcibly if it is loaded by a w-eight before it 
is excited The weight stretches the muscle fibers, 
1 e , it increases their length and exerts a certain 
tension upon them If the muscle is made to 
contract isometrically the tension developed dur- 
ing the contraction is found to be proportional to 
the length of the muscle before excitation The 
latter is called the imlial length of the muscle 
The tension which the load exerts upon the fibers 


just pnor to their contraction is spoken of as the 
imttal tension The tension developed when the 
musde contracts — isomctncally — will be referred 
to as the developed lettston which, of course, is a 
measure of the force of the contraction IVhen a 
resting musde is weighted, little change in initial 
tension actually occurs until it is extended beyond 
a length corresponding to that which it possesses 
when in its natural position in the body, ic, 
its physiological length Up to this point the de- 
veloped tension increases with each increment in 
initial length, but bcj'ond it the developed tension 
actually becomes less w ith increasing initial length 
Yet, it IS only when the musde is stretched beyond 
its physiological length that any marked mcrease 
in initial tension occurs The power of contraction 
of a skeletal musde is therefore dependent upon 
initial length and not upon any stimulating effect 
exerted upon the musde fibers by initial tension 
The relationships between the initial length, m- 
itial tension and the developed tension of skeletal 
musde dunng its contraction are shown m figure 
25 5 

There has been some controversy as to whether 
the energy liberated by the cardiac musde is, 
like skeletal musde, dependent mainly upon initial 
length or upon initial tension The expenments 
of Starling and his colleagues indicate that initial 
length is the sole determining factor 

Clearly, there are no means, as in the case of 
skeletal muscle, by w’hich the length and tension 
of the cardiac musde dunng its rdaxation (di- 
astole) or the tension developed during contrac- 
tion (systole) can be measured directly Yet, the 
diastolic volume depends upon fiber length (initial 
length), the intraventricular pressure during di- 
astole represents initial tension, and tlie pressure 
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pressure 



stolic ventncular \oiume (initial length) to svstolic 
pressure (see text) (After Starling and associates ) 


developed dunng s\ stole is related to the tension 
set up b> the contracting fibers (developed ten- 
sion) WTien, therefore, simultaneous records of 
diastolic volume and mtraventricular pressures 



c c Filling 


fiUme If graded increa: 

nUmg of the frog’s ventncle upon the tensior 

tenTo^ m r^nse, broken line, ii 

tension (Redrawn from Anrep and Segall ) 


(p 207) dunng diastole and systole are secured, 
the data may be plotted as shown in the diagram 
(fig 25i) mth volume (cc) representing initial 
length, along the ordinates and pressure (mm 
Hg) representing tension, along the absassae 
The venous pressure which stretches the cardiac 
muscle dunng diastole corresponds to the weight 
applied to the skeletal muscle The opening of 
the semilunar valves against the aortic pressure 
represents the load against which the cardiac 
muscle has to contract It wnll be seen from the 
figure that the force of the ventncular contraction 
mcreases w ith the diastolic volume until the heart 
becomes overdistended and a nse in diastolic 
pressure occurs The force of the contraction then 
falls off (compare with fig 25S), the two curves 
approaching one another and finallj meeting 

Starling has expressed this fundamental pnna- 
ple of cardiac behavior in what has been termed 
the Laj! of the Heart, namelv , that “the cncrg> set 
free at each contraction of the heart is a simple 
function of the length of the fibers composing its 
muscular walls ” Thus the heart fibers auto- 
maticallv gain the neccssan energv to eject the 
greater load of blood which fills its cavities dunng 
diastole or to discharge its contents against a 
raised artenal pressure In the latter instance the 
ventncle for the first beat or two after the pres- 
sure has been raised docs not expel the full quan- 
tity of blood, but retains a part, this serves to 
increase the diastolic volume bejond that cxist- 
mg before the pressure was raised, and so to 
increase the force of the subsequent contraction 
The greater energj liberation assoaated with the 
increased diastolic volume is attnbuted to the 
greater extent of chemicallj activ'e surface which 
naturall> results from elongation of the fibers 

The results of the experiments of Anrep and Segall 
are also confirmatorj of Starhng’s conclusions These 
observers found that when the isolated frog's ventncle 
contracted isometncallj the contractile force (svstolic 
pressure), increased up to a point, proportronatcl> 
with the filling of the ventncle (diastohc volume), the 
maximal tension developed when the ventncle was 
filled to § of Its maximal capaatj Tilhng bej ond this 
caused a rue in the imtial (diastohc) tension accom- 
pamed b> a reduetton in the developed tension (fig 
25 6) Katz was able to dissociate the effects of these 
two factors upon the development of tension bj the 
turtle heart. When imtial tension was varied but 
initial length kept constant, or the converse, or when 
both were vaned m the same or in opposite directions, 
the results alwa>s indicated that imtial length was the 
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factor rvluch detenruned the force of the contraction 
Changes in initial tension amounting to over 200 mm 
H;0 irere usually without effect upon the height of the 
intraventncular pressure provided the diastohc volume 
was kept constant 

It has also been shown by Starling and Visscher 
that the oxj'gen consumption of the heart muscle, 
1 e , the total energy expenditure, is duectly pro- 
portional to fiber length (diastohc volume) The 
Oj 2 consumption 

ratio ; remamed constant though 

diastohc volume 

diastohc volume vaned widely The work per- 
formed by a heart m first-dass physiological 
condition also bears a hnear relationship to di- 
astolic volume and consequently to the oxygen 
consumption On the other hand, when as a re- 
sult of fatigue the condition of the heart deteno- 
rated, its diastohc volume was much greater m 
proportion to the work performed than was the 
case with the well-conditioned heart, i e , the ill- 
nounshed muscle fiber m order to gam energy for 
the performance of a given amount of work must 
be stretched to a greater extent Nevertheless, 
whether the condition of the heart muscle was 
good or bad the relationship between oxygen con- 
sumption and diastohc volume was the same (fig 
25 7) This means, dearly, that for the perform- 
ance of a given piece of work the poorly nourished 
heart uses more oxygen (smce it dilates more) 
than does a heart m good condition, or put m 
another way, the proportion of the total energy 
expenditure which appears as mechanical work 
(its effiaency) is lowered when the heart musde 
departs from its prime phj^iological state 

Pathological Physiology of Cardiac Lesions 
Cardiac Dilatation and Hypertrophy 

The enlargement (dilatation and hypertrophy) 
of the diseased heart is a compensatory reaction 
In aortic regurgitation, for example, the heart 
receives blood not only from the aundes but also 
from the aorta as a result of the mcompetence of 
the aortic valves The diastohc enlargement of 
the ventricular cavity which is requued for the 
accommodation of the greater blood mass also 
enables the heart to devdop the energy necessary 
for the ejection of the extra blood durmg systole 
Cardiac dilatation therefore whether under physio- 
logical conditions (physiological dilatation) or m 
association w ith heart disease (pathological dilata- 
tion) IS the means w'hereby the heart mobilizes 



Oxygen consumption, c c./hr 



Fig 25 7 Lower chart shows the work done plotted 
against the oxygen consumed In calculating the work 
of the heart the veloaty factor (p 142) was neglected 
Upjier chart gives data from the same experiment, 
work bemg plotted agamst the diastohc volume of the 
ventndes The volumes are expressed as x plus known 
values The x represents the lowest value of the volume 
dunng the experiment, which is impossible to measue 
when a cardiometer is used to record heart volume 
The cardiometer enables one to measure only an in- 
crease over this muiimum value The figure shows a 
direct correspondence between work done and ven- 
tncular volume (After Starlmg and Visscher ) 

its reserves of energy (fig 25 8) The so-caUed 
reserve power of the human heart, i e , its capacity 
for work, resides m the extensibility of its muscle 
fibers, withm the physiological limit It is appar- 
ent then that the nearer the fiber durmg diastole 
approaches its maximal physiological length the 
greater will be the encroachment upon the heart’s 
reserve A well-developed and eflaaent heart, in 
order to gam sufficient power to accomplish a 
certam amount of extra work, need dilate relatively 
httle and is easily capable of dischargmg as much 
blood as it receives The venous pressure m con- 
sequence shows little tendency to nse and the 
pulse IS not greatly accelerated On the other hand, 
the smaller heart or the heart wnth a myocardium 




Sulion 11 


THE CIRCULATION OF THE BLOOD 


256 


CAPACITY or HEART 

f 1 

MUCH 

Full reduced Reduced 

I r- — 1 I 



REDUCED 

' EttfiOSE ' lOLERAHa 

Fig 25 8 Diagram illustrating the resene of the 
normal heart and of the heart in aortic regurgitation 
(after Lewis) In column A the reserve power of the 
normal heart, i e , its capaat) for work, is represented 
as being several tunes greater than that required for 
rest In column B the greater proportion of, but not 
all, the resene is drawn upon to perform the extra 
work entailed in strenuous muscular exercise Column 
C represents the heart in aortic regurgitation but with 
an effiaent mjocardium It will be noted that the 
work required of the heart dunng rest is increased but 
Its resene is diminished to only a small extent, it is 
therefore capable of performing the extra work re 
quired for vigorous muscular exercise (column D) 
In columns E and F the reserve of the heart muscle is 
represented as falhng short of the requirements of 
strenuous exerPoa The reserve is reduced still fur- 
ther in column G, and in column H it has gone en- 
tirely, the heart muscle being capable onlj of meeting 
the requirements of rest The subject is dj'spneic dunng 
rest, and congestive heart failure is imminent or has 
already supervened 

weakened by disease, lU-nounshment or oxygen 
lack, when giv en an equivalent amount of work to 
perform must dilate to a greater extent in order 
to liberate the required energy Indeed, an lU- 
equipped heart mav, as a result of some extra 
burden, be dilated to its physiological bmit and 
stni be unable to increase its output per beak 
The heart accelerates its beat as this pomt is ap- 
proached (Bambndge reflex) m order to mcrease 
its output When the full physiological length of 
the fiber has been attained and the optimal pulse 
frequency developed, the heart has reached the 
limits of Its powers Blood then accumulates m 
the cardiac chambers, the venous pressure rises, 
the arculation through the capillanes is slowed 


and the blood gives up a greater proportion of its 
oxygen load to the tissues (stagnant tyiie of 
anoxia, p 420 

tttf. permanent EFEECTS or EXERCISE UPON 

the heart 

The bchef has been widely held that strenuous 
muscular effort is conducive to cardiac dilatation 
and hypertrophy— signs of myocardial damage A 
proportion of athletes have, of course, suffered 
from heart disease and an occasional racehorse has 
died with a dilated and hyTcrtrophicd heart 
Instances of this sort have been cited in support of 
such a view It is now agreed, however, that the 
cardiac enlargements under these circumstances 
arc the result of preexisting disease and that the 
healthy heart cannot be dilated beyond its physi- 
ological limit, nor will a bout of strenuous exercise 
“strain” the healthy heart muscle or cause it to 
fail In a healthy person the functional capaaty of 
the heart and of the skclcLal musculature arc ap- 
parently so proportioned to one another that the 
greatest load of blood (venous inflow) which the 
muscles can provide is taken care of by the reserves 
of cardiac energy The healthy heart of the mara- 
thon runner or oarsman docs not hypertrophy to a 
pathological degree It has also been shown by 
X-ray examination that the diastolic diameters of 
the healthy heart arc not matenally increased 
durmg strenuous excrasc and that the systolic size 
is actually less than it is dunng rest, that is, the 
heart empties more completely It may’, therefore, 
be concluded that acute dilatation or chronic 
dilatation with hy’pertrophy is the result of some 
diseased state of the heart itself 

It should not be concluded, how cv cr, that mus- 
cular training exerts no effect upon the size of the 
heart hlitchell, for example, found that the 
heart size of a group of undergraduates at Cam- 
bndge underwent a gradual increase over a penod 
of a few years of athletic training This was 
accompanied by a reduction in pulse rate (see p 
241) Lindhard observed an increase of 20 per 
cent in the resting cardiac output as a result of 
physical training Others hav e reported more 
marked effects in persons indulging in v’cry ardu- 
ous types of athletics Eyster, on the other hand, 
could demonstrate no increase m the av crage heart 
size of a group of young athletes when compared 
with that of a group following a more sedentary’ 
life The evidence taken in review indicates that 
athletic pursuits, especially of a strenuous nature. 
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may cause a moderate but definite mcrease m 
cardiac bulk This, however, is purely physio- 
logical and is proportioned to, or only slightly 
in excess of, a development of the skeletal muscles 
That IS to say, the normal ratio of heart weight 
to body M eight show s no change or a very moder- 
ate one as a result of athletic traming 

THE MATURE AND CAUSE OF THE HYPERTROPHY IN 
CARDIAC DISEASE 

The average n eight of the normal adult heart is 
300 grams (250 to 350) , it constitutes from 0 40 to 
0 50 per cent of the body v eight In disease 500 
grams is not an imusual v eight and hearts weigh- 
ing 1000 grams or more are occasionally seen The 
commonest causes of cardiac hj^iertrophy are 
valvular disease and hj^pertension In the latter 
the left ventricle is pnmarily mvolved but in 
valvular disease one or other ventricle, or both 
vcntnclcs ma}' be enlarged, in some instances the 
auricles are also dilated and their walls hyper- 
trophied Other less common causes of cardiac 
enlargement are coronary disease, arterio-venous 
ancurj'sm, hyperthyroidism, adherent pericar- 
dium, anemia and congenital cardiac defects 
^Vhen the enlargement is due predominantly to 
h^Tiertrophy it is sometimes referred to as concen- 
tric, nhen marked dilatation exists as wcU, the 
enlargement is said to be ccccnlrtc The increased 
bulk of the ventncular muscle is due, not to a 
multiplication of its fibers, but to an increase in 
the size of each fiber The sarcoplasm is more 
abundant and the fibnllae more numerous There 
IS also frequently an mcrease m the connective 
tissue between the fibers 

The hypertrophy is probably always preceded 
by some degree of dilatation The permanent 
lengthening of the fibers consequent upon the 
latter, as already mentioned, tends to reduce the 
cardiac reserve since they are thereby brought 
nearer to the pomt of maximal extension The 
hypertrophy, on the other hand, has the effect of 
increasing the power of the fiber at this new 
length with the result that the heart’s reserve 
power is raised and may be restored nearly to its 
normal value (fig 25 8) Such a heart is said to 
be compensated In experimental lesions the 
hypertrophied heart is reported to have a reserve 
power quite as great as that of the normal heart 

The cause of the cardiac hypertrophy is not easily 
explained Increased work (induced by valvular 
defect, hypertension, etc) is not the only, or 


even perhaps the major, factor in its production 
In the first place, the extra burden thrown upon 
the heart by a valvular lesion is often not suffi- 
cient to encroach to any great extent upon the 
reserve pow'er of the heart, and m other mstances 
the grade of hyqiertrophy does not correspond to 
the amount of extra work which the heart is called 
upon to perform Artenal hypertension, if it de- 
velops gradually may, for example, cause little 
hypertrophy though the work of the heart is m- 
creased by 40 per cent Also, in a large proportion 
of cases of mitral stenosis the hypertrophy of the 
left ventricle is as great as that of the right where 
the burden falls, and in aortic disease the right as 
well as the left ventricle may be mcreased m bulk 
(Lewis) Finally, cardiac hypertrophy occurs, as in 
coronary disease, when there is no evidence of 
mcreased work 

The experiments of Eyster and his associates 
throw some light upon this question They pro- 
duced aortic regurgitation in dogs by passing an 
mstrument down the right carotid artery to the 
heart and cutting the aortic valves The ven- 
tncle, being suddenly subjected durmg its relaxa- 
tion phase to the high aortic pressure, became 
acutely dilated The dilatation (as showm by 
roentgenograms) disappeared within a few days 
but hypertrophy gradually developed from then 
on An effect comparable to aortic stenosis wjis 
also induced by constricting the ascendmg aorta 
with a rubber band Similar changes m heart 
size resulted In other animals the band was 
removed after from 3 to 6 days, at which time the 
ventricular dilatation had reached its maximum 
Though the heart was relieved of the extra work, 
hypertrophy was not prevented This came on 
gradually, as m those mstances in which the 
stenosis was not relieved, and w^as complete by 
about the eightieth day A second constriction 
again caused immediate dilatation foUow'ed by 
progressive hypertrophy Similar results were ob- 
tamed by massive transfusions which caused 
distention of the nght ventricle Histological 
exammation of the heart durmg the stage of 
dilatation revealed thmnmg and hydropic degen- 
eration of the heart muscle, which were asenbed 
to the mjunous effect of the acute stretching of 
the muscle fibers In the later stages the degenera- 
tive changes had disappeared and a pure hyper- 
trophy alone was evident The hypertrophy was 
therefore considered to be a reaction to injury 
brought about by the sudden dilatation 
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These observations are of the utmost impor- 
tance m gaitung an msight mto the probable se- 
quence of events m the hypertrophy of the human 
heart Overstretchmg of the fibers is apparently 
assooated m some way with their overgrowth 
The increased fiber length may be brou^t about 
by an excessive load resulting from some mechani- 
cal defect such as aortic regurgitation Injury to 
the muscle is thereby mduced Or, on the other 
hand, the overstretchmg may be the result of a 
primary weakemng of the myocardium, as m 
coronary disease or infective or toxic processes, 
the fiber bemg forced to lengthen unduly m order 
to liberate the required energy The manner in 
which mcrease in fiber length bnngs about the 
overgrowth is unknown, but the experiments of 
Starlmg and Visscher suggest elevation of the 
metabohsm of the muscle as a possible explanabon 
(p 255) It has been mentioned that, for the 
performance of a given amount of work, the lU- 
conditioned myocardium, as compared with a 
healthy one, has a much greater oxygen consump- 
tion This view accords with the facts that a 
diseased myocardium may hypertrophy even 
though Its work is not at all mcreased, and that a 
great mcrease m the burden of the healthy musde 
can be borne with only a very moderate degree of 
overgrowth 

Heart Failure, Chronic Congestive Heart 
Failure (Carduc Decompensation) 

The heart may fail suddenly, as under chloro- 
form anesthesia, during an attack of paroxysmal 
tachycardia, as a result of occlusion of a coronary 
artery or one of its branches, followmg acute 
effusion of fluid mto the pencardial sac, or from a 
sudden maease m cardiac work thrown upon an 
already diseased myocardium In such mstances 
there is a sharp reduction m cardiac output, the 
ventricles may enter mto fibrillation and the circu- 
lation then comes to a standstill Or, the patient 
may survive the attack which then may be followed 
by the symptoms characteristic of chronic heart 
failure 

CHRONIC congestive HEART FAILURE 

The heart with a valvular defect or one which 
IS forced to work against some abnormal resistance 
may, if it possesses healthy muscle, contmue to 
jierform its functions efiiaently for years The 
state of the heart muscle rather than the valvular 
lesion Itself has come to be recognized as the 


unportant factor determimng the onset of cardiac 
failure The healthy myocardium possesses such 
great reserves of energy that there is little likeli- 
hood of its ever bemg faced with a resistance 
which It cannot effectively overcome — not until 
the myocardium itself becomes diseased do the 
signs of circulatory failure make their appearance 

Increased resistance to the output of the right 
ventncle results from such pulmonary conditions 
as emphysema or fibrosis of the lung, from pulmo- 
nary or mitral stenosis, or from failure of the left 
ventncle Aortic stenosis, hypertension, or con- 
gemtal narrowing (coarctation) of the aorta in- 
creases the resistance to the output of the left 
ventncle 

When a heart is persistently unable to maintain 
an adequate circulation during rest or mild exertion 
the condition is spoken of as chronic heart failure 

Causes of cardiac failure 

Circulatory failure may be precipitated by the 
reduction, more or less suddenly, m the m>ocardial 
reserve of a heart which has been working against 
some inordmate resistance (eg, hypertension), 
whose venous load is excessive (c g , hypcrthvroid- 
ism), or whose work is increased as a result of a 
mechanical defect (eg, \aKniIar disease) Con- 
versely, failure may be induced by an increase in 
the burden of the heart whose rescn'c already has 
been lowered by myocardial disease Indeed the 
heart muscle may be so weakened bj disease — 
coronary sclerosis, acute infective processes, severe 
anemia, anoxia, etc — that cardiac failure may 
supervene though no condition exists to cause an 
mcrease m the work of the heart Among the 
commoner causes which may precipitate chronic 
cardiac failure are 

(a) infeebons, especially of the respiratory' tract 
The increased cardiac work rcsulbng from the nsc in 
metabobc rate caused by the fever, direct poisoning of 
the myocardium, and cough, all conspire to reduce the 
cardiac reserve to the pomt where failure ensues 

(b) Excessive muscular effort 

(c) Chronic pulmonary' condibons, emphysema, 
bronchitis, etc , accompanied by much coughing which 
exerts its effect mainly through the muscular effort 
mvolved 

(d) Pregnancy (increased venous inflow) 

(e) Rapid heart acbon, e g , auncular fibnllabon, 
paroxysmal tachycardia, etc. It should be remembered 
that the heart works very uneconomically at high 
rates of beatmg, i e the heart expends more energy 
for the performance of a given amount of work at high 
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than at low rates of beating One reason for this is that 
the cardiac cycle is shortened, mainly at the expense of 
the diastolic (rest) penod and the period of ejection 
(time during which work is actually performed) The 
penod of isometnc contraction (dunng which energy 
is expended in raising the intraventricular pressures 
above tlie arterial pressures but no work is done) is 
shortened comparativelj little This latter penod is, 
therefore, in a sense a waste penod, and its total time 
per minute is greater the more rapid the heart rate 

(0 Pnmary increase in blood volume (increase in 
venous inflow load) Even the healthy heart may fail 
if the % cnous inflow is greatly increased artificially as 
by a massn c and rapidly administered transfusion 

The validity of the application to clinical cases 
of Starling’s law of the heart, which was based 
upon acute anunal experiments, has been tested 
bj Starr and his associates The work of the heart, 
as determined in 140 normal persons and m a 
number of patients who had recovered from con- 
gestne heart failure, was plotted against the 
heart \olume The work of the heart w'as cal- 
culated from the cardiac output and the blood 
pressure, the heart size was determined roentgeno- 
logically In the cardiac patients, the wrork per- 
formed for a given heart volume was much less 
than in normal subjects These authors concluded 
that Starling’s law holds true for the human heart 
m congestive failure 

There is some difference of opinion concemmg 
Uie fundamental cause of chronic heart failure 
According to one view (Katz and associates), the 
total energv' liberated at the maximal physiological 
length of the myocardial fiber is reduced to the 
pomt at w’hich an adequate circulation cannot be 
maintained Visscher, on the other hand, considers 
that, in the majority of cases at any rate, the heart 
fails because of a decrease m its mechanical effi- 
aency (that is, because of a reduction in the pro- 
portion of the total energy output which is capable 
of being utilized in performing work) Starlmg and 
Visscher found that this was invanably the cause 
of cardiac failure in the heart-lung preparation 
of the dog In one of their experiments of 4- hours 
duration, the oxygen consumption rose from 360 
cc to 590 cc per hour, the diastolic volume m- 
creased by 42 cc and the efficiency fell from 9 5 
per cent to 5 8 per cent 

THE SIGNS AND SYMPTOMS OF CONGESTIVE HEART 
FAILURE 

The chief manifestations are mcreased blood 
volume (unless failure develops rapidly), raised 


venous pressure, dyspnea, cyanosis, congestion 
and consequent enlargement of the liver and 
spleen, pulsation of the liver is not uncommon, and 
there may be jaundice, oliguria and albummuna, 
and edema The cardiac output is, as a rule, less 
than normal and responds in less degree than m 
health to a nsc in the venous inflow (e g , as m- 
duced by muscular exertion) This is especially 
evident in the more advanced stages of chronic 
failure, the cardiac output showmg a very small 
nsc, or may actually decline if the venous load is 
much increased 

The mechanism by which the chief signs and 
symptoms of chronic congestive heart failure are 
produced has been a question of considerable dis- 
cussion According to one view — known as the 
forward failure theory — they are primarily the result 
of a reduced cardiac output and the consequent 
inadequate blood supply to the tissues The dysp- 
nea, for example, has been attnbuted to slow mg 
of the circulation through the medulla (respiratory 
center), the cyanosis to the dimmished flow 
through the vessels of the skin and the greater 
coeffiaent of oxygen utilization Diminished renal 
blood flow' (reduced glomerular filtration) leads 
to the retention of salt and w ater, increased blood 
volume (anoxia of the bone marrow also stim- 
ulates the output of red cells), edema, and a rise 
m venous pressure (see also p 37) Subnormal 
blood flow to the skeletal muscles causes weakness 
and easy fatigability In acute cardiac failure, as 
from coronary thrombosis or other cause, there is a 
marked reduction in cardiac output Venous con- 
gestion and edema are not seen, and the manifesta- 
tions — pulsus altemans, gallop rhythm and cardiac 
asthma — are readily explained upon the forward 
failure theory — left ventricular failure 

In chronic congestive heart failure, however, the 
cardiac output is not always reduced, and when 
associated with certam diseases, e g , severe 
anemia, hyperthyroidism or pulmonary emphy- 
sema, it may be actually increased Again in many 
cases of cardiac failure, when a reduced cardiac 
output does occur, the reduction does not seem 
suffiaently great to account for the symptoms on 
the basis of "forward failure” In most patients 
with congestive heart failure the clmical picture, 
accordmg to Harrison, is mterpreted best upon 
the “backward failure" theory (back pressure 
theory), which now may be briefly stated 

As the myocardium fails, blood accumulates in 
the ventricle which in consequence dilates The 
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musde fibers become stretclied to a point where 
the> offer a greater resistance to the mcormng 
\enous blood, a nse m auncular pressure follows 
which IS transmitted backwards The heart does 
not fail as a whole, failure of the left ventnde 
may precede failure of the nght by a considerable 
mterval or death ma> occur from failure of the 
left or the nght \entncle alone 

IlTien the muscle of the left ventnde is the first 
to weaken, a greater amount of blood than nor- 
mallj remains m the i entnde at the end of systole 
This residual blood together with that received 
dunng and foEowmg diastole stretches the musde 
fibers The pressure of blood m the left aunde 
and pulmonarj veins rises The high pressure m 
the pulmonary arcuit causes engorgement of the 
%essels of the lung The vdoaty of flow m the 
individual \essels is diminished The distended 
\essels encroach upon the au spaces, the vital 
capaaty is reduced, the lung tissue is rendered less 
expansile, dyspnea and cough result (p 416) 
Increased resistance m the pulmonary arcuit, such 
as results from stenosis of the rmtral orifice, men 
m the absence of left v entncular failure tends also 
to cause pulmonary engorgement accomparued by 
dyspnea, especially upon exertion A much larger 
than normal proportion of the arculatmg blood 
volume IS hdd m the lungs This fact and the 
slonmg of the renal blood flo'^ with the retention 
of water and salt leads to a secondary compensa- 
tory mcrease m the total blood volume Stimula- 
tion of afferent nerv e endmgs m the great veins at 
the base of the heart by the high venous pressure 
IS also a probable factor m the production of 
dyspnea. 

So long as the nght ventnde contmues to con- 
tract forably and discharge its contents against 
the maeased resistance m the pulmonary circuit, 
the systemic lessds are not congested Subse- 
quent failure and dilatation of the nght ventnde 
are attended by a nse of nght auncular pressure 
and of the pressure m the ^-stemic lems, with 
congestion of the h\ er and abdominal viscera 
Signs and symptoms (edema, cyanosis, etc) ap- 
pear, due to engorgement of the penpheral vessels 
and slowmg of the blood flow through them. But, 
though the veloaty' of the blood m the penpheral 
capiUanes is reduced, owmg to theu distension 
and the consequent general enlargement of the 
capillary bed, the total \olume of blood flowing 
through the penphery may show httie change 
(seep 178) ® 


The following observations are advanced agamst 
the forward-failure hy-pothesis as an explanaUon 
of the manifestations of the usual type of cardiac 
faflure, and argue for the “back-pressure” theory’ 

(1) Reduction m the cardiac output, though com- 
monly observed, has not been demonstrated mvanably 
m congestive heart failure, the reduction in cardiac 
output, when a reducbon does occur, does not run 
parallel with the seventy of the symiptoms. Moreover, 
the improvement of the chmcal condibon which fol- 
lows the administrabon of digitalis is not always at- 
tended by an mcreased arcnlafaon rate. 

(2) The fact that one ventnde can fail independently 
of the other and that left-sided failure is assoaated with 
pulmonary congestion and nght sided failure with sys- 
temic congestion can be explamed upon the basis of 
“back-pressure”, but not by the forward-failure hy- 
pothesis The reducbon m vital capacity m failure of 
the left % entnde or m obstrucbon (stenosis) at the 
mitral orifice is accounted for most satisfactorily by a 
nse of pressure m the pulmonary circmt and congesbon 
of the lungs Congesbon of the lungs and diminished 
expansibihty , as a result of compression of the pulmo- 
nary \eins, base been demonstrated m animals 

(3) Reducbon of the cardiac output in animals does 
not reproduce the ordinary picture of congesbve heart 
failure, raised venous pressure, edema and certain 
other mamfestabons art absent 

Though a “backward faflure” mechanism can 
account for the chmcal picture m the majonty of 
pabcnts with congestue heart failure, it appears 
from the mvesbgations of Stead and Warren, 
Merrill and others that “forward failure” explains 
the tram of symptoms m a certam propiortion of 
cases The high venous pressure and edema m 
congesbve heart failure is attributed not “to 
raismg a dam” at the nght ventnde and thus 
distendmg the systemic vems, but to a tram of 
ei ents which starts with a reduced cardiac output 
leadmg to reduced renal blood flow, salt and water 
retenbon and mcrease m mtersbbal fluid, and 
ends with enlargement of plasma (and blood) 
volume (p 38) It is pointed out that m congesbve 
failure an mcrease m weight, due to water retenbon 
( subchmcal edema”), occurs before the nse m 
venous pressure Furthermore, hemodilubon is 
found coexistent with the edema, whereas if a 
pnmary nse m venous pressure were the cause of 
the edema, hemocpacentrabon (due to leakage of 
flmd from the crrcutabon) would resulL In a study 
of a senes of pabenrs with congestive heart failure 
without renal disea-'a, Merrill found the cardiac 
output (determmed by direct Pick method (p 
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268)) reduced to about one-half and the renal blood 
flow to one-fifth The greater reduction m the 
renal blood flow as compared with that of the 
cardiac output suggests a shunting of blood away 
from the kidney The reduction in the blood flow 
through the kidney was found to bear no relation 
to the venous pressure Starr has also shown in 
experiments upon dogs that the most extensive 
damage of the nght ventnde consistent with 
survival did not cause a nse in venous pressure 
The foUomng scheme illustrates the “forward 
failure” theory 


Decrease in cardiac 
output 



volume 


Rise m venous 
pressure 


Edema, dyspnea, 
enlargement of 
liver and spleen 


Companng the two theones, it will be seen that 
they differ mainly as to the ongm of the raised 
venous pressure, the backward failure theory 
explaining it simply as a back pressure effect, 
whereas, accordmg to the forward failure theory. 
It is secondary to an mcrease m blood volume 
caused m turn by a reduced renal blood flow, and 
the retention of water and salt But it seems likely 
as already mtimated that the nse m venous 
pressure is not always due to the same mechanism, 
one or other bemg operative m different cases 

The possibflity must also be considered that 
tissue anoxia mduces m some way an endocnne 
disturbance which is responsible for the retention 
of salt and water It wiii be recalled that mcreased 
pressure m the renal vem, as would result from 
back pressure, causes salt retention m some obscure 
manner The whole question is one of the utmost 
complexity 

The iiieffictency of the heart tn congestive failure 
For the performance of a given amount of work 
the oxygen usage of the subject of congestive heart 
failure is considerably higher than that of a 
healthy person From experiments upon animals 
(p 255) one would suspect that the heart is re- 
sponsible to some extent at least for the higher 
oxygen consumption Resnik and Fnedeman found 
that the basal metabolism of patients with heart 
failure was from 10 to 60 per cent above normal, 
and that improvement m the cardiac condition 
was accompamed by a reduction m the amount of 
oxygen consumed They conclude that mcreased 
respiratory effort (i e , the mcreased work of the 
respiratory muscles) accounts for the greater part, 
but that a considerable share of the extra oxygen 
IS used by the heart itself Other factors which 
have been suggested as bemg responsible, e g , 
thyroid stimulation as a result of cuculatory 
alterations m the gland, apprehension and dis- 
comfort, or expansion of the capillary bed caused 
by the high venous pressure, played no r61e m 
the opimon of these authors m producmg the 
high metabolic rate 

Exercise tolerance tests A useful test of cardiac func- 
tion in heart disease based upon the metabolic response 
to exerase has been devised by Katz and his associates 
The greater proportion of the mcreased oxygen con- 
sumption occurs after the exerase These observers, 
therefore, determme the oxygen consumption before, 
during and for IS mmutes after the performance of a 
measured amount of work The total oxygen con- 
sumption throughout the test is compared with that for 
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the same penod at the pre-exerase rate The difference 
between the ti\o estimations gives the excess metab- 
ohsm (ch 52) of the eierase, which is expressed m 
cubic centimeters of oij’gen consumed per kilogram- 
meter of work per square meter of body surface, A 
simple but valuable aid m estimatmg cardiac reserve 
m chrome heart disease is the deterrrunation of res- 
piratorj and cardiac acceleration after a standard 
hght exercise, e g , 50 hops 3 mches from the floor at 
one second mtervals In testmg phisical fitness m 


apparehtly normal persons, e.g , of army reermts or 
appheants for insurance, similar but more eiactmg 
procedures are employed, such as steppmg alternately 
off and on a stool or bench from 9-20 inches high. 
In healthy persons the heart rate taken immediately 
after a 30-second penod of such exercise (12 mch 
bench) increases by from 20 to 30 beats per mmute, 
but returns to normal within a nunute of cessation of 
the work 
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The output of the heart per beat is spoken of 
as the systolic discharge or the stroke volume, and 
the output per minute as the minute volume or 
the circulation rate The value of the latter is 
simply the product of the stroke volume and the 
pulse rate (pulse rate X stroke volume = mmute 
volume) , the minute volume divided by the pulse 
rate, therefore, gives the stroke volume The quan- 
tity of blood ejected by each beat of the left ven- 
tricle m the average healthy man dunng rest is 
from 70 to 80 c c An equal quantity is, of course, 
discharged at the same time by the right ventncle, 
making a total for the whole heart of from 140 to 
160 cc The contents of the left ventncle are ejected 
against a much higher mean arterial pressure than 
the contents of the nght, the mean pressure m the 
pulmonary artery bemg about i of that in the 
aorta The minute volume is expressed m terms of 
one ventncle The output of jone ventnd^bvi- 
ouslyrep£esents~TBe~quantriy of bl oo d flowing 
through the~lungs,'br'through the systemic vessek, 
durmglKe'same'penod It is for this reason that the 
value expressmg the mmute volume of the ven- 
tncle IS also referred to as the circulation rate An 
adult of sedentary occupation pumps at least 
liters of blood through his body daily — from left 
to nght ventncle through the systemic vessels, and 
from nght to left through the lungs 

The heart cavities are not beheved to com- 
pletely empty themselyes durmg the restmg state, 
but contain_around_ 100 cc of residuaTlilood at 
the end q^si’stqle Each ventricle has~a~nofmal 
capacity of approximately 200jcu bic centimeters 

It IS evident that the heart can“ihcfease its 
output per minute by increasing its stroke volume 
and mamtainmg its rate constant or, conversely, 
by mcreasmg its rate and mamtaimng a constant 
stroke volume Agam, both these factors may be 
call^ mto play When the heart ja^accelerates 
t he output p er beat can be kept constant o nly 
if thej veno us mflow is ad equate, only under such 
circumstances c^ the minute volume be increased 
If, for example, the beats of the heart have oc- 
curred at the end of a penod of rapid filhng, i e , 
before or at the moment that The heart chambers 
are filled, simply mcreasmg the heart rate will 
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cause the beats to fall earher m the penod of rapid 
fillin g Reduction m th e stroke volume m propor- 
tion to the mcrease morale must result ^d no m - 
crease m the mmute volume can, therefore, occur 
(see table 21, p 253) At very rapid heart rates, as 
m paroxysmal tachycardia, a pomt is reached at 
which the heart does not relax suffiaently between 
beats to take on an adequate load of blood and the 
mmute volume is actually reduced 

If, on the other hand, the beats have been oc- 
cumng some time after the penod of rapid fillmg, 
1 e , a penod of diastasis exists, then an mcrease m 
heart rate will, by shortenmg or abolishmg this 
penod, or by preventmg its appearance when the 
mflow is augmented, mcrease the output Conse- 
quently, w'hen the venous return is mcreased as 
m muscular exercise, the greater mass of blood 
is readily accommodated by the large well-de- 
veloped heart and there may be no penod of 
diastasis, no nse m venous pressure, the heart rate 
then shows less tendency to mcrease The hearts 
of some athletes show no mcrease m rate, what- 
ever, dunng exercise, the restmg stroke volume 
of such hearts may be double or more that of 
an ordmary person, namely 120 to 130 cc In 
the smaller heart the greater mflow causes the 
heart to fill earlier in diastole, the venous pressure 
rises and as a result ofjhe Bainbndge reflex the 
heart accelerates Little change m stroke volume 
may occur, the greater mmute volume bemg 
brought about almost entuely by an mcrease m 
the frequency of the beats In the majonty of 
healthy persons both factom — mcrease m heart 
rate and mcrease m stroke volume^jflay ^ part 
m the production of a g rea ter cardiac o utput 
Individuals differ, however, m the extent to which 
each factor contnbutes In the athlete, as just 
mentioned, the output is mcreased chiefly through 
an mcrease m the stroke volume, mcrease m heart 
rate plays a very mmor r61e, whereas m the 
sedentary mdividual the latter factor exerts an 
important effect. 

The contnbution which cardiac acceleration can 
make toward the mmute volume is stnctly limited, 
for from 180 to 200 is about the maximum rate 
to which the healthy heart can be speeded up 
This is^only about 2} to 3 times the normal rate 
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Witli a constant stroke volume, therefore, cardiac 
acceleration could not increase the minute volume 
more than tv.o and a half to three times In 
muscular exercise, the oxj'g^n consumption is 
maeased many fold There are only tv.o possible 
njeans whereby the tissues can be supphed with 
the extra oxygen, namely, by an mcreascd circula- 
tion rate or a greater coefficient of oxygen utiliza- 
tion (i e , the removal of mofe oxj'gen from each 
umt of blood, p 374) Were the cardiac output 
solely dependent upon a nse in pulse rate, then 
the cu-culatory factor could, obnously, mcrease 
the supply of oxygen to the tissues three tunes, 
at the most, over that of the resUng state If 
no change in the stroke volume occurred, then, 
m order to increase the oxygen supply, say 10 
times, the coeffiaent of oxygen utilization would 
require to be mcreased between three and fourfold 
As a matter of fact, the cardiac output in a robust 
subject may mcrease nme-fold dunng strenuous 
exercise, and the oxj'g^n consumption 12 times 
In such an instance it must be concluded (1) that 
the stroke volume mcreases o\er 3 times (even 
at alnaximum pulse ratc7,”and (2) that the oxj'gen 
requirement is satisfied largely by a nse m the 
drculation rate, an mcrease in the coeffiaent of 
oxygen utilization playing a less promment r6lc 
The proportion in which each of the tw o factors 
]ust mentioned— maeased circulation rate and 
maeased coeffiaent of oxygen utilization — con- 
tnbute m bnngmg about the greater oxj'gen 
supply to the tissues vanes, howe\ er, m different 
persons and with the type of exercise In very 
hght exercise mvolvmg slow movements the co- 
efficient of oxygen utilization is maeased to a 
proportionately greater extent than is the cardiac 
output With moderately severe cxerase, on the 
^ other hand, the coeffiaent of oxygen utilization 
1 IS usually about doubled while the cardiac output 
' is maeased fourfold or so This would permit 
an eightfold maease m oxjgen consumption As 
the exercise becomes more se\ere the circulation 
rate maeases to a proportionately less extent 
than the coeffiaent of oxygen utilization, and m 
exhaustmg effort a point is reached where the 
cardiac output shows no further mcrease, the 
coeffiaent of oxygen utilization from then on 
nsmg with the oxygen consumption The rise 
m the coeffiaent of oxygen Usage m muscular 
exercise is attributed to the diversion of a larger 
proportion of the total blood volume through 
the contractmg muscles The production of aad 
metabohtes (carbon dioxide and laebe aad) and 


the nse in temperature also lower the affinity 
of the hemoglobin for oxj'gen which, in conse- 
quence, IS given up more readily (p 375) to the 
tissues 

The extent to which tlicsc two factors contnbutc 
to satisfy the oxjgen requirement also vanes 
with the particular muscle groups which arc 
excrased Muscles, such as those cmplojcd in 
w'alking or running, whose action is more effiaent 
m macasing the venous return, tend to increase 
the cardiac output more than those which ha\c 
not this effect, even though the total oxxgcn 
consumption in both instances is the same Swim- 
mmg IS an exercise which causes a rclativclj 
great maease in the cardiac output Sex era! fac- 
tors other than the excrasc itself, namclj, in- 
aeased heal loss, respiratorj stimulation and the 
pressure of the water arc largclj responsible for 
the greater cardiac response in this Ixpe of cx- 
acisc There is some cxadcncc that, as a result 
of training, the coeffiaent of oxx'gen utilizabon 
tends to increase dunng exercise, thus sparing 
the xxork of the heart 

The Output of the Healths Heart Normal 
Standards PmsiotociCAL Variations 

The minute volume of the heart under basal 
conditions' xancs, in different indixnduals, from 
3 to_4 6 liters The xaluc for a gixcn person xias 
found bj Grollman to be rcmarkablx constant, 
determinations made from lime to time xarxing 
bj no more than 2 5 per cent Grollman has also 
shown that the basa]_ cardiac output is a function 
of the surface area of the bodx For normal 
persons the minute xolumc per square meter of 
bodj' surface — the cardiac index as it is termed — 
has an ax'cragc x aluc of 2 2 liters (acetx lenc m ethod 
p 269) In a group of 50 normal adults the index 
had an average dcx'iation from the mean of 6 4 per 
cent The cardiac output then is proportional to 
the basal metabolism (p 017) and like the latter 
can be predicted for a normal person, w ith a small 
error, from the surface area The axcrag e basa l 
cardiac output per kilogram of bodj _wcight is 62 
ca As already mentioned the axcrage vofumc of 
blood ejected per beat (stroke xolume) is from 60 
to 70 cc 

The xalue of the cardiac index as determined bj 
the direct Fick method is about 27 jmr^cent 
higher than that found by the acctjlcne metliod 

' I e , with the bodj recumbent and at rest, at room 
teniperature 20°C and 12 hours after hax mg partaken 
of food or dnnk 
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Coumand obtained an average figure for the car- 
diac index by the former method of 3 12 h ters, 
which gives an average total mmute volume for 
adults, under basal conditions, of approximately 
5,Miters Th e card ia c mdex is somewhat hi gher for 
chijdren 

The foUowmg physiological conditions vary the 
cardiac output 

Mttsc ular excrase In strenuous exerase the 
'^out^t increases from the basal level of between 
5 and 6 liters per mmute to between 19 and 37 
liters, accordmg to the individual, the stroke vol- 
ume increases from a restmg value of from 60 to 70 
cc to from 100 to 200 cc. The effect of muscular 
cxerase upon the arculation rate is considered in 
more detail above 

Tr.mpcra lurc No change in cardiac output oc- 
curs until the eniuronmental temperature exceeds 
30°C Temperatures above this cause a very moder- 
ate inaease (5 t o 30 p er cent) m mmute volume 
/T) Di^eslion of food ca uses a n_mcrease-above the 
bajaLleycl__of_from_30-to-40_per-c;ent This level 
is reached about 1 hour after the meal, persists 
for about 3 hours and then gradually dechnes 
The extra strain placed upon the diseased heart 
following a meal probably accounts for the attacks 
of angina pectons (p 328) nhich sometunes occur 
at this time Ing estion of flui ds also inaeases the 
cardiac output to a moderate degree Both the 
cutaneous and splanchnic regions share in the 
increased blood flow 

(^> Extreme varialionsjn oxyRcji and c arbon dioxxd e 
ieimons tn ilie'vispircd air (pp 250 and 249) 

Sleep causes little (10 per cent) or no reduction 
m the "mmute volume below the basal level 

Poslu rc Schneider and Crampton find that the 
mmute volume is greater in the r ecumb ent than 
in the erect position with the subject standmg 
quietly After prolonged standmg, m most healthy 
persons the output of the heart remams un- 
changed or decreases slightly In certain subjects, 
i\ho upon prolonged standmg show poor circu- 
lator>^ compensation for the effect of gravity, the 
pulse pressure decreases by 20 m m Hg or so 
and the cardiac output is reduced markeefly, 
faintmg may occur In congestive heart failure 
this mcrease in mmute volume on changmg from 
the upnght to the recumbent position does not 
occur (McMichael) 

Anxtely, ange r and, P robably, — cezlniu^^lher 
anohmal upsets The effect of anxiety or appre- 
hension is important to bear m mmd m deter- 


minations of the cardiac output m nervous sub- 
jects The mcreased output m these ca^ may be 
due to the hberation of adrenalma^nd may 
possibly occur vuthout an mcreasym “iJulsJt rate, 
for McMichael and Sharpey-S^afer obsWved 
that an mcrease in output, amiiimtmg to^utper 
cent, was mduced m humaiyS^jects^ythe wn- 
tinuous infusion of phy^ogical amounts^ Vf 
adrenahne, though there rise m heart rate 

Pregnancy mcreases the^miStrte— volume, but, 
only m the later months is the mcrease pronoimced^ 
the maximum mcrease amounts to from 45 to 85 
per cent The mcrease is attnbuted to the large 
blood volume m the pregnant state and, as a con- 
sequence, to the greater venous in flow load 

Pathouigicai. Variations in the 
Cardiac Output 

A Condthons winch increase the cardiac output 

(1) Hyperthyroidism It has been mentioned that 
the basal cardiac output is proportional to the 
basal metabohe rate It therefore follows that the 
former mil be mcreased m hyperthyroidism, as 
a matter of fact the output m this condition is 
raised from 50 to lO O^per^cent The shuntmg of 
blood from the arterial to the venous side through 
the dilated thyroid vessels may possibly be a 
contnbutory factor (ch 58) m the production of 
the maeased output After operation the output 
falls mth the declme m the metabohe rate 
Withm the last few years thyroidectomy has been 
employed m angma pectons and congestive heart 
failure mth the object of lowermg the metabolic 
rate and so of reduemg the work of the heart 
This mode of treatment is resorted to even though 
no emdence of hyperthyroidism exists The thy- 
roid IS removed completely, thyroid extract is 
then admmistered mth the aim of mamtammg 
the basal metabohe rate at a level a httle above 
that at which signs of hypothyroidism appear 
(—25 to —30) The operation is of benefit m 
an gma pec tons, but its justifiabflity m other 
cardiac conditions is senously questioned Thiou- 
racil (chap 58) has been employed for the same 
purpose 

(2) Anemia (see p 420) mcre^es the output 

(3) Anoxemia mcreases the ca rdiac ou tput un- 
less severe or prolonged, then the output dechnes 
owmg to the mjunous effect upon the myocar- 
dium 

(4) Peaer The maease is due mamly to the 
the elevated metabolism (ch 53 ) 
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(5) 4«g)»a -pccions Dunng the attacks of pain, 
the cardiac output is de&nitelj increased over that 
in the periods between attacks 

(6) Arlerto-TCiwus fijlula (arteno-venous aneu- 
rysm) ^~^c^munication between a large vein 
e g , the femoral, and its companion arteri’ results 
m a fraction (i-i) of the blood ejected from the 
left ventricle being short-arcuitcd, or shunted, 
to the nght side The \elocit>' of, the blood on the 
pr oximal side of the fistula rs mcreased, that on the 
distal side reduced Trauma is the most common 
cause of the"condiUon A pulsating swellmg is 
frequentl> present at the site of the anastomosis, 
the heart rate is elevated, the heart becomes en- 
larged and, accordmg to Hamson and associates 
who studied the condition expenmentally, the 

I minute \oIume is mcreased An increase of 100 
' per cent m the cardiac output was found in dogs 
m which a femoral arteno-venous anastomosis had 
been produced Compression of_ the _arter> or 
closure of the stonTa" gfusK^ immediate reduc- 
tion m Se heart rate Grollman from studies of the 
condition m man also concluded that the cardiac 
output was increased * The effects upon the ar- 
terial system of an arteno venous anastomosis 
resemble those of aortic regurgitation — low dias- 
tolic pressure, high pulse pressure (100 ram ) 
and collapsing pulse— though the blood m the one 
case leaks mtoThe ventncle durmg diastole, m the 
other mto the venous sj’Stem Capillary pulsation 
occurs m both conditions 


The acceleration of the pulse is asenbed b) Lewis 
and Drury to the reduction m the mean artenal 
pressure (hlare>'*s law , p 245) resulUng from the leak 
through the arteno-venous fistula, rather than to an 
increase m ^enous pressure (Bambndge reflex) They 
found that after vagal tone had been reduced or abol- 
ished by atropme, compression of the artery caused a 
reduction m rate of only two beats per jmnute. This 
mdicates that the reduced rate, which occurs when the 
artery is compressed without prenous treatment with 
atropme, is due to a lag al refl ex. The enlargement of 
the heart is considered to he due to defiaent nourish- 
ment of the m>ocardium caused by the lowered aortic 
pressure and the consequent reducUon m coronary 
blood flow (p 328) 


(7) ^el's disease of bow A large mcrease (b 
over 13 htersfmmmute volume occurs m thi 

’ Elhs and Weiss (Am Heart J 1930, 5, 3) observe, 
m paUewts only a slight tendency towards reductio 
mtte cardiac output when the aneurysm was com 
pressed or after operative cure 


disease, due to augmented blood_flow_throjjgh the 
bones (Edholm and assoaates) 

(8) Bcri hc Ti 

B C ondilions which rcducc_Jh^cardtac output 

(1) Cardia c irregularities (a) Pa roxysmal ta chy- 
cardia BarCToft and his associates lound the 
output reduced to half the normal value in a 
subject of this condition Before the onset of the 
attack the pulse rate was 64_pcr minute, the 
stroke \ olume 77 5 and the minute a olumc about 
5 liters During the attack the pulse rate was 198_ 
and the stroke volume 12 9 cc , the output per 
minute was therefore 2B liters (b) In amcidat 
filiation the output is frequently reduced since 
this irrcgulanty so often accompanies my ocardial 
faffure (see below) (c) In comfUtcJ cn iijdoch 
wath an cffiacnt myocardium the output under 
ordinary arcumstances shows little alteration 
from the normal Smee the pulse rate is from 35 
to 40 per mmutc the stroke a olumc is eleaatcd 
well above the normal aacrage (100 cc or more) 
If the stroke a olumc docs not increase sufficiently 
to compensate for the slower heart rate, reduction 
m the minute a olume is of course, bound to occur 
In other instances associated with coronan sclero- 
sis and myocardial degeneration, the output is 
definitely reduced In other subjects again, though 
the output dunng rest is normal, the inabilita of 
the heart to accelerate fulK prevents an ade- 
quate output dunng muscular exertion 

(2) Valvu lar disease and myocarjidjathitc- In 
the absence of cardiac failure, a aalamlar lesion, 
as a rule, causes little change in the output under 
basal conditions, a reduction is, however, more 
likely to be found m mitral ste nosis than in other 
forms of valvular disease Casfs'vThich show no 
reduction in output dunng rest mav, nevertheless, 
show a much smaller increase in minute v olumc in 
response to excrasc than does the normal person, 
the tissues consequently' suffer from oxygen lack 
and cv anosis may appear The output also remains 
above the resting level for some time after the 
excrase has ceased, whereas normally it falls 
quickly to Its prevaous value In other subjects of 
vahadar disease but with an efficient my ocardium 
the cardiac output dunng cxerasc is not below nor- 
mal, but, after the termination of the effort, it 
usually, as in the prevaous group, returns more 
slovvlv thaw vs wonnal to the resting lev c) tVhen 
definite weakemng of the myocardium supervenes 
and other signs of heart failure are present, the 
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basal cardiac output is usually reduced, in some 
instances, however, httle or no reduction m output 
occurs (see p 260) The incr^^m rarfiac output, 
which no rmally results Jrom mu scular effort, does 
not_ occi ir or is shg ht m patients with con gestive 
heart failu re, but this failure is to some extent com- 
pensated for by a greater mcrease in the arteno- 
venous oxygen difference than is seen m healthy 
persons undergoing the same grade of work 

Overweight persons with cardiac fadure should 
be benefited by a reduction m thei^ weight It 
has been found by Master and his associates, m a 
senes of persons not suffering from heart disease 
that a reduction of 16 per cent m oxygen con- 
sumption, a 30 per cent decrease in the cardiac 
output and an average reduction of 35 per cent 
m the M ork of the heart may follow loss of weight 

(3) ii^ixedenM The reduction m the cardiac 
output IS roughly proportional to the depression 
of the basal metabolic rate 

(4) Adherent pericardi um and pencard ipi^jmth 
efusion The reduce^~mmute volume is the re- 
sult oTthe mechamcal mterference with the action 
of the heart Adherent pencardium interferes 
with ventncular systole Fluid within the pen- 
cardial sac prevents full dilation of the heart dunng 
diastole and thus reduces the volume of blood 
which it can accommodate 

(5) Pneumolhorax a nd other pulmonary condi- 
tions in whiclTtE^ntrathoraac negative (suction) 
pressure is reduced (p 357) 

(6) Hemorrhage an d surgical s hocks Reduction in 
the cardiac output occurs early (p 301) in shock 

(7) Arterial hypertension In some cases the 
minute'^^tlme’Ts reduced^ m others, probably 
the majority, it is within the normal range 

(8) Pos toperative A pronounced reduction in 
the cardiac output occurs for a period of from 1 
to 4 days followmg surgical operation (Snyder) 

The Effects of Ceetain Drugs ufon 
THE Minute Volume 

Adrenaline and Jnslamine mcrease the oxy gen con- 
sumpSon and the rardiac ou tput the Seer upon the 
"minute volume is, however, proportionately greater 
fTian that upon the oxygen consumption Acelylchohne, 
whose effects m general are very evanescent, causes a 
shght increase m the mmute volume. A deadeT ris e 
m the carQiaC outp ut is produced by nitrites whicE. 
hke acetylchohne, cause arteriolar dilatation. The 
mcrease m the cardiac output caused by mtntes is 
probably a compensatory effect of the lowered pe- 


npheral resistance, whereby the blood pressure is 
maintamed near the normal level Ihgiialis produces 
no immediate effect upon the minute volume m normal 
persons, but a shght mcrease occurs about 6 hours 
after administration ul me drU^ffoU dwedTi y a_reHuc- 
1ion'"'wEi2lrpersiifi' for twenty-four hours In subjects 
oT congSuve heart failure~with auricular fibrillation 
the output IS as a rule though not mvanably mcreased 
as the cardiac condition improves SiroPlmnilnn acts 
similarly to digitalis Atropine which mcreases the 
heart rate to 150 or 180 beats per mmute does not 
mcrease, as a rule, the cardiac output Alcohol m 
moderate dosage (35 cc ) causes no more than a shght 
nse m the cardiac output, GroUman beheves the 
effect to be largely psychic m ongm rather than due to 
the direct action of the drug upon the heart Ca ffein e 
mcreases the cardiac output, pUuitnn and morphine 
reduce it shghtly 

Measurement of the Output of 

THE Human Heart 

Any method for the estimation of the circula- 
tion rate m man must, of course, be mdirect 
Several methods have been devised for the pur- 
pose The methods fall into three groups, (1) those 
based solely upon the Fick prmaple, (2) those 
which mvolve breathing a foreign gas as well, e g , 
nitrous oxide, ethyl iodide or acetylene, and (3) 
physical methods 

THE PICK PRINCIPLE 

The output can be calculated from the differ- 
ence between the oxygen (or CO 2 ) content of the 
venous blood and that of the arterial blood, and 
the total oxygen consumption (or COi ehmma- 
tion) It must be evident that if the quantity of 
oxygen which a imit of blood dehvers to the tis- 
sues (or takes up from the lungs) is known, to- 
gether with the total quantity of oxygen consumed 
over a given penod, then the volume of blood 
which had been engaged m the carnage of this 
quantity of gas can be calculated To take an 
example The artenal blood contains about 19 
volumes of oxygen per 100 cc. It gives up, let us 
say, 6 volumes to the tissues, 1 e , the mixed 
venous blood commg to the lungs contams 13 
volumes per cent The arteno-venous (A-V) oxy- 
gen difference is, therefore, 6 volumes per cent 
If the total quantity of oxygen consumed per mm- 
ute is found to be 250 cc , then the cardiac out- 
put IS — 
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(Total Oj consumption (Output per 
per minute) mmute) 

- ^^9 — X 100 = 4 16 liters , 

19 - 13 

(Arteno-venous Oi 
difference) 

The cardiac output can be calculated m a similar 
way from the total carbon dioxide elimination and 
the arteno-venous carbon dioxide difference (COi 
m mixed venous blood less COi in artenal blood) 
The total oxygen consumption (or carbon dioxide 
elimmation) can be readily detenmned (ch 45) 
The artenal oxygen or carbon dioxide content can 
be ascertamed from analyses of samples of venous 
and artenal bloods This is the direct Fick method 
and, until recent years, has been apphcable only 
to animals, venous blood being obtained by punc- 
ture of the nght side of the heart, or by the pas- 
sage of a catheter mto the auncle through the 
jugular vem Oxygenated blood was obtained by 
artenal puncture But the gas contents of the 
artenal and of the venous blood can be determined 
indirectly from their tensions, which can be ob- 
tamed m turn from an analysis of alveolar air This 
IS a fauly simple matter m the case of artenal 
blood, but It IS difficult to determme the gas ten- 
sions of the mixed venous blood, i e , of the blood 
reaching the lungs It is not permissible simply to 
take the gas content m the blood of an arm vein, 
smce this is not the same as that of the mixed 
venous blood in the nght auncle The amount of 
oxygen given up by the blood to different tissues 
vanes widely, but the nght chambers of the heart 
receive mixed blood from all organs and tissues, 
mdudmg the heart muscle itself 

The direct Pick method 

The direct Fick method was first employed in 
man m Germany m 1929, by Forssmann who 
experimented upon himself, and a httle later by 
Klem It has been developed m Amenca chiefly 
by Coumand and his associates A sample of 
mixed venous blood is drawn from the nght 
auncle, nght ventnde, or from the pulmonary 
artery, by means of a ureteral catheter (No 8 
or 9) passed up the median basihc, axillary and 
subdavian vems The mtroduction of the cathe- 
ter IS gmded by X ray visualization (fluoroscope) 
A sample of artenal blood is obtamed by artenal 
puncture The blood samples are analyzed for 
their oxygen contents and, after the total oxygen 
consumption has been detenmned m the usual 


way (ch 45), calculation of the cardiac output is 
made from the formula already given The carbon 
dioxide A-V differences may also be detenmned 
to serve as a check on the result obtained from 
the oxygen A-V differences This method has a 
high degree of accuracy and has proved of the 
utmost value in the diagnosis of congenital 
cardiac defects (see p 433) The chief source of 
error is the possible failure, owmg to stream- 
Imes of blood diffenng m their gas content, 
to obtam a sample of perfectly mixed venous 
blood Hon ever, Coumand found that, except in 
a small percentage of determinations, samples 
taken from auncle and ventnde did not differ in 
Oi content by more than 0 25 volume per cent 
In competent hands the method appears to carry 
little senous risk The cardiac index (p 264), as 
determmed by the direct Fick method, is about 
27 per cent higher than that obtained by the 
acetylene (mdircct Fick) method of Grollman 

The blood flow through the kidney or Iner in 
man, as well as that through the coronary arcu- 
lation, has also been ascertained by this method, 
blood being obtained, respectivdj , from the renal 
vein, hepatic veins (p 336) or the coronary sinus 

The indirect Pick method of Douglas and Haldane 

based upon the COi arlerto Tenons difference 

The COi tension of the arterial blood is obtained 
from the tension of COj in the alveolar air The 
CO tension of the maed \ enous blood is obtained 
by breathing air mixtures containing different 
percentages of COj from a senes of bags, and 
holding the breath for a suffiaent length of time to 
allow the mixture in the lung-bag system to come 
mto equilibrium with the venous blood That gas 
muture of which two samples taken a short inter- 
val apart have practically the same CO 2 percentage 
IS assumed to be m equilibnura with the venous 
blood The whole procedure must not take longer 
than the time of a smgle arculation (12 seconds), 
1 e , the blood which has left the lungs must not 
be allowed time to return before the second sample 
IS obtained, otherwise the COi tension of the 
mixed venous blood would be raised artificially as 
a result of the absorption of COs from the air 
mixture, and the results be vitiated That is, the 
calculated COi content of the mixed venous blood 
would be too high and the value for the cardiac 
output, m consequence, too low Blood passes 
through the coronary circuit m about 10 seconds 
so the value for the cardiac output does not 
mclude the blood of the coronary system 
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Three (or four) bags of 30 hters capaaty are first 
filled mth mixtures of avr and COi The respective 
mixtures are made up with proportions of COi uhich 
increase in successive bags by 0 5 per cent Thus, the 
mixture m bag number one contains approximately 
6 5 per cent CO., bag tvo, 7 0 per cent, bag three, 7 5 
per cent The subject makes a maxima! expiration into 
room air and then a maximal breath is taken from beg 
one. These two respiratory movements are repeated 
three times in order to ensure thorough mixing m the 
lungs, and to wash out the alveoli wath the gas mix- 
ture in the bag Each expiration is made into room air 
and each inspiration is taken from the bag After the 
final inspiration the breath is held for 2 seconds and 
then a sharp partial expiration (of about 1600 cc) is 
made doira the Haldane alveolar air tube (p 363) 
and a specimen taken for COj analj'sis Due to the 
dilution vnth the lung air (which has a lower COj 
percentage) this sample will be lower m COj than that 
of the onginal bag mixture The subject conPnues to 
hold his breath after this short expiration, and 6 
seconds later a full expiration is made m order to expel 
the remainder of the air from the lungs A second 
sample is taken for analysis If this should show the 
same COj percentage as the first it would then be 
inferred that m the interval the venous blood bad 
nather given up nor absorbed any COj from the lungs 
In other words, the venous blood and alveolar air 
would be in equilibrium, and the tension of the COj 
in the sample the same as that of the venous blood 
Usually, however, the second analysis gives a higher 
value, COj must have been given oS by the venous 
blood, and the COj tension of the latter is, therefore, 
higher than that of the mixture in bag 1 The same 
procedure is then repeated with the ncher mixture in 
bag 2 (7 0 per cent COj) The second of the two anal- 
> ses ma> still be higher than the first. If so, the third 
bag IS cmplojed when the second sample will either 
be the same or slightly lower than the first sample 
The venous CO; tension in the latter case would be 
between that of the second samples of the second and 
third observations On the other hand, if after breath- 
ing from bag 2 the second sample has a lower COj per- 
centage than has the first, CO; must have passed from 
the lungs to the venous blood (see table 22) With 
the use of the third bag (7 5 per cent CO;) the second 
sample will also be lower, but the difference between it 
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and the first sample will be greater than when the 
mixture m bag 2 was employed This method of 
“straddhng” shows that the gas mixture which would 
be m eqmhbnum wath the venous blood must have a 
COj percentage somewhere between those of the sec- 
ond samples m the first two observations (between 6 40 
and 6 63 per cent m table above) A mixture having 
this percentage of COi is then employed When this 
IS inspired and the usual procedure repeated, it is to 
be expected that there will be practically no difference 
between the first and second alveolar air analyses 

The COj tension of the mixed venous blood is readdy 
calculated from the COj percentage of the gas sample 
m equilibnum with it (ch 32) The volumes per cent 
of COj in the artenal blood and m the mixed venous 
blood are then obtamed from the CO; dissoaation 
curve, the lower (oxygenated) curve bemg employed 
for this purpose (p 396) 

The total COj elimination per mmute is determined 
just before the re-breathmg procedures by the Douglas 
bag method (ch 45) Then, if the total CO; ehmma- 
tion IS, say, 208 cc per nunute and the arteno-venous 
COi difference is 5 volumes per cent 

(208/5) X 100«= 4 16 hters, cardiac output per mmute 

METHODS INVOLVING THE USE OF A FOREIGN GAS 

Nitrons oxide (NjO) and ethyl iodide (C-HjI) 
have been employed m the past A method m- 
volving the use of acetylene (CjHj) was intro- 
duced m 1929 by GroUman This gives the most 
accurate results and has largely superseded the 
older methods 

If a subject breathes an mert foreign gas (i e , 
one which becomes dissolved in the plasma but 
does not combine with the hemoglobin, hpoid 
or other constituents of the blood) and the 
quantity which has been absorbed in a given time 
be known, as well as the coeflSaent of solubihty 
of the gas in gjasma, then the quantity of blood 
which has passed through the lungs can be calcu- 
lated This, m general, is the prmaple upon which 
the acetylene or any other foreign gas method is 
based 

The acetylene method (Grollman) The subject re- 
breathes a mixture at acetylene (20 to 25 per cent) and 
air from a rubber bag (3 liters capacity) imtil the 
lung-bag system contams a homogeneous mixture A 
sample of the mixture is taken and the percentages of 
acetylene, mtrogen and oxygen determmed The subject 
contmues to rebreathe for 5 seconds A second sample 
IS then taken for analysis The entire rebreathmg pro- 
cedure should not exceed the tune of a smgle circulation 
(12 seconds) in order that no acetylene shall be returned 
to the lungs, and also that the arteno-venous oxygen 
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difference shall not be altered from that existing prior 
to the rebreathing penod 

The volume of the lung bag system is reduced during 
the mterval between the taking of the two samples, 
smce the volumes of acetjlene and oxygen absorbed are 
together greater than the carbon dioxide ehmmated 
Inasmuch as nitrogen takes no part m the respiratory 
exchanges an mcrease in its percentage will be pro 
porhonal to the reduction of the volume of the mixture 
m the lung bag system. The relative gas volumes m 
the system at the times of the first and second samples, 
which may be designated Vr and Vn respecPvely, are 
therefore calculated from the nitrogen percentages at 
these times, Vi Vn Nu Ni 
If (CjHi)i and (C H})ii be used to designate the per- 
centages of acetylene m the first and second samples, 
respectively, then the relative volumes of acetylene in 
the samples mil be Vi(CiHj)i and Vii(C5H5)ii, and the 
volume of acetylene absorbed will be Vi(CsH 2 )i — 
Vii(C Hi)n Knowing the average concentration of 
acetylene — 

(CiHJi . +jC jHj l u ^ ^ 

m the lung bag system m the mterval between the 
taking of the two samples, and the coeffiaent of solu- 
bdity of the gas, then the quantity absorbed per hter 
of blood IS, 

740 (CiHj) aver ^ B - 48 1 
100 ^ 760 

740 •= the number of cubic centimeters of acetylene 
which are dissolved by 1 hter of blood at 
body temperature when the tension of the 
gas IS 760 mm Hg 
B = barometric pressure 
48 I = tension of water vapor m the lungs 
Then 

Quantity of C H; absorbed dun ng observation 
Quantity of C Hi absorbed per hter of blood 

^ lVi(CiHJi - ViifCiH )nl X [760 X 100 ] 
740 (C,HJ aver X (B - 48 1) 

“ Blood flow through lungs, i e cardiac out 
put dunng rebreathmg 

The blood flow through the lungs, thus obtamed, is 
affected by the eipenmental procedure itself, namely, 
the rebreathmg In order to obtam the cardiac output 
for the penod immediately precedmg the rebreathmg 
penod, the arteno venous oxygen difference and the 
total oxygen consumption must be determmed Now, 
the arleno-venous oxygen difference dunng the actual 
eipenment will be the same as that immediately pre- 
ening the penod of rebreathmg smce this is shorter 
than the time of a smgle circulation The oxygen ab- 


sorption dunng the rebreathmg period is obtamed in a 
maimer analogous to that by which the acetylene ab- 
sorption 13 obtamed The volume of oxygen absorbed 
divided by the quantity of blood m hters passmg 
through the lung dunng rebreathmg gives the arteno- 
venous oxygen difference le , the quantity of oxygen 
absorbed by each hter of blood dunng its passage 
through the lungs Thus — 

A V oxygen diff 

[Vi(Oj)i — Vii(Oi)iil X 740( CtH;) tct (B — 48 1) 
Vi[(C,H^i - Vn(C,H^ii) X [760 X 100] 

(Oi)di» (CiH,).^r X (B - 481) X (0 00974) 
(CiHi)dni 

The factor 0 00974 is denved by combimng the con- 
stants 760 and 100, and 740 — 

( — — = 0 00974^ 

\760 X 100 J 

The total oxygen consumption is determmed m the 
usual way just pnor to the commencement of the re- 
breathmg penod Then 

Total 0; consumption 
Arteno venous oxygen difference 

= cardiac output in litres per minute 
ITOSICAL METHODS 

The halltslocaritographxc method was ongmated by 
Henderson some years ago and has been elaborated 
and modified m recent years by Starr and his col- 
leagues. The cardiac output is calculated from the re- 
cord made by the recod of the body caused by op 
positely directed movements of the heart and by the im- 
pact of the blood dunng systole. It mvolves the basic 
prmaple that "every reaction has an opposite and 
equal reaction " The apparatus or balhstocardiograph 
consists of a table suspended from the cedmg by wires 
and braced to prevent any but a horizontal movement 
m the long axis of the body (fig 26 1) The patient hes 
supme on the table with his feet braced against a foot- 
board The movements of the table are opposed by a 
strong spnng and magnified some 8,000 times through an 
optical recordmg system The apparatus is cahbrated 
by subjecting the table to a static force of 280 grams 
which causes the displacement by 1 cm of the spot of 
fight on the photographic surface The normal ballisto- 
cardiogram shows three'pnnapal waves H, I, and J, 
inscnbed dunng systole. Wave H is due to a small 
headward movement of the body and is caused by 
the movement feetward of the heart and of the blood 
within It, in the isometnc penod of systole (fig 26 2) 
Wave I is due to a sharp recod of the body feetward 
due to the ejection of blood mto the aorta The J 
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Fig 26 1 The balhstocardiograph in use (after Starr) 


u'aic IS the result of a headnard movement caused bj' 
the recoil of the aorta as the blood flows down the 
descending aorta The stroke volume is calculated 
from the areas of the waves, I and J, and by applying 
the follomng formula 

Stroke volume = 7-i/[I + J1AC2/3 

where I and J are the areas of the waves so designated, 
A is the diameter of the aorta (calculated from age 
and surface area according to Bazett's data ) and C 
the duration of the cardiac cycle, the minute volume is 
obtainSrbyTnUltiplying thew'alue of the stroke volume 
by the pulse rate. 

Measurements of the cardiac output by the direct 
Tick method (p 267) give values 18 5 per cent hig her 
than those Qbtained_by— the -ballistocardiographic 
method as just desenbed, but when the figure for 
aortic cross section is obtained by a roentgenological 
method this difference is reduced to 3 5 pe r cent 
(Coumand and his assoaates) 

The method is very largely emptncal, it being im- 
possible to make a true estimate of the forces concerned 

The blood pressure {pii lee-press ure) mMod (as em- 
ployed by Bazett and his assoaates) The stroke 
volume of the h^eart can be calculated if the following 
are known, (1) ~t he vo lume of - t h c-art ena I . v e ssels at 
the end of the diastole, (2) the outflowJrom ^the art enal 
system dunng the^rdiac cyc^ and (3) the dis tensib il- 
it^of the artenal -.walls The volume of the artenal 
system is calculated in sections — from commence- 
ment of aorta to the third part of the subclavian artery, 
(Vi) the descending aorta, with its iliacs and other 
branches except those nearer the heart than the sub- 
clavians (Vj), the sections between the subclavian and 
the brachial at the elbow and including the other vessels 


of the upper part of the body with the same pulse 
wave veloaties (V») and finally, the vessels of the lower 
limbs together with the vessels of the arms, splanchmc 
area and elsewhere having similar pulse w'ave veloa- 
ties (Vi) The values for Vi and V* are obtamed from 
tables giving the measurements m cadavers of different 
heights, s urface are as and ages The volumes Vj and 
Vj are assumed to vary with size of body but not with 
age, and are purely empincal, bemg based upon the 
abihty of the equations to give results which agree 
with those obtamed by the acetylene method 

The distensibihty of the artenal walls is detenmned 
from the pulse way ejtLel oaties (p 183) m the different 
sections, recordmg tambours bemg placed upon the 
apex beat, subckvian, brachial, femoral, and dorsalis 
pedis artenes 

i The outflow dunng diastole is detenmned from the 
change m volume of the artenal vessels from the peak 
of the dicrotic wave to the end diastole The volume 
change is estimated, m turn, from Bramwell and Hill’s 
modification of Moen’s equation, namely, that the 



Fig 26 2 Balhstocardiograph record (semidiagram- 
mape) Calculafaons made from hatched 
areas (After Starr) 
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fo'cctilage o f volum e change fer tntlltmeler of mercury 
‘'nse'ftT'ffessure *= 12 7/\’^ where \ is the pulse wa\e 
veloatj^ in meters per second The outflow from the 
arterial sj'stem during diastole is then calculated from 
the equation 


Vd 


12 7(Z - D) /V^ V_ Vi 

100 \v! v’ vj 



where Va is the outflow of blood dunng diastole, Z the 
dicrotic pressure, and D the pressure at the end of 
diastole, Vi to Vi the \olumes of the arterial sections 
already desorbed and vi to v< the pulse wave veloaties 
in these sections 

The outflow durmg sy’stole (s period) must, of 
course, be taken mto account. It is related to and de- 
ny ed from the volume leavmg m the diastohc penod 
(Vd) and calculated from the ratio of the mean pres- 
sures m the two penods Thus, 

, , / Ms — a\ 

where V, is the volume of blood leavmg the arterial 
system dunng sj'stole, hi, and Md are the mean pres- 
sures durmg systole and diastole, a is a constant haynng 
usually a value of 20 when the blood pressure is ex- 
pressed m millmieters of mercury The stroke volume 
(V) “ V, -f Vd and the output of the heart per minute 
(VO •= V X F, where F is the pulse rate and V the 
stroke yolume. 

The results of this method have been found to agree 
within less than 10 per cent with those of the acetylene 
method 

Injection method This method, which nas originally 
proposed by Stewart, has been developed m recent 
times bj Hamilton and his assoaates A known quan- 


tity of a non-diffusible dye, e.g , T 1824, is mjected 
rapidly mto an arm vem Samples of blood are drawn 
every 3 seconds and the concentration of dye deter- 
mmed The dye first makes its appearance in from 20 
to 25 seconds A curve, drawn by plotting the con 
centrations of the dye agamst tune, rises to a maximum 
and then dechnes m a straight slope, and a little later 
shows a shght secondary nse or hump The latter 
indicates recirculation of the dj e Extrapolation of the 
curve from this pomt to zero will give the time required 
for the total quantity of blood which contains dy e to be 
swept away had no recirculation occurred The mean 
concentration of the dye over this penod of time is 
calculated 

The cardiac output can then be arrived at from the 
formula, F = 60A/TC, where F is the cardiac output 
in hters per mmute, A the substance injected in mg , 
T the duration m seconds of the concentration cune, 
and C the mean concentration of the dye m mg per 
hter Let us say, then, that 250 mg of dye were m 
jected, the mean concentration of the dye was found 
to be 10 mg per hter, and the total time reqmred for 
the dye to be removed, had no recirculation occurred, 
IS, say, 32 seconds Then the y olume of blood required 
to carry the total quantity of dy e injected is X fj) 
4 68 hters per mmute (cardiac output) 

R adiographic met hod In this method the stroke 
volume IS calculated from the area of the heart shadows 
m mstantaneous skiagrams, or by roentgenkyunography 
(Keyes), taken in systole and di astole The hearlyol 
umes in cc in sy stole and diastol e are calcula ted from 
tthe_rardiac areas (after correction for distortion) in 
j these penods by means_of jH^^lowing_ formula , Vol 
fume = 0 64 (area) 145 The difference between these 
values gives the stroke volume. 
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Iht unIK of (he arterioles are comiioscci ciuertv 
of in%oIuiU'\r\ mvi'^clc fiber's arranRcfl in a circular 
fa'sliion Like the cardiac muscle tiic muscula- 
ture of tlie*Ne \e‘'Scls is supplied In two types of 
nerve fifiers—mhilntorv and c\citalorv riiose 
which cause contraction of the arteriolar muscula- 
ture .ire called Tdsormntnr/nr, those which inhibit, 
and 111 consequence cause relaxation of the nnis 
cut ir ring-, are termed .uvoi/i/dtor fhe former arc 
therefore analogous to the cirdiac accelerator 
(aiignuntor) nerves, and the latter to the vagi 
lloth sets together are referred to as the '^asoinolor 
> 

111! \ AMlCO\STHtCTOR 1 IllEKs 

llie-i were fli-covcred in ISS2 In Cl.iude 
Ilemard, who stimulated the cervical svmiiathetic 
nerve in the rabbit and observed constriction of 
the vtssels of the ear Ihcv belong to the thorac 
ICO lumbar ('svmpathctic) division of the invoiun 
tarv nervous sjsiem Tlie constrictor fibers arise 
from groups of nerve cells situated in the lateral 
bonis of the spinal grav matter, extending in man 
from the first thoncic to the seToiid or third lumbar 
segment, inclusive Ml the irttnolcs of the bodv 
wherever situated are supplied with filaments 
whose ultimate source is in this relitivclv’ limited 
region of the central nervous s\«tcni T hev art dis 
tnbuted to the penpherv in the m.mner elsewhere 
ele-cribtd for the thoracico lumbar outflow in gtn- 
er.al (see also chapter 72) 

Tlic vascular nerves of the limbs, is shown bv 
Todd and Kramer and bv Woollard, are dis- 
tributed bv two distinct ineidts (1) \ prownal 
innervation which arises in the case of the vessels 
of the upper limb dircctlv from the cervical part 
of the svmpathetic chain — middle and inferior 
cervical ganglia The fillers pass to the subclavian 
irtcrv and arc coiiveved in a plexiform manner 
dong the outer coat of this vessel and its branches, 
and into the arm along the axillarv artery The 
corresponding supjily to the vessels of the lower 
limb IS derived in extension from the aortic 
Jilexus in the abdomen The fibers follow the 
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common and external liiac arteries into the thigii 
The sympathetic fibers dcnv'cd in the manner 
just described do not extend bcj'ond the 1 irger 
vessels of the limbs — proximal portions of the 
brachial and femoral (2) \ d:sla! innerxaation 
which IS earned to the peripheral x'csscls xna tlic 
spinal nerve trunks (eg, ulnar, sciatic, etc, fig 
27 1) These rcacli the artcncs at different levels 
and, penetrating the vascular wall, form a nerve 
net surrounding the muscular coat, the highest 
level of this tvpe of innervation probably overlaps 
the region innervated bv the proximal group of 
fibers mentioned above Ihc lowest levels supjilv 
the arterioles and capillaries It is solclv througli 
such svmpathetic fibers traveling with somatic 
none trunks tint constrictor impulses arc con- 
vev'cd to the minute vessels of the limbs Ganglion 
cells are absent from the vessels of the limb« 
Section of a pcriiiheral nerve, therefore, causes 
complete degeneration of vasoconstrictor fibers 
in the area of Us distribution 

The CAistencc of the distalh distributed set of 
vasoconstrictor fibers has an imiiortant bearing 
upon o])crations designed to denervate the vessels 
Pcri.arlcn.al neurcclonn , for example, m which i 
segment of a main artery is stnjijicd, w ill interruiit 
fibers belonging to the proximal set hut will leave 
the distal supplv to the vessels intact Histo- 
logical evaminalions of the peripheral vessels of 
limbs wliidi had been amputated some time after 
periarterial ncurcctomv had been performed bav e 
shown onlv undcgcucratcd ncrv'c filaments 

X'asoeonstrictor fibers to the head and neck are 
conveveai from the sympathetic chain through 
plexuses inve-sting tlic blood vessels, but also via 
peripheral nerv^e trunks (ccmcal and certain cra- 
nial nerv es) The v csscls of the abdomen and jieK is 
arc supplied with fibers which pass along the 
vaascular walls from jilcxuscs surrounding the 
aorta and its liranchcs 

The V asoconstnetor fibers arc non-medull itcd, 
but other fine medullatcd fibers mav' be detected 
ramifying around the peripheral vessels fhese 
are afferent and convex scnsoiy impulses (pain) 
from the vessels as well as dilator impulses (anti- 
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TABLE 23 


Dtslrtbulton of vasoconslnctors (see also chapter 72) 


KXCIO'i OF BODY 


oMcms 

PreEanghonic fibers 

PostBuagUonic fibers 

Head 

1st and 2nd thoraac segments of cord 
(man) 

Supenor cervical ganglion 

Upper limb and neck 

2nd (and probably 1st) to 8th or 9th 
thoraac segments inclusive (man) 

1st, 2nd and 3rd thoraac and mfenor and mid- 
dle cervical ganglia thence via nerves of 
brachial plexus 

Low er limb 

Thoraac aorta and 
branches 

10th thoracic to 2nd lumbar segments 

1st to Sth thoraac segments 

From 12th thoraac to 4th sacral gangha thence 
via nerves of lumbo-sacral plexus 

Pulmonary \cssels 

Abdominal and pelvic 

2nd, 3rd and 4th thoraac segments 

Middle and inferior cervical and 1st to Sth 
thoraac gangha 

viscera 

6th thoraac to 3rd lumbar segments m- 
clusive 

Celiac, mesenteric and hypogastnc gangha (no 
cell stations on vertebral chain of ganglia) 


The Vasodilator Fibers 

The origins of the vasodilator fibers are more 
diverse than those of the v'asoconstrictors Dila- 
tor impulses emerge from the central nervous 
S3'stem by (1) the Ihoracico-Uunhar outflow, the 
fibers of which reach a given vascular area by the 
same route as that travelled by the vasoconstric- 
tor impulses, (2) the cranial outflow of the para- 
s>TTipathctic division reaching the pcnphery vua 
the chorda lympam, glossopharyngeal and the vagus 
ncrv'es, (3) the sacral outflow or pelvic nerve, and 
(4) the posterior spinal nerve roots — antidromic 
impulses 

Vasodilators of the Thoracico-lumbar 
Division (Sympathetic) 

The question of vasodilator fibers in the sym- 
pathetic has been debated, since most workers 
in the past doubted their existence Several ob- 
servations had, nevertheless, suggested such a 
distribuUon Dastre and Morat, for example, ob- 
served flushing of the buccal mucosa upon stimu- 
lation of the cervical sympathetic, this observation 
was confirmed by others (Carlson, Langley) The 
phenomenon, however, was ascribed by Gaskill, 
Bayliss and others not to vasodilator impulses 
but to the liberation of vasodilator substances 
(COi, lactic aad, etc) from neighboring small 
glands of the mucosa, excited by the stimulation 
of secretory fibers contained in the cervical sympa- 
thetic 

On the other hand. Dale showed that after 


ergotoxine, which abolishes secretory as well as 
vasoconstnetor and other motor sympathetic ef- 
fects, stimulation of the splanchnic or of the 
abdommal sympathetic caused dilatation of the 
vessels of the mtestme or of the leg, respectively 
This was strong evidence for the existence of 
sympathetic vasodilator fibers The action of the 
dilators had apparently been unmasked when the 
stronger vasoconstrictor effect was annulled by 
the drug 

Bum produced further evidence for the pres- 
ence of vasodilators in the lumbar s}Tnpathetic 
chain of the dog After the blood pressure had been 
elevated (by the infusion of adrenalme), stimula- 
tion of this nerve caused vasodilatation and a fall 
in blood pressure 

The sympathetic vasodilators are of two D'pes, 
namely, those which brmg about their effect by the 
liberation of acetylcholine (cholinergic fibers, ch 72) 
and those whose action is mediated by an adrenalme- 
like substance (adrenergic fibers) The distribution of 
each tj"pe vanes with the speaes and m different vascu- 
lar areas of the same speaes In the dog and hare the 
muscles are plentifully supplied with sympathetic vaso- 
dilators of the chohnergic vanety (Btllbnng and Bum) 
Stimulation of sympathetic fibers to the muscle vessels 
of the dog after ergotoxme administration (which 
paralyses vasoconstrictor fibers) causes vasodilatation, 
the reaction being enhanced by eserine (physostigmme) 
and abolished by atropme Moreover, a vasodilator 
response is obtamed from the stimulation of sympa- 
thetic fibers if esenne has been administered previ- 
ously, the action of the vasodilators now overbalancmg 
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table 24 

Summary of vasodilator fibers {see also chapter 72) 


XEGIOK 

oBiom 

COUBSE 

Head | 

Panisympathctic (cramal outflow) 
Thoranco-lumbar outflow 

7th, 9th and 10th cranial nerves Cervical 
sympathetic cord 


6th 7th, 8th cervical and 1st thoracic 

Poslcnor roots oi corresponding somatic nerves 

Fore bmb 

segments 

Thoraaco lumbar outflow probably 
from same segments as those giving 
nse to constnctors (p 275) 

Probably same as vaso*conslnctors 

Hind limb 

Sth, 6th and 7th lumbar 

1st and 2nd sacral 

Thoraaco-lumbar outflow probably 
from same segments ns those giving 
nse to constnctors 

Postenor roots of corresponding somatic nerves 

Abdominal sympatlictic chain and somatic 
nerves 

Abdominal and pelvic 
viscera 

Thoraaco-lumbar outflow, probably 
from same segments as those givnng 
nse to constnctors 

Splanchnics 

Perns or clitoris | 

Parasympathetic (sacral outflow) 

2nd, 3rd and 4th sacral segments 

Antenor roots and nervn crigentes (pelvic 
nerves) 


that of the constnctors There are only a few s>mpa- 
theUc vasodilators m the muscles of the cat and thc> 
are entirely adrenergic, the vasodilation caused b> 
stimulation of the sympathetic after ergotonne ad 
mmistration bemg unaffected by esetuie or atropme 
That m the cat, some other vascular area is innervated 
by cholinergic fibers is indicated bj the cipenments 
of Cannon and Rosenblueth, who found that the fall 
m blood pressure followmg stimulation of the abdominal 
sympathetic after ergotoxme was enhanced bj esermc 
and reduced or abolished by atropme The muscles of 
the monkey and of the rabbit receive no sympathetic 
vasodilator fibers of either kind The skm of the dog, 
except over the ears, is devoid of sympathetic vaso- 
dilators The presence of sympathetic vasodilators m 
the human skm is m dispute The expenments of Lewis 
and Pickenng seemed to have demonstrated the exist 
ence of such fibers, but Uprus, Gaylor and Carmichael 
in a later mvestigabon have questioned the conclusions 
of the previous workers (see, however, Fatherce and 
Allan for affirmatory evidence) 

The increase m blood flow through the muscles when 
the entire body is heated, or dunng a famt, is brought 
about through vasodilatation, mediated through the 
sympathetic (Wilkins and Eichna, Barcroft and Ed- 
holm, McMichael and Sharpey Schafer) There is a 
decrease of vasoconstnetor tone as weU as active 
vasodilatation If the vessels m all the muscles become 
dilated when the bodj is over heated, as is likely a 


great increase m vascular cnpacit) will result, which 
explains the tendency to famt when the air temperature 
rises to an uncomfortable height 

Antidromic Vasodilator Ijitulses 

Stneker manj years ago (1876-1877) reported 
that stimulation of the peripheral segments of the 
cut poslcnor roots of the saanl nerves caused 
dilatation of the vessels of the hind pav of the 
dog This observation was at \amnce with the 
Bell-Magendie law which states that the posterior 
roots convey only ccntnpetal impulses Stneker’s 
results were, consequently , not generally accepted 
The question was studied afresh by Bayliss who 
showed in a senes of carefully controlled expen 
ments that Stneker’s observation was essentially 
correct Stimulation of the distal cut ends of the 
poslcnor roots of the 4th lumbar or the Isl sacral 
nerve, for example, was followed m every instance 
by dilatation of the vessels of the hind limb Elec- 
tncal, thermal and, especially', mechanical stimuh 
were effective. The effectiveness of the latter type 
of stimulus, which can be strictly localized, showed 
that the dilator response was actually due to the 
stimulation of poslcnor root libers and not to the 
madvertent stimulation of the antenor roots, as 
might occur with the use of an cJectncal type of 
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stimulus (as a result of the escape of current) 
Furthermore, dilator effects m the vessels of the 
hind limb could be produced by stimulating the 
central end of an afferent nerve (such as the car- 
diac depressor, ch 27) after the abdominal sympa- 
thetic chain had been excised This experiment 
show s that fibers of the posterior roots constitute 
the efferent limb of a depressor reflex 
There still remained the possibility, neverthe- 
less, that cjfcrcnl fibers, leaving the cord m the 
posterior roots, and not the ordinary sensory 
fibers w ere responsible for the dilator effect Such 
a possibility w'as excluded, however, by sectioning 
the root between the ganglion and the cord and 
allow ing time for degeneration to take place Any 
efferent fibers would be cut off from their nerve 
cells by this operation and must, therefore, un- 
dergo degeneration Afferent fibers, on the con- 
traiy, being still in connection w ith their cell bodies 
m the root ganglion w ould survive Following the 
period allowed for degeneration, stimulation of the 
penphcral segment of the sectioned root caused 
the usual vasodilator response On the other hand, 
w hen the section w as made dtstal to the ganglion, 
stimulation of the distal stump after degeneration 
of the sensory fibers had occurred failed to cause 
vasodilatation Trophic centers for the vaso- 
dilator fibers must, therefore, lie in the posterior 
root ganglia The application of nicotine to the 
ganglion, which blocks transmission at the synaptic 
junctions, did not abolish the vasodilator response 
when the posterior root was stimulated on the cen- 
tral side of the ganglion This fact indicates that 
the dilator fiber does not synapse wathm the gang- 
lion All the evidence points to the vasodilator 
fibers being derived from the ordinary unipolar 
ganglion cells, i e , that they are identical with the 
afferent fibers of the penpheral nerves and posterior 
roots In other words, the vasodilator impulses are 
conveyed along the fiber in a direction opposed to 
that in which the ordinary sensory impulses travel 
For this reason they have been termed anltdronnc 
(running against) by Bayliss and Langley Sher- 
rington, from histological evidence, had also con- 
cluded that the posterior roots were free from 
efferent fibers He sectioned the roots in monkeys 
and cats proximal to the ganglia and, after time 
had been allowed for degeneration to occur, ex- 
amined the penpheral stumps for degenerated 
fibers, none was found 

Foerster, more recently, obtamed cutaneous 
vasodilatation m man by stimulation of the poste- 


rior nerve roots at vanous levels of the cord The 
vasodilatation had a segmental distnbution 

According to Bayliss and Head, the sensory 
fibers which transmit the vasodilator impulses 
are those which subserve the sensation of pam, 
and It was shown by Bayliss that m the case of the 
limb the antidromic impulses pass mainly to the 
vessels of the skm, few, if any, to vessels of the 
muscles It appears that the vasodilator fibers of 
the postenor roots are distributed mamly if not 
entirely to the cutaneous and visceral vessels (the 
fibers to the latter traveUing m the splanchmcs) 
Bayliss observed that the limb depnved of skm 
showed only a slight increase m volume after stimu- 
lation of the appropriate posterior roots The dila- 
tors to the vessels of skeletal and cardiac muscle, on 
the other hand, are denved from the sympathetic 
(pp 275 and 326) The vessels of skeletal muscle 
are therefore dependent upon the sympathetic for 
the transmission of both dilator and constnetor im- 
pulses As compared with the skm and viscera, 
however, the muscular vessels rely to a greater ex- 
tent upon metabohe products, carbon dioxide and 
lactic aad, for the control (p 291) of their cahbers 
The vasodilatation which occurs m glands accom- 
panying their secretion is also probably due to a 
large extent to the direct action of metabohtes 
upon the vascular w'aUs 

Antidromic vasodilator fibers homologous with 
those of the postenor roots are believed to exist 
also m certain cranial nerves, e g , the tngemmal, 
which earned dilator impulses to the face and 
tongue (lingual) The conception of an anti- 
dromic vasodilator mechanism has far-reachmg 
implications and has helped very greatly toward 
an understanding of several climcal phenomena 
hitherto mexplicable Of these may be mentioned 
the vascular changes m certain diseases affectmg 
the sensory side of the nervous system and the 
cutaneous lesions arising m tabes, especially along 
the course of the lightnmg pains The bhsters 
which occur m herpes zoster have been shown by 
Head and Campbell to be associated with lesions 
of the cells of the gangha of the postenor nerve 
roots 

Within recent years the question of antidromic 
transmission of vasodilator rmpiilses has been ques- 
tioned by some observers who claim to have demon- 
strated the presence of efferent fibers m the postenor 
roots, and that they are responsible for the vasodilator 
effects The Japanese school, headed by Ken Kure, has 
referred to these fibers as constituting a “spmal para- 
sympathetic system ” This conception has not gained 
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general acceptance. More recently, however, Kahr and 
Sheehan obtained evidence for the existence of efferent 
fibers m the posterior roots of cats When the posterior 
roots from 12 thoraac to 2 lumbar were sectioned be 
tween the ganghon and the cord and time allowed for 
degeneration to occur, undegenerated fibers were found 
m the proxunal stumps and degenerated fibers m the 
distal stumps These, it was concluded, must have 
been denved from nerve cells situated wnthin the cen 
tral nervous system, and studies of sections of the cord 
revealed changes m the Nissl bodies of cells situated in 
the lateral and antenor horns (“retrograde” degencra 
bon, p 913) But, though the existence of efferent 
fibers m the postenor roots should be demonstrated 
conclusively by histological methods, it docs not 
necessarily follow that they convey \'asodilator im 
pulses. The physiological experiments of Bayhss ated 
above furnish strong eiidence that vasodilator im 
pulses are transmitted anbdromicallj in the postenor 
roots Even if efferent fibers made conneebon with 
certam cells m the root ganglia (as is mamlaincd by 
Eure, but which remams unproved) Bayhss’ experi 
meats could be explamed, only in part, olhermse than 
by the anbdromic hypothesis Nevertheless, the con 
cepbon of anbdromic impulses has been a diffcult one 
for physiologists to accept because it contradicts the 
Bel] Magendie law (ch 6d) It is not possible to discuss 
the quesbon here except in the most cursory manner 
The reader is referred to a paper by Bishop and 
associates and to a recent arbcle by Barron and 
Matthews The former observers consider that the 
vasodilator fibers of the postenor roots, though havmg 
their cell stations m the postenor roots are efferent m 
funebon, and analogous to similar fibers m the vagus 
Barron and Matthews find that certain fibers of the 
postenor roots, which from degcncrabon cipenments 
apparently have their bophic centers within the cord, 
are m reahty denved from postenor root gangha 
situated at a lower level That is, the sensory fiber 
after entenng the cord and ascending for a short 
distance, gives off collaterals which emerge in the 
postenor root of a higher spmal segment WTien the 
postenor root is secboned between the postenor root 
ganghon and the cord, these collateral fibers must, of 
course, undergo degenerabon distal to the pomt of 
seebon The presence of such fibers may eiplam the 
findmgs of Kahr and Sheehan menboned above. It is 
clear that the results of further mvesbgabon alone 
can lead to a complete eluadabon of the nature of the 
vasodilator fibers m the postenor roots 

The Pelvic Neeve (Nervhs Eeigees) and the 
Phenomenon of Eeection 

The pelvic nerve is composed of fibers which 
leave the cord m the antenor roots of the 2nd, 
3rd sacral nerves, and sometimes the 1st and 4th, 
It conveys dilator fibers to the vessels of the perns 


or clitoris The erectile tissue of these organs is 
composed of cavernous blood suiuscs whose walls 
contain involuntary muscle To reach these spaces 
the blood passes through arterioles and capillaries 
The outlets from the sinuses arc guarded by rings 
of involunbiiy muscle Dilator impulses cause 
artcnolar and capillary dilatation coinadcnl with 
inhibition of the involuntary muscle in the walls 
of the sinuses, and excitation of the muscle guard 
mg their outlets These effects cause dilatation of 
the vascular spaces, a high pressure within them, 
and, as a consequence, hardening and erection of 
the organ There is also evadence that arteno- 
venous anastomoses (p 319) also exist which 
open up to increase the blood flow into the erectile 
tissue The narrowing of the venous outlets im 
pedes the outflow from the sinuses only until the 
blood pressure within theu: cavaties is raised to a 
certain height, then the outflow from the organ 
equals the inflow and the velocity of flow through 
the erectile tissue becomes greatly increased This 
IS evidenced by the nsc m temperature and the 
bright artcnal color of the blood flowing along the 
dorsal vein of the penis The arterioles, capillaries 
and walls of the smuscs arc also furnished with 
constrictor nerves, denved from the prostatic 
plexus (ch 72), when stimulated these nerves, by 
reduang the blood flow through it, cau'e shnnkage 
of the organ Tlic afferent pathway for the reflex 
of erection is through the pudendal nerves 

The pclvnc nerve also sends dilator fibers to the 
vessels of the rectum, descending colon and 
bladder 

The Vasomotor Centers 

The constrictor and dilator vascular effects are 
controlled by centers — the vasoconstrictor and 
vasodilator cnilcrj— situated in the floor of the 4th 
vcntncle of the medulla The constrictor center 
is also connected to a subsidiary center (or group 
of centers) in the cord This is constituted of those 
cells in the thoraaco lumbar region of the cord 
already' mentioned (p 273) Ranson and Billings 
ley explored the floor of the 4th ventricle by 
means of a needle electrode and located two points 
which when stimulated caused respectively a 
rise or a fall in blood pressure of from 30 to 40 
mm Hg The former pomt, which probably repre- 
sents the vasoconstrictor center, occupies the ape.x 
of the ala ancrea or the fovea inferior The sec- 
ond pomt the v'asodilator center — lies just lateral 
to the obex Both eenters are bilaterally repre- 
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scntcd Houcvcr, these areas do not represent 
the highest centers of the vasomotor system More 
recent work indicates that the latter arc situated 
m the Inpotlnhmus, and even m the cerebral 
cortex (premotor and orbito-frontal areas, chaps 
68 and 72) 

^ ASOMOTOR TovE ANT) ItS RfgULATION 

The constrictor center exhibits tone It is gen- 
cralh slated that dilator tone is absent, but 
Baah<s has shown that this exists to a slight 
degree, under certain arcumstances at any rate 
Dilator tone is much more difiicult to demonstrate 
since constrictor and dilator fibers in most in- 
stances run together and the effects of the former 
mask tile'll of the latter The tone of the vaso- 
constrictor center ma\ be demonstrated bj sec- 
tioning the cord in the lower ccreical region Tins 
interrupts the stream of \asoconstrictor impulses 
passing from the medullars to the spmal centers, 
tlic \ tssels dilate and the blood pressure falls After 
a time, howceer, the blood pressure rises again, the 
spinal centers exhibit their inherent jwwer of 
autonomous action, and assuming the duties 
hitherto exercised b> the mcdullan centers, restore 
the % csccls to their prc\ lous state of tome constric- 
tion The time required for the aesscls to regain 
their lone after section of the cord aaries consider- 
ably in different species (sec spinal shock, eh 65) 

The high degree of \asoconstrictor tone which 
IS normally maintained is shown by the fact that 
section of the sphnchnics doubles the flow in the 
aesscls of the dciicnated area (Burton-Opitz) A 
corresponding increase in tlie flow through the 
femoral artera after removal of the lumbar sympa- 
thetic has been demonstrated by Hemek, Essex 
and Baldes, Uic greater flow persists for several 
months 

After the tone resulting from cord section has 
been restored it falls again if the splanchnics arc 
sectioned, but after a time a certain degree of tone 
IS regained This resides in the vascular muscle 
Itself — peripheral lone Apparently', a long period 
is required for the development of the intrinsic 
arteriolar tone Essex and his associates found 
that, nearly eleven months after its denervation, 
the flow in the dog’s femoral artery was double 
that in the opposite femoral But nine y’cars after 
the operation, the flow was almost equal on the 
two sides Examination of the small vessels of 
the denervated side showed pronounced hyper- 
trophy of the muscular coat The vessels of this 


side were also cspeaally susceptible to the con- 
strictor action of adrenalme (see eh 59) 

The tone of the vasomotor center is dependent 
(1) upon afferent nerv'e impulses received from 
various organs and regions of the body as w'cU as 
from other nervous centers (cerebral cortex, res- 
piratory center etc , sec p 287) and (2) upon the 
chemical composition of the blood 

Vasodilator tone also has been clearly demon- 
strated (sec p 288) 

\^ASOMOTOR Reflexes 

Vasomotor reflexes can be elicited by the stimu- 
lation of practically any afferent nerve — somatic 
or x'lsccral 

VASCULAR REFLEXES RESULTING FROM THE 
STIMULATION OF SOMATIC NERX'ES 

Stimulation of the central end of a nerve such 
as the sciatic, the median or a sensory cranial 
ncn'c may result in cither a rise or a fall in the 
arterial blood pressure according to the strength 
and tyTic of the stimulus employed An elevation 
or depression of the blood pressure brought about 
m this way’ is spoken of, respectively, as a pressor 
or a depressor reflex The components of the reflex 
arc upon which the responses depend are, (1) 
afferent fibers m the penpheral nerve, (2) the 
vasomotor centers, and (3) the efferent vascular 
nerves, i c , the vasoconstrictors or vasodilators 
In order to chat the pressor reflex, a sbmulus 
much stronger than that necessary to provoke 
the depressor response must, as a rule, be applied, 
that is, one which would chat pain in a consaous 
animal Stimulation of the cornea which is sup- 
plied liberally with pain fibers gives a definite 
pressor response In a senes of experiments by 
Ranson and Billingsley, the pressor response 
ranged from 8 to 45 mm Hg and the depressor 
from 4 to 22 mm Hg (fig 27 2) In the cliatation 
of either reflex the magnitude of the response is 
apparently dependent upon the number of affer- 
ent fibers involved For example, stimulation of 
various nerves of the brachial or lumbar plexus 
caused practically equivalent depressions or eleva- 
tions m the blood pressure when the number of 
afferent fibers in the respective nerves w'as taken 
into account It has also been shown by Martm 
and Stfles that similar reflex effects evoked simul- 
taneously from separate afferent nerves are 
summed, dissimilar reflexes are mutually antago- 
mstia 
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It has been thought that these contrary effects upon 
the blood pressure were dependent upon two corre 
spending types of speafic afferent fibers — pressor and 
depressor — in the penpheral nerve The fact that stimuh 
of different intensities and frequenaes caused opposite 
effects seemed m itself to imply the presence of two 
sets of fibers, one with a higher threshold than the 
other Weak, slowly repeated stimuh are more likely 
to cause a fall, strong, rapidly repeated stimuli a nse 
m blood pressure Other observations seemed to pomt 
to the existence of two separate sets of fibers After 
cooling the nerve, or sectiomng it and aUowmg a 




Fig 27 2 Effect of stimulating somatic nerve 
artenU blood pressure Upper traang shov^I^ 

toTenif ora?h“"?5 stimulation of tl 
tral end of the brachial nerve of cat Lower t 

shows fall m blood pressure as a result of stimv 
^d BXfilty ) (After E 


certam period to elapse, the depressor effect could be 
obtamed but not the pressor The pressor fibers were 
presumed to degenerate before the depressor Again, 
depressor rcfleies arc obtained more readily from 
cranial nerves (eg, aortic nerve), whereas the usual 
response to stimulation of the central end of a spinal 
sensory nerve is a pressor response, which suggested 
that different nerves contain the respective tj-pcs of 
afferent fibers m vaiynng proportions The work of 
Ranson and Bdhngsley indicates that the pressor fibers 
are not specific but arc identical with those which sub- 
serve protopathic sensibiUtv (pain, extremes of tem- 
peratures, ch 63), whereas the depressor fibers corre- 
spond to those which transmit sensations of touch or 
warmth According to Ranson the fibers transmitting 
pressor effects arc unm> clinated and enter the cord in 
the lateral division of the posterior roots Their intra- 
spinal course is b> short intemuncnl fibers in the tract 
of Lissauer, the nerve cells l>ing in the gra> matter 
of the tip of the postenor horn An cxpenmcntal lesion 
involving this pathway on both sides of the cord in 
the lumbar regioc, or of the lateral divisions of the 
postenor roots, was shown bj Ranson and his asso- 
ciates to abolish the pressor reflex usuall) obtained bj 
stimulation of the scntic The depressor reflex remnned 
unaffected The mtraspmal part of the ejjcrcnt limb 
of the pressor reflex lies m the antenor or the lateral 
column of the cord The impulses (vasoconstnetor), ns 
mentioned elsewhere, leave the cord by the while 
rami In support of the conclusion that the pressor 
fibers arc identical with those mediating protopathic 
scnsibihtv , Ba> liss and Head observ cd that after section 
of a penpheral nerve, the pressor reflex (but not the 
depressor) could be clintcd from the regenerating 
nerve at the time when protopathic scnsibilitj was 
returning The association of pressor responses with 
painful sensations points to their being on integral part 
of the defensive mechanisms (nociceptive reflexes, 
adrenaline liberation, etc ) 

After entenng the cord bj the postenor roots the 
depressor impulses ascend in that part of the lateral 
column occupied bv the spino thalamic tracts But 
they are not identical with the fibers of the latter since 
the> end m the medulla (vasodilator center) Bilateral 
section of this part of the lateral column aliohshes the 
depressor reflex, the pressor reflex becomes more pro- 
nounced, which suggests that ordinanl> it contains a 
masked depressor clement The mtraspmal effcretil 
limb of the depressor reflex (vasodilator) is unknown 

It must be mentioned that not all the pressor 
or depressor impulses ascend to the medulla but 
that reflex arcs exist w hich hav c their centers 
within the cord, both vusoconstnetor and vaso- 
dilator reflexes can be elicited m an animal whose 
cord has been dmded in the lower cervneal region 
a short time previously 

Pressor and depressor reflexes can be readily 
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elicited m man by penpheral nerve stimulation 
Warmth, for instance, apphed to the feet or other 
part of the body causes vasodilatation m other 
parts remote from the point of application and a 
fall in pressure may result If, however, the ap- 
phed temperature is raised to the pomt where it 
becomes pamful, reflex vasoconstnction occurs 
The application of cold also usually produces the 
latter effect The vasodilatation m one extremity, 
resulting from the immersion of another part m 
warm water, is not due to the stunulation of afferent 
endmgs m the heated tissues, but to the warmed 
blood actmg upon a nervous center, through this 
and the efferent nerves the vasodilatation is 
brought about Gibbon and Landis, for example, 
showed that the vascular response was abolished 
by ocdudmg the circulation of the heated member 
and that it could be produced m the hands of a 
subject with complete transection of the cord by 
warmmg the feet The response to cold is due m 
part to afferent impulses and in part to the effect 
of the altered temperature of the blood returned 
from the cooled member upon the nervous center 
A change m temperature (a rise or fall) of the 
tissues of from 0 01 to 0 04®C is suffiaent to 
induce the vascular response Other interesting 
reflex vascular reactions must be mentioned 
Mudd and Grant showed that a draught directed 
to the bare back or arm caused constriction of the 
vessels of the phar 3 mx and nasal mucosa Con- 
striction of the vessels of the bronchial mucous 
membrane as a result of the apphcation of cold to 
a remote part of the body has also been observed 
by means of the bronchoscope On the other hand, 
deep mspuation (active or passive) causes reflex 
constnction of the cutaneous vessels, a slight fall 
of blood pressure and slowmg of penpheral blood 
flow, as measured m the finger The cutaneous 
vasoconstriction appears to be related mainly to 
the volume of air inspired, the receptors for the 
reflex response are probably situated m the lungs 
The fall m blood pressure is attnbuted to reduced 
cardiac output and is not the cause of the reflex 
vasoconstriction 

From the results of experiments upon animals 
it IS to be expected that in the human subject a 
painful stimulus apphed to a somatic nerve will be 
followed by a pressor response The exatation of 
psychic centers and also the hberation of adrenal- 
me are additional factors which play an important 
part in the pressor response resultmg from painful 
stimuh On the other hand, stimulation of the 
mesentery, peritoneum and abdommal viscera or 


of certain regions such as the anus, vagma and 
spermatic cord is usually followed by a fall m 
blood pressure Bayhss demonstrated a fact of 
some practical importance, namely, that pressoi 
reflexes become depressor in character under chlo-' 
roform anesthesia, this reversal was not observed 
when ether was employed Strychmne tended to 
annul the effect of chloroform and to convert 
depressor reflexes mto those of the pressor type 

VASCmAH REFLEXES MEDIATED THROUGH 
AFFERENT FIBERS OF THE VAGUS 

In the section deahng with the reflex control 
of the heart rate it was mentioned that the vagus 
contains afferent fibers which terminate m the 
aortic arch and heart Stimulation of these fibers 
also produces alterations in the cahber of the 
blood vessels and, as a result, changes m blood 
pressure In some instances, electncal stimulation 
of the cerebral stump of the severed vagus is 
followed by a rise m blood pressure (pressor 
reflex), more usually, however, a fall m pressure 
occurs (depressor reflex) 

Vagopressor reflexes 

The pressor fibers of the vagus are stimulated 
by a fall m the pressure of blood m the greaf 
veins emptymg mto the nght auncle McDowallf 
confirmmg an old observation of Pavlov’s, found 
that when the venous pressure was lowered by 
hemorrhage (or by the mtravenous mjection of 
alcohol or of histamme) no change, or a moderate 
dechne m the arterial pressure, occurred so long 
as the vagus nerves were mtact When, however, 
these nerves were severed, a fall m arterial pres- 
sure occurred if this had been unchanged pnor to 
the nerve section, or a further fall resulted if 
the arterial pressure had been already lowered 
simultaneously with the fall m venous pressure 
These observations have been confirmed by Anrep 
and Segall Cocaimzation of the auncle has the 
same effect as vagotomy It is concluded from 
these results that the fall m venous pressure exerts 
an influence upon afferent vagal endmgs situated 
m the nght auride, messages ascend to the medul- 
lary centers and cause a generalized vasoconstnc- 
tion This reflex is probably responsible m part 
for the vasoconstnction which occurs as the usual 
response to hemorrhage and surgical shock (p 
301), both of which conditions are associated with 
a fall in venous pressure 

It has also been shown by McDowall that a nse 
m venous pressure considerably above the normal 
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le\el calls forth a ^agop^esso^ reflex, as e\adenced 
b\ the ^ asoconstnction rvhich occurs in a limb 
connected to the hod\ solelj bv its ner\ es, when 
salme i? mjected into the inferior \ena cax-a. This 
reflex coinades vuth and is supplemental^ to the 
Bambndge reflex (cardiac acceleration, p 246) It 
antagonizes the depressor reflex ehated from the 
aortic nen e or carotid sinus, and McDowaU sug- 
gests that through its predominance o\ er the latter 
reflexes (see below), the elexation of the arterial 
pressure is permitted to persist throughout muscu- 
lar exercise. 

The aortic or cardiac depressor nerve 

In certam animals (e-g , the rabbit) the \agal 
fibers mediating the depressor response of this 
nene are collected mto a separate ner\e which 
arises from the trunk of the ragus high m the 
neck. This branch of the x agus which is known as 
the aortic or cardiac depressor ner~e was first de- 
scribed bj Cjon and Ludwig (1866) It is purel> 
afferent and depressor m function, when sectioned, 
and Its central (cerebral) end stimulated, a pro- 
nounced fall m pressure occurs (fig 213), exata- 
tion of the cardiac end, on the other hand, causes 
no effect. Two factors are m% oh ed m the depressor 
response following stimulation of the depressor 
fibers (whether th^e are contamed withm the 
\-agus itself or are segregated m the aortic nen e), 
(1) slosctng of the I cart rate and increased force of 
tie ~entriadar contraction The efferent fibers of 
the xagus of the same and of the opposite side 
constitute the efferent limb of the reflex arc 
through which this response is chieflx brought 
about (p 241), for its full ehatation at least one 
x-agus must, therefore, remam intact Reduced 




f -1.3 Fall in arterial blood pressure resului 
the^tral end of the carh^^ 
nerxe. The drum xras stopped m tl 
“<1 ti' eiatahon maLSnrf f 
eventeea minutes. The Ime of lero pressure should 1 
30 mm lower than here shown. (FroVlS) 


tone of the cardiac accelerator nerxes occurs re- 
aprocallj xnth the mcrease in x-agal tone, but is 
much less pronounced, bemg both delajed in 
its appearance and weaker (IVang and Bouson) 
(2) 1 asodilatahon The x asomotor pathn ax-s con- 
stitute the efferent limb of this refle.x \asocon- 
stnetor tone is reduced and xasodilator tone 
mcreased The reflex effect upon the x essek can- 
not, therefore, be eliatcd after section of the 
spmal cord m the lower cerxncal region The 
efferent fibers mediatmg the x-ascular component 
of the smus reflex cross in the cerx ical part of the 
spinal cord 

The receptors of the reflex (i e , the terminals 
of the aortic nerxe) are situated m the aortic 
arch and upper part of the thoraac aorta, in the 
xentndes and probablj also, according to Dalx 
and Vemex, m the coronarj and pulmonatj 
xesscls (see fig 27.5) 

The fall m pressure is due mainlx to dDatation 
of the splanchnic xcssels The dilatation is not, 
howexcr, confined to these xesscls but includes 
those of the skm and muscles Cardiac slowing 
plaj's a minor r6le m the production of the fall 
in blood pressure, for almost as great an effect 
can be obtamed after both x-agi haxe been cut 
The depressor reflex can be eliatcd bj mechanical 
or electneal stimulation of the aortic xxall itself 
wherem the special propnoceptors arc located, 
stretching is an espeaallx cffectix c tx-pe of stimu- 
lus It was also shown bx Emthoxen and subse- 
quentlj bx sex oral other observers that action 
currents ascend the nerxe sx nchronousl 3 with 
the heart beats The normal stimulus is, therefore, 
quite exndentlx the pulsatile axpansion of the 
aortic wall, a rise m general blood pressure incrcas- 
mg the intensitx of the stimulus, a fall in pressure 
causing the reverse effect 

A small structure (glomus aorticum) analogous 
to the carotid bodj (see footnote, p 283) is con- 
nected with a branch of a fine arterx arising from 
the aorta bex ond its arch The chemoreceptors of 
this structure respond to oxj gen lack (see ch 33) 
Reflex xasoconstnction and a rise m blood pressure 
follow their stimulation bx anoxemia or bx such 
drugs as examde, lobelmc, mcoUne, sodium 
sulphide and acetx Ichohne. 

THE CAEOTED SIXCS SIECHAMSII 

(see ALSO p 245) 

The carotid smus is the term apphed to the 
shght enlargement of the common carotid artery 
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where it bifurcates into the internal and external 
carotids (fig 27 4) The dilatation usually in- 
volves, as ^^cll, the commencement of the internal 
carotid, or may be confined to this region The 
carotid sinus nas shown by Henng in 1923 to 
play an important r61c in the regulation of the 
cardiac rate and arterial blood pressure < Com- 
pression of the carotid at its bifurcation (so as to 
raise the pressure within the sinus) caused a 
marked slowing of the heart rate, \ asodilatation 
and a fall in blood pressure, these effects result 
e\en though mechanical stimulation of the vagus 
IS carefully avoided Electneal stimulation of the 
sinus w all produced similar effects Pressure upon 
the common carotid some distance below the sinus 
(so as to reduce the blood pressure w ithin the sinus 
itselQ causes cardiac acceleration, v'asoconstriction 
and a rise in arterial pressure together With, as 
shown by Hey mans, the liberation of adrenahne 
The carotid sinus therefore constitutes a mecha- 
nism w hereby both pressor and depressor effects are 
mediated The effects are brought about through 
the follownng neural mechanism 
The Sikhs Reflex Arc The afferent fibers 
of the reflex arc arc contained in the smi/s nerve, 
a branch of the glossopharymgeal This delicate 
filament descends between the internal and ex- 
ternal carotids to the sinus where its fibers termi- 
nate in sensory organs (proprioceptors) situated 
between the connective tissue fibers in the ad- 
ventitia of the sinus wall Fibers also ramify in 
the carotid body (glomus caroltcum),^ a small 
structure situated upon a branch of the occipital 
artery or upon a small vessel arising directly 
from the external carotid ]ust above the bifurca- 


* Sollmann and Browm were the first to describe a 
depressor reflex of this nature They sectioned the 
carotid and obtained a fall in blood pressure when 
traction w as made upon its cephalic end They showed 
that the reflex was not affected by section of the vagus 
but was dependent upon nerve terminals in the wall 
of the internal carotid 

*This structure known also as the carotid gland, 
carotid body, or mtcrcarotxd body is composed of rounded 
clumps of polyhedral cells, and possesses a rich network 
of capillanes of a sinusoid character Some of the cells 
stain brown with chromic acid (chromaffin cells, p 
827) The mtercarotid body, however, does not con- 
tam adrenaline, and it is not believed to be an endoenne 
gland It is a sensory organ contaimng chemoreceptors 
sensitive to changes m the oxygen tension of the blood 
and through which reflex changes m respiration are ef- 
fected (see ch 33) Accordmg to ConTToe, this body 
plays little or no part in the control of the circulation 
Others, however, (Hej'mans, Bernthal) claim that 
through these receptors, as through those in the aortic 
body, anoxemia or CO- excess causes reflex vasocon- 
stnction and a nse in blood pressure 



Fig 27 4 Showing the carotid sinus region in man 
(after Hejunans) 1, common carotid, 2, carotid sinus, 
3, internal carotid, 4, external carotid, 5, nerve to 
carotid sinus, 6, glossopharyngeal nerve 

tion of the common carotid Centrally the fibers 
of the sinus nerve make connections with the 
cardio-mhibitory' and vasomotor centers The 
efferent limb of the cardiac part of the reflex is, 
of course, the vagus The efferent limbs of the 
v’asodilator and vasoconstnetor reflexes are ap- 
parently sympathetic fibers, for these reflexes are 
abolished by complete removal of the sympathetic 
chains As will be seen from figure 27 5, a nerv'e 
twig connects the smus wnth the ganglion nodo- 
sum of the v'agus, it also receiv'es filaments from 
the pharyngeal plexus and the superior cervical 
ganglion of the sympathetic (see also fig 27 6) 

The action currents passmg along the smus nerve 
have been studied by Bronk and Stella and by Par- 
tndge Electrodes were placed upon the nerve and 
after amplification the potential changes were recorded 
by means of the osallograph At ordmary artenal 
pressures impulses are discharged throughout the 
cardiac cy cle, their frequency mcreasmg durmg systole 
and decreasmg durmg diastole Followmg the chief 
burst of rapid impulses which symchronizes with the 
mam wave of the pulse tracmg, a second nse m fre- 
quency occurs coinadent with the dicrotic wave A 
nse m general blood pressure mcreases the rate of im- 
pulse discharge as well as the number of sense organs 
exated The latter show slow adaptation (p 944) 
so that though the stimulus (distension of thft'artenal 
wall) persists the impulse discharge show s little reduc- 
tion m frequency' and when the pressure is very high 
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Fig 21 S Innen’ation of the carotid sinos and arch 
of aorta. 1, heart, 2, arch of aorta, 3, common carotid, 
4, carotid smus, 5, external carotid, 6, internal ca- 
rotid, 7, carotid bodies, 8, cardiac depressor nerve, 9, 
ganglion of 10, smus nerve, branch of the 

glossopharjmgeal nerve, 11, ner\e branch connectmg 
the carotid smus with the vagus ganghon, 12, glosso- 
pharjngeal nerve, 13, vagus nerve (After He>'mans ) 


they extend with httle reduction m rate throughout 
diastole. Bronk and Stella were successful m record- 
ing the impulses from a smgle nerve fiber (fig 27 7) 
The frequency of the impulses rises with moeascd 
pressure. At low pressures, impulses arc discharged 
onli during s>-stoIe, but at high pressures they con- 
tinue throughout diastole. The rate of impulse dis- 
charge was found to range, accordmg to the height of 
the artenal pressure, from 5 to 140 per second 

The sinus reflexes have been studied exhaus- 
tively by Heymans and his assoaates They 
earned out cross-circulation expenments which 
speak conclusively for the physiological unpor- 
tance of these refle.xes in cardiovascular regulation 
(see fig 27 8) The smus of one dog (B) was iso- 
lated from the general circulation and perfused 
with the blood of another animal (A) m the 
manner shown m the figure The nerve supply to 
the smus was left intact WTicn the arterial pres- 
sure of dog A was raised, that of dog B, recorded 
m the femoral artery, fell Conv crsclj , a reduction 
m blood pressure of dog A caused a rise in the 
blood pressure of dog B In the latter instance, 
adrenaline liberation also occurred which was a 
contributory factor m the blood pressure eleva- 
tion as mdicated by its pressor effect upon the 



Fig 27 6 Showing the carotid body and neighbor- 
ing v^els (after Heymans) 1, common caroUd ar- 
rarohd artery , 3, external carohd 
7 ’ branches of ocapital 

tSs ® “d efferent 



ww 


Fio 27 7 The upper curve m each record represents 
the artenal blood pressure registered by a membrane 
manometer^ the lower curve of each record shows the 
electrical discharge from a smgle fiber of the carotid 
smus ner\e of the rabbit. In the uppier record (A) the 
mean artenal pressure was 55 mm Hg, ev en at this low 
level a discharge of 4 impulses accoropamed each 
ventncular sj’stole In the lower record (B) the mean 
artenal pressure was 135 mm Hg, m this instance 
^ere was a more rapid and more continuous discharge 
from the end organ (Bronk and Stella ) 
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circulation of doj? C 1 lic-c effect^ couUI not he ob- 
nincd after denervation of the emue 

The ';imi‘i vond aortic nervee, or eo called “buf- 
fer” mrve-n, coH'-titute a inechanMn of the utmost 
importance in controlling the irtcnal blood pres- 
sure .Old m maint tining the circulation to the 
iirain I he rise m diistolic pressure and the in- 
ert a^e in lu vrt rate nhicli occur when the hod\ 
changes from the rocumhent to the sitting position 
or irom the suimg to the si-inding position, are 
appareiuh brought about through these nersci, 
thc\ tlurefore pin an essential jiart in com- 
pensating for the tfTict ol gra\it\ upon the 
circulation 

\n underfilled stale of the ms-siK, as ma\ result 
irom hemorrhage or shock, or an\ other condition 
winch tends to riuse a fill m blood pressure, will 
call tlii'( nieclianisms into jiln \ generali7cd 
vasoconstriction results to adjust the vascular 
capicitv to the re<Uiceal blood volume and thus 
maint nil the blood pre^isure 1 ace-ssne elevation 
of tlu blood prcs:surc, on the other hand, is coun 
tered In a depres-sor rcllex ('a diagram fig 27 0) 

1 he greit importance of liie'se rofltv mechanisms 
111 hemorrhage is shown h\ the fact tint in an 
animal in which dl four hufier nerve-s have been 
scctmneal the r.ijnd loss of onlv about ti, of the 
hhvxl \iiUime pro\ts fatal, whereas usualtv i 
re-eluction in blood \olume of Irom X5 to 45 per 
cent I' ref|Uireal to cause deith Maverson found 
tint lilting nieMluli7ed dogs from the lion 
7ont.il to tlu upright jiosilion ciused a slnr|i drop 
in hloo 1 i»ris..nrt followed veithm U) seconds bv i 
compinsilorv me \fter stclion of both sets of 
liiiffer nerves the comiieiisatorv me did not »s a 
rule oecur 

I lie cardiov iscular elTecls ire brought about 
through liter ilioiis m the fre(|uencv of the im- 
pulses winch are constanllv ascending along the 
.lortic inei sums nerves to the careh.ac and vaso 
motor centers \nv mere isc m the tension e\ 
erted upon the propnoceiilors m the sinus or 
aortic wall cuises a rise in the freeiuencv of the 
ifierent im]mlses and, •I's •' consef|UCiicc, a decre ise 
m lone of tlie centers nid slowing of the hcert to 
gelher with vasodilat lUon H has Iiccn demon- 
strated In oscillogr.iphic melliods that during i 
depressor re(le\ rjfcroil impulses eliscli irging over 
the cardiic accelentor and v isoconstriclor nerves 
ire reduced iti freeiuencv or m iv ce esc Reduction 
in llie tension upon the vascular wall, on the other 
hand, hj le-sscning the inlensilv ed the stimulus to 


the nerv c endings, lowers the frequency of impulse 
initiation and lessens the tonic depressor effect, a 
rise 111 arterial blood pressure results The rise in 
blood pressure and increase in heart rate which 
occur during ether anesthesia arc attnliutcd by 
Hcvmans md his associates to depression of the 
ictivitv of the sinus receptors 
Several Lurojican workers (Hcnng, Hcvmians 
and Bouckaert, and others) have reported the 
occurrence of permanent hypertension in animals 
following bilateral section of the sinus aortic 
nerves Pressures as high as 200 mm Hg lasting 
over a period of three years h.ave been reported 
Other investigators who have c.irncd out similar 
evpermients find that the hvqicrtension so pro- 
duccvl lb not permanent in the majont) of anim.als, 
hut lends to return to normal after a yarialile 
pcrio<l Such .1 result m iv be due to the regcncra 
tion of tlie sectioned nerves or to tlic reflev con- 
trol of the circulation being assumed In some other 
mechanism 





I iG 27 8 Scheme of perfusion of (he isolated carotid 
sinus of dog B, In tlog X, and an anastomosis between 
tilt suiinrcinl vein of H and the jugular vein of dog C 
1, left carotid nrlcrv of dog \, 2, right carotid arierv 
of B anastomosed with carotid of X, 3, left cvlcrn il 
jugular vein of V, 4 isolated right carotid smus of B, 
S, lingual artcrj of B, anastomosed with jugular vein 
of dog \, 6, nerve suiqilv to carotid smus of B the 
blood from dog A Hows through the carotid smus of 
dog B md hack to A via the lingual arterj of B and 
the cvlcrnal jugul ir of \ 7, internal carotid, 8, facial 
iml maxillarv arlcncs, 9, common carotid, 10, 11, 12 
ind 17, femoral irlenes to manometers, 13, idrenal 
gland, 14 and IS, suprarenal jugular anastomosis, 16, 
dccapsuhtcd siilcen m ))ltthvsmogrviih, 18, juston 
recorder for plclhv smograiih (After Hc) mans ) 
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Tig 27 9 Diagrammatic repre-^ntalion of cirdio\-ascular reflex mechanisms Aflercnl \-agal fillers m hluc, sinus 
nene m green, etlerent fibers to the heart and to the blood \esscls in red The afferent fibers are rcprescntetl as 
causmg reciprocal effects upon the medullan centers (see also p 287 and tig 27 11) 


The carotid sinus in man 

It IS a \ erv old obsert ation that pressure upon 
the carotid arteia ui the human subject ma> 
cause slowing of the heart (Pam, 1799) Manx 
of the examples in the hterature of brads cardia 
due presumabh to pressure upon the xagus were 
in aU likelihood due to a sinus reflex Indeed it 
IS ten questionable whether the \agus can be 
stimulated b\ pressure through the oxerhnng 
tissues, for m operations upon the neck, e\en 
pinching the nerve with forceps does not stimulate 
it, and in animals, the xagus is relativelv un 
resjKiiisive to mechanical stimulation 
Since the discoverv of the carotid sinus, manj 
observations upon the depressor reaction in man 
have been reported In paroxxsmal tachxcardia 
the rate mav often be restored temporanij to 
normal bv the application of pressure to the sinus 
AA eiss and his associates have shown, however, 
that the sensitmtj of the sinus reflex varies con- 


sidcrablj in different indmduals He found that in 
about 30 per cent of persons with normal cardio- 
vascular sv stems, no response whatever could be 
obtained In the remainder the cardiac slowing 
amounted to less than 6 beats per minute and the 
fall in blood pressure to less than 10 mm Hg 
HYPERSENSmVTTi OE THE SiNLS (DePRESSOR) 
Reflex In hvpertcnsion and arteriosclerosis the 
reflex is often unusuallv sensitive In from 70 
to 78 per cent of cases of hvpertension observed 
bv AA'eiss and Baker, a fall in arterial pressure of 
from 10 to 105 mm Hg (average 40 mm ) and a 
reduction in heart rate of from 4 to 20 beats fol- 
lowed pressure upon the sinus In a corresponding 
proportion of arteriosclerotic cases a fall of from 
10 to 65 mm Hg and an average reduction m 
heart rate of 16 beats per minute resulted 
These obsenations lend no support to the idea 
that a failure of the depressor sinus reflex as a 
result of structural changes in the sinus wall is 



Chapter 27 


VASOMOTOR MECHAOTSMS, VASCULAR DISORDERS 


287 


a factor in the production of essential hyperten- 
sion As a matter of fact, marked changes in the 
nails of the sinus may occur with a normal blood 
pressure, n hilc hypertension may exist though the 
sinus shons no abnormality 

TirE Carotid Sinus Syndrome (Vasovagal 
Syncope (Lewis)) Attacks of dirziness and faint- 
ing and sometimes coninilsivc seizures may result 
from ovcractiMty of the sinus reflex An attack 
may occur without known cause, be induced by 
emotion or follow slight pressure upon the neck 
In one ease which has been reported, shaving 
the skin of the neck overlying the sinus or but- 
toning a tight collar preapitatcd an attack Dur- 
ing an attack, marked slowing of the heart and a 
fall in arterial pressure occur Extrasystolcs, delay 
in A-V conduction, complete heart block or typical 
Stokes-Adams attacks may occur In subjects of 
these paroxysms hypersensitivity of the sinus 
mechanism can usually be demonstrated between 
attacks, slight pressure producing a pronounced 
depressor reaction (see fig 27 10) In some of these 
eases no structural abnormality of the sinus is 
CMdcnt, the condition, apparently, being purely 
functional in nature , m others the sinus show’s an 
aneurysmal dilatation, and in others again, a 
small tumor in die region of the carotid bifurca- 
tion has been responsible In any event denen'a- 
tion of the sinus relieves the condition After 
denervation, the blood pressure rises and the heart 
rate increases for a few hours but soon returns to 
normal 

Three types of the carotid sinus symdromc are 
recognized, vagal, depressor and cerebral In the 
first mentioned type, cardiac arrest or marked 
slowing of the heart (heart block) occurs, w’hich 
can be abolished by the administration of atro- 
pine Tlie depressor type is marked by vasodila- 
tion and a fall m blood pressure, effects which are 
not affected by atropine but may be abolished by 
adrenaline Symptoms referrablc to the cerebral 
centers are temporary blindness, staggering gait 
and giddiness, sudden and temporary weakness of 
muscles, none of w'hich phenomena are affected by 
cither atropine or adrenaline 

BALANCED AND RECIPROCAL VASCULAR REACTIONS 

In the intact animal the height of the blood 
pressure at any moment, insofar as the nervous 
control of the peripheral vessels is concerned, is 
apjiarentlv the algebraic sum of the effects of 
afferent impulses impinging upon the vasomotor 
centers Under ordinary circumstances impulses 


ansmg from the carotid smus and aortic arch 
play the most prominent r61es, but impulses from 
skm, muscles and viscera and from higher nervous 
centers also exert an important influence That 
pronounced effects upon the peripheral vessels 
can be produced by the irradiation of impulses 
from higher centers is evidenced by such phenom- 
ena as blushing, pallor, erection and certam types 
of syncope (fainting) The vascular changes ob- 
served by Drury and Florey in the mucosa of the 
exteriorized colon of the dog when the animal 
was excited, and the changes m splenic volume 
noted by Hargis and Mann and by Barcroft (p 
70) arc other examples Even very mild excita- 
tion of psychic centers exerts an influence upon 
the vascular mechanisms The psychogalvanic re- 
flex (due to changes in the electncal resistance of 
the skin) has a vascular basis A reaprocal rela- 
tionship also exists between splanchnic and cu- 
taneous vascular areas on the one hand and the 
vessels of the musdes on the other Adrenalme, 
for example, causes dilatation of the latter vessels 
accompanied by vasoconstriction m the skin and 
abdominal viscera Stimulation of the wall of a 
large vein or distension of the duodenum causes 
reflex constriction of the cutaneous vessels, and 
stunulation of the skin results m an increase of 
the blood in the liver and m the renal cortex 
Furthermore, the muscular and cutaneous tissues 
may show opposite vascular reactions Thus, m 
the dog, coolmg of the body causes constriction of 
the skm vessels and vasodilatation m the musdes 
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Fig 27 10 The effect on blood pressure and heart rate 
of pressure on the carotid smus (hypersensitive) in the 
human subject Note that when the pressure is released, 
the heart rate returns to normal very quickly, the blood 
pressure more slow tv (After VVeiss and Baker ) 
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An interesting eicainple of the complex nature 
of the reflex vascular adjustments has been de- 
scribed by Bronk and Gammon An electrical 
record obtained from a nerve twig commg from a 
Paciman corpuscle m the mesentery during perfu- 
sion of the mesenteric vessels showed an mcrease m 
the frequency of the afferent impulses when the 
perfusion pressure was raised The impulse fre- 
quency was reduced by bleedmg the animal and 
mcreased agam when the blood was remtroduced 
mto the body It is suggested that the Paanian 
corpuscles which he m close relation to the vessels 
are stimulated when the latter dilate Messages 
pass to the vasomotor center which then dis- 
charges vasoconstnctor impulses to the vessels 
of the area from which the afferent impulses arose. 
Thus, imdue distention of the vessels and poolmg 
of blood m the splandmic region is prevented It 
has also been shown by Izquierdo that stimula- 
tion of the penpheral end of the splanchnic nerve 
causes a much greater nse m blood pressure than 
usual if the carotid smuses have been excluded 
from the circulation (by clamping the carotids) 
This observation mdicates that ordinarily the 
pressor effect of splanchnic stimulation is largely 
counteracted by a depressor reflex initiated from 
the smus Chemoreceptors have been demon- 
strated as well m the mesentery of rats and mice 
by HoIImgshead They give nse to strong vaso- 
pressor and weak respiratory responses when 
stimulated by anoxia (cyamde, or inhalation of 
mtrogen) 

Looin r^ex This is the term applied to the reac- 
tion first descnbed by Lov6n, m which a local dila- 
tation of vessek accompanies a general vasocon- 
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stnction When, for example, the central end of an 
afferent nerve to an organ is stimulated while its 
efferent vasomotor fibers remain mtact, a nse in 
general blood pressure occurs together with a dila- 
tation of the vessels of the organ It is evident that 
m the mtact anunal such a mechanism, brought 
mto play through afferent impulses ansing within 
the organ itself, will provide it with an increased 
blood flow dunng activity 

The reciprocal action of the medullary centers The 
experunents of Bayliss and others indicate that 
the reflex vasomotor effects involve both centers 
m a reaprocal manner In the depressor reflex the 
tone of the vasodilator center is raised while that 
of the vasoconstnctor center is low ered Conversely, 
the vasodilator center is depressed and the vaso- 
constnctor center excited m a pressor reflex. The 
reciprocal reactions arc shown diagrammatically 
m figure 27 11 

It has been generally conceded that m a depressor 
reflex, loss of vasoconstrictor tone (p 282) is accom 
panicd by mcreased tone of the xasodilator center It 
IS also granted, of course, that m a pressor reflex the 
vasoconstnctor center is stimulated, that depression of 
vasodilator tone accompanies the constnetor effect has 
not always been so apparent The following expen 
ment of Bayhss shows that the latter reaction also 
occurs The vessels of the salivary gland were maxi 
molly dilated by means of heat and deprived of their 
constnetors by secliomng the cervical sy mpathetic. 
A pressor reflex eboted by stimulating the afferent 
end of a somatic nerve then resulted in a reduction in 
blood flow through the gland, which was attributed 
to a reduction in vasodilator tone 

Vasodilator tone, mediated by fibers running in the 
postenor spinal nerve roots, has been clearly demon- 
strated by’ Bach He observed that the blood pressure 
which had been lowered by stimulation of the depressor 
nerve rose 20 mm. Hg or more above the original 
(normal) level when, by an ingenious maneuver, all 
the postenor nerve roots were suddenly and simul- 
taneously severed The blood pressure was sustamed 
at the higher level but fell again below normal (90 
mm Hg) when the sympathetic was excised 

fainting or syncope 

Faintmg or syncopie (G syncope, a cutting short, 
a swoon) is a rather mdefimte word which describes 
a sudden loss of consaousness with partial or com- 
plete muscular relaxation It is a symptom of a 
large number of pathological states, c g , carotid 
smus hypersensitivity, reflex cardiac inhibition, 
myocardial disease, hemorrhage, shock, anoxia, 
heart block (Stokes-Adams’ disease), orthostabc 
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h5T30tension (ch 16), certain cerebral conditions 
and even hysteria The type of fainting or syncope 
considered in this section is of a more physiological 
nature, it occurs m perfectly healthy persons, and 
IS of common occurrence Among the chief causes 
are emotional disturbances — fear, nervous shock, 
the withdrawal of blood for transfusion purposes, 
or even the sight of blood, pain, a sudden nsmg 
erect from recumbency, overheatmg of the body 
or fatigue Famtmg from such causes is not of 
cardiac origin The cardiac output is not necessarily 
reduced, and when a reduction does occur, it is not 
great enough to be significant There is a fall m 
blood pressure of 25 mm Hg or so, and dimmished 
cerebral blood flow due to peripheral vasodilatation, 
the heart is slow ed The hepatic blood flow, as de- 
termined by the bromsulphalem method and cathe- 
terization of the hepatic vem, is reduced, due ap- 
parently to vasoconstriction In this vasodepressor 
tj^e of famtmg, the vasodilatation occurs mamly 
m the skeletal muscles whose blood flow is m- 
creased The blood pressure m the veins drainmg 
muscular areas is raised, and the blood is more 
artenal m color than ordmarily (a fact first re- 
marked upon by John Hunter) Vasodilatation m 
the splanchnic area occurs to a lesser degree The 
famt is ushered m by pallor, often a feelmg of 
nausea, sweatmg and a sensation of giddmess 
Brun and assoaates obseiv'ed that famtmg caused 
by tilUng the body mto the upright position was 
accompanied bj’- ohguna and an mcrease m urmary 
chlonde, an effect which they proposed was due to 
the release of the antidiuretic hormone of the hypo- 
physis Later, Taylor and Noble found a pituitary- 
hke pnnaplc m the unne of subjects m which 
famtmg had been induced 
Engle advances an interesting hypothesis to ac- 
count for the muscular vasodilatation m a vaso- 
depressive famt The effect, he postulates, is a 
primitive reaction which would necessarily imme- 
diately precede and accompany muscular activity 
whether for the purposes of struggle or flight when 
some alarming event suddenly occurs, yet at the 
moment of the event leadmg to the faint, any ac- 
tual purposeful movement is voluntarily inhibited 
or impossible It wiU be recalled that the liberation 
of the antidiuretic pnnciple of the posterior pitu- 
itary occurs also m muscular exercise (ch 35) 

VASOMOTOR REACTIONS DURING 
MUSCULAR EXERCISE 

Constnction of the splandmic vessels occurs at 
the commencement of muscular exercise This is 


attributed to the reception by the medullary 
centers of impulses discharged from the motor 
and psychic areas of the cerebral cortex It is 
said that splanchnic vasoconstriction actually 
antiapates the commencement of the muscular 
effort and may even occur at the thought of taking 
exercise, before any actual movement is made If 
the muscular effort is very strenuous, a nse m 
hydrogen ion concentration of the blood may occur 
and act as a stimulus to the vasomotor center In 
ordmary exercise, however, no appreaable change 
m reaction of the blood as a whole occurs and even 
m the more severe types of muscular exertion a 
change m blood reaction is of mmor importance m 
the production of the splanchnic vasoconstriction 
The small vessels of the muscles dilate dunng exer- 
cise but this, as desenbed on page 289, is a direct 
action upon the vessels of substances produced m 
the muscles themselves, though the vasomotor 
centers may play a part, the evidence is agamst 
the possibihty Grant found that vasodilatation 
occurred m normal and sympathectomized limbs 
to about the same extent dunng exerase The 
artenal blood pressure is highest m the earlier 
penods of the exerase when the systolic level 
may reach a height of 180 mm Hg or more 
Vascular readjustments, e g , cutaneous vaso- 
dilatation and possibly a reduction m the degree 
of splanchmc vasoconstnction, tend tp occur as 
the exercise contmues, some reduction m the 
blood pressure results Withm 10 seconds or so 
after the cessation of the exerase, the pressure 
falls to normal but rises abruptly agam to its 
previous level, then gradually dechnes and finally 
reaches the normal value m from one to four and a 
half mmutes These fluctuations m the arterial 
blood pressure foUowmg the exerase are not, 
however, of nervous ongin but are due to me- 
chanical factors (see p 155) 

An interestmg reflex mechanism m the hypertenaon 
of exercise has been demonstrated m the human sub- 
ject by Alam and Smirk Contractions of even a small 
group of muscles, e g , those movmg the httle finger, 
while the circulation through the arm was arrested, 
caused a nse of as much as 70 mm Hg Cerebral 
influences cannot be mainly responsible for the nse 
smee it persisted, provided that the arm circulation 
was occluded, for some tune after the exerase had 
ceased Any effect of muscle metabohtes upon the 
nervous centers is, of course, excluded smee none could 
enter the general arculation For the same reason 
mcreased venous return to the heart cannot be a fac- 
tor m the pressor effect Arrest of the arculation alone 
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was meSecUve. The phenomenon, like the reflex ac- 
celeration of the heart (p 247), is npparentl 5 due to 
the sUmulabon of afierent endings m the muscles bj 
metabohtes accumulated as a result of the arculatorj 
Of how much importance such a reflex is in 
ordmarj eierase, ne., mth free circulation through 
the mukles, it is difScult to sa> 

The effects of exerase upon other ph> siological 
functions are dealt with in other sections of this 
book The reader is referred to the index under 
hluscular exerase 

AXON REFLEXES 

These are not true reflexes, smee no nene cell 
IS mtolved The efierent and afferent limbs of 
the axon reflex arc are formed bj the branchmg 
of a smgle nerve fiber A stimulus apphed to one 
branch sets up an impulse which tra\ els centrally 
to the pomt of dmsion from where it is reflected 
down the other branch to an effector organ The 
most familiar tjTie of axon reflex is that which 
mixihes a sensorj' nene fiber and through which 
t’asodflator effects are brought about Nmian 
Bruce has made a study of the superfiaal vaso- 
dilatation ■uhich results from cutaneous or con- 
]unctival stimulation, and offers contmang 
evidence for the dependence of these reactions 
upon axon reflexes Spiess had remarked some 
years before that m inflammatorj states of the 
superficial tissues the more painful the part be- 
came, the greater was the dei elopment of heat and 
redness The degree of dilatation of the lessels 
seemed to be dependent upon, and durectly pro- 
portional to, the pam expenenced A local anes- 
thetic reduced the pam and the mflammatoiy 
reacuon as well Bruce found that the dilatation of 
the vessels which results from the application of 
an imtant, such as mustard oil, to the conjunctiia 
af an animal can be pre^ented if the sensorv 
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nerve endmgs are first paralyzed bj means of 
cocame (or better, aliTun, which has no dircrt 
effect upon the vessels) On the other hand, if 
the mustard oil be applied shortlj after division 
of the fifth nerxe, which also renders the conjunc- 
tiva msensitivc, the usual inflammatorj' reaction 
occurs Yet if sufficient time be allowed to elapse 
after diiTsion of the nerx^e for degeneration of 
the seeboned sensorj' fibers to take place, the 
conjunctival reaction to irritants cannot be 
elicited Corrcsjxinding results were obtained m 
expenments upon the skin of the trunk The 
emploiment of a local anesthetic abolished the 
reaction It was obtainable after section of the 
posterior roots pcnpheral to their ganglia, so 
long as degeneration of the sensorj fibers had not 
occurred, but was abolished after this The \aso- 
dilator reactions cannot, therefore, be due to a 
central reflex, set thev arc dependent upon the 
mtcgntj of the sensorj nerve fibers Since no 
pcnpheral nerve cells arc known to exist through 
which such a reaction could occur, the latter must. 
It IS concluded, be due to an axon reflex The 
impulse endcntly passes up a senson fiber and 
then down (i e , antidromicalh ) a coUaterd branch 
suppljong an artcnolc (fig 27 12) Sec also page 
276 Knowledge of these local reactions has ob 
xnouslj wide applicabilitj to the investigation of 
lesions of the superfiaal tissues assoaated with 
vascular changes, and cspcaallv those of an in- 
flammatorv nature Thej afford another example 
of the dose association between the transmission of 
pain and vasodilator effects 

It maj be menboned madcnlallj that axon reflexes 
are not confined to afferent fibers and to vaso<Iilator 
reacbons. The discovers of axon reflexes was made bj 
Langlev and Anderson in the invesbgabon of an ob<mr- 
vabon of Sokowmn’s, namelj, that when the central 
end of the hj-pogastne nerv c of one side w as sbmulalcd, 
contracbon of the opposite half of the bladder occurred 
The impulse was shown to hav e passed centrallv for a 
short distance to an axon branch, along which it was 
transmitted to the inferior mesenteric ganglion of the 
opposite side from where it was relaj ed to the v esical 
muscle. Axon reflexes were later shown bv these ob- 
servers to occur m other parU of the autonomic nervous 
sj’stem (m the ganglia of which no true reflexes occur) 
The preganghonic fibers of a given spmal segment do 
not necessanlj terminate m the first ganglion of the 
lateral cham which thej enter but pass along the cham 
for some distance givnng off collaterals (axon branches) 
to cells m the ganglia through which thej pass, or thej 
maj make no conneebon until thej have reached a 
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level several segments below that of the segment from 
■which the} originated Therefore, when the 5}'mpathetic 
cord was cut and its central end stimulated, pilomotor 
and vascular effects w ere produced in shin areas Ijmg 
at a higher segmental level than the point of stimula- 
tion That axon reflexes of a more local nature occur 
in the autonomic plexuses of the intestine and other 
hollow vnsccra is gencrall} conceded 

The Blood Gases, Lactic Acid akd Histamine 
IN' THEIR Relation to the 
\ ASCULAR Mechanisms 

CVRBON DIOMDE EXCESS AND OXVGEN 
LACK ASPimaA 

The vasomotor centers arc highly sensitive to 
the gaseous composition of the blood flowing 
through their \ csscls 

A ]ngh carbon dioxide tension or a low oxygen 
tension causes an increase in v'asoconstnctor tone 
and a rise m blood pressure The persistent ele- 
vation of the blood pressure which results from 
a nse in intracranial pressure (c g , cerebral tu- 
mor or hemorrhage) is due to compression of the 
medullar}’ vessels and the mtcrfcrcncc with the 
blood supply to the centers, and the marked 
pressor effect induced by asphyxia is the result 
of the cxatation of the vasoconstnetor center 
by the more v cnous character of the blood Three 
stages in the arculator}’ effects of asphy^aa can be 
distinguished (1) For a time after the respiratory 
muscles of an animal have been paralyzed by 
curare, little change in the level of the blood 
pressure occurs (2) In a minute or tw o the blood 
pressure, as a result of the arteriolar constriction, 
commences to mount and may soon reach a 
value more than double the normal The vaso- 
constnction is undoubtedly enhanced by adren- 
aline liberation, the hormone exerting a direct 
action upon the vessels The heart at this time, 
as a result of the fuller relaxation of the cardiac 
muscle and the increased venous inflow , beats 
forably, the rate is slowed in consequence of the 
nse m blood pressure as well as by the action of 
carbon dioxide upon the cardio-inhibitory center 
and the tissue of the sino-auricular node The 
effect of the carbon dioxide excess upon aunculo- 
vcntncular conduction may result in heart block 
(p 227) The capiUanes and small veins are 
dilated and mtense cyanosis (p 437) occurs (3) 
The blood pressure falls This is due to failure of 
the heart as a result of the anoxemia, and not to 
the release of the artenoles from the constnetor 


influence, for, if the volume of the kidney is 
recorded at this time it will be found that no 
change occurs before death 
The hypertonicity of the vasoconstnetor center 
in asph}’X]a might be due either to the carbon 
dioxide excess or to oxygen lack Mathison, how- 
ever, has studied these two influences separately 
When an animal breathed an air mixture con- 
taining 10 per cent of carbon dioxide with an 
adequate percentage of oxygen, the artenal blood 
pressure changed almost immediately, nsing 
withm less than a minute to double its previous 
height, the mtestinal volume fell (fig 27 13, a) 
Oxygen lack alone, produced by the inhalation of 
nitrogen, caused a pressure nse of about the same 
magnitude, the response was delayed for half a 
minute or so but was then abrupt (fig 27 13, b) 
Injections of lactic acid or other organic aads into 
the blood stream produced effects which were in 
general similar to those of carbon dioxide excess 
or oxygen deficiency (fig 27 13, c) These three 
factors, carbon dioxide excess, oxygen lack and a 
nse m hydrogen ion concentration by the injec- 
tion of lactic aad, act upon the vasomotor center 
and the chemoreceptors of the carotid and aortic 
bodies (espeaally the latter) m a manner analo- 
gous to that described for respiratory control (ch 
33) Thus, the action of CO* is exerted mamly 
upon the center, whereas anoxemia (or cyamde 
which suppresses oxidative processes) and aad m- 
jections act m a common fashion by raismg the 
hydrogen ion concentration of the blood bathing 
the chemoreceptors 

The spinal centers are also sensitive, though to 
a less degree, to a rise in hydrogen ion concentra- 
tion In the decapitate animal, for example, under 
artifiaal respiration, a nse m blood pressure does 
not occur until the carbon dioxide percentage m 
the inspired air has reached 20 per cent, whereas 
breathing aircontainmg 5 per cent carbon dioxide 
may be suflScient to excite the medullary center 

The local effect of carbon dioxide excess or of 
lactic aad upon the penpheral vessels is one of 
dilatation The central and peripheral effects of 
the hydrogen ion are therefore opposite m direc- 
tion Durmg exercise, for example, the acid 
metabolites formed m the active muscles cause 
dilatation of their mmute vessels On the other 
hand, any nse m the hydrogen ion concentration of 
the blood as a whole which may result will, through 
an action upon the medullary center, cause splanch- 
nic vasoconstnction Such an effect will contribute 
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Fig 27 13 Showing the pr^sure effect of carbon 
dioDde excess, on gen lack and lactic aad injections 
a, traangs o intestinal volume (upper cune) and of 
blood pressure m an ei^nment in which a mixture 
containing 7 per cent CO was breathed b, shows the 
rise in blood pressure during the breathing of mtrogen, 
and c, the nse m arterial pressure resulting from the 
injecUon oi lactic aad (\fter Matheson.) 

to some de ree, to the general nse in blood prs- 
sure accompanjmg exercise (p 289) The high 
arterial pressure, combmed with dilatation of the 
\essels mthin the muscles themselies leads, of 
course, to a maxunum blood flow through the 
actiie tissues It has alreadj been mentioned, 
hovel er, that unless the exercise is lerj strenuous 
no change m blood reaction occurs, and m an\ 
eient it appears that, as compared with purelv 
nen ous mechanisms (e.g , irradiation of impulss 
from cereb-al centers), the effect upon the i-aso- 
motor center of an mcrease m hidrogen ion con- 
centration plais a mmor rble m the hipertension 
of muscular effort. The local lasodflator effect 


of the hydrogen ion, on the contrarj , is of the 
utmost importance. 

The work of Anrep and his assoaates mdicates 
that histamme liberation is also a factor m the 
local x-asodilator reaction These obsen ers found 
that, whereas the histamine concentration m the 
\enous blood commg from a resting muscle was 
the same as that m the arterial blood, dunng 
contraction of the musde, the histamme concen- 
tration m the venous blood exceeded that m the 
arterial blood. 

CASE ON" DIOXIDE DEJETCH 

Carbon dioxide depletion (acapnia) produces 
effects upon the vascular sj^tem which, m general, 
are the reverse of those resultmg from carbon 
dioxide excess The tone of the constrictor center 
IS lowered, artenolar dilatation results and the 
blood pressure falls The direct effect of the carbon 
dioxide lack upon the penpheial v'essels is to in- 
crease their tone The capillanes and v enules are 
apparentlj more responsive to the local action 
than are the artenoles upion which the central 
effect predominates 

The effects of carbon dioxide defiat upon the 
circulation hav e been studied bj Dale and Evans 
The> found that when cats were ov er-v entflated 
at the rate of from 100 to ISO respirations per 
mmute there occurred a rapid and profound fall 
m blood pressure (to 30 or 40 mm Hg withm a 
mmute, or two) In these experiments the depres- 
sor effect was due chieflv to the loss of artenolar 
tone, the effect of the loss of carbon dioxide or of 
the respuatorv movements (p 250) upwn the 
action of the heart plav ed an unimportant part. 
IMien the excessive ventilation was earned out, 
usmg an au mixture containing 5 per cent carhon 
dioxide, the fall m pressure did not occur, or was 
observed onlv at the begmnmg of the penod of 
hvperventilation The depressor effects of acapnia 
were also obtamed m decapitated animals, thus 
mdicatmg that the spinal vasomotor centers are 
also highl 3 sensitiv e to carbon dioxide defiat 
After destruction of the cord, changes m the 
tension of the gas caused rev erse effects, namel 3 , 
a nse m pressure with carhon dioxide defiat and 
a fall with carbon dioxide excess, the direct ac- 
tions upon the v essels (ccnstnction and dilatation 
respectiv ely) bemg then unopposed by the central 
influence 

In the human subject the effect of forced breathmg 
upon the blood pressure vanes. In the majonU a fall 
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in pressure results but in some the pressure remains 
unchanged, in a few it nscs The depressor effect, when 
It occurs, 15 not due altogether to the effect of carbon 
dioxide deficit upon the vasomotor center but is largely 
the result of the mechanical effect of the forabic ex- 
piratory mo\cmcnts (p 250) which impede the venous 
return to the heart (Vincent and Thompson) This is 
endenced b\ the fact that in many persons the depres- 
sor effect can still be produced when the forced breath- 
ing IS earned out with air containing a high percentage 
of carlion dioxide In those persons m whom the 
pressure does not fall, its failure to do so ma\ be due to 
the irradiation of impulses from the motor area to the 
xasomotor center which enhances the latter's tone, or 
to the compensatory \asoconstnction resulting from 
the local effect of the carbon dioxide defiat Vaso- 
constriction of the cutaneous \csscls is often clearly 
endent from the pallor which occurs in the period of 
apnea following forced breathing, the cutaneous arcu- 
lation IS somebmes slowed to such a degree that 
cyanosis appears Stewart, b\ means of his calorimetric 
method, has also demonstrated under such circum- 
stances the slowang of tlie blood flow through the 
hands Furthermore, if the xessels arc kept maximally 
dilated by means of a hot bath, m a subject who 
ordinanly other shows no blood pressure effect as a 
result of forced breathing or gi\cs a pressor response, 
then acapnia causes a depressor effect The antago- 
nism between the central and local effects of carbon 
dioxide upon the vessels can also be demonstrated by 
applying a tourniquet to the arm Forced breathing 
then causes a much less marked effect upon the vessels 
of the asphyxiated arm (ownng to the high carbon 
dioxide tension in the blood of the obstructed vessels) 
than upon those of the opposite arm 

The actions upon the vascular sy stem of adrenaline, 
noradrenaline (eh 59), pituitrin (eh 57), and of VEM 
and VDM (chs 3 and 27), arc dealt with elsewhere 

Trauhe-Uenng waxes 

These arc slow, rhythmical waves which appear on 
the blood pressure traang of an animal poisoned by 
curare, absinthe, morphine and certain other drugs 
They may also appear in asphyxia or in any condition 
in which the oxygen in the blood supplying the medulla 
IS markedly reduced or the carbon dioxide content in- 
creased They may therefore appear m hemorrhage or 
when (as a result of raised intracranial pressure) the 
circulation through the medulla is interfered with The 
frequency of the waves is from 5 to 10 per minute 
They arc due, apparently, to periodic vanations in tone 
of the vasomotor center and should not be confused 
with those of splenic origin (p 70) 

THE CONTROL OF THE VEINS 

The veins receive constrictor fibers from the 
sympathetic The innervation is not confined to 


the minute veins, but mdudes the larger super- 
fiaal veins of the limbs, mtestmes, spleen, hver 
and kidney There is no evidence, however, that 
the venae cavac or the veins of the muscles are 
furnished with constrictor nerves Like the ar- 
tenes, veins exhibit constnetor tone, dilatmg 
when their nerves are sectioned The vein wall 
responds readily by constriction to direct me- 
chanical stimulation, e g , puncture by a needle 
Certain superficial vems receive dilator impulses 
(antidromic) via sensory fibers Dilatation of the 
mfenor mesenteric vein has also been observ'ed 
following stimulation of the posterior nerve roots 
of the low'er thoracic segments In emotional 
states constnction of the superficial veins has 
been observed and reflex changes m caliber, an- 
alogous to those occurring m the arterioles, result 
from various types of peripheral stimulation 
According to Heymans the vems take part m 
the pressor or depressor reflex evoked from the 
carotid sinus 

Carbon dioxide acting locally' upon the walls of 
the small vems exerts a dilator effect, reduction m 
carbon dioxide tension increases venous tone Yan- 
dell Henderson and associates attach a great deal 
of importance to the tonic influence exerted upon 
the venous mechanism by carbon dioxide They 
claim that acapnia produces constnction of the 
penphcral vems and so interferes with the return 
of blood to the heart The rise m venous pres- 
sure, which results from breathmg an air 
mLxture rich m carbon dioxide they ascribe to 
relaxation of the smaller veins and the increased 
flow' of blood from the arterial side 

The reactions of the vems to adrenahne, pitui- 
trin and several drugs are similar to those of the 
arterioles to such agents 

Means Employed to Demonstrate the Pres- 
ence OF Vasoconstrictor or Vasodilator 

Fibers in a Peripheral Nerve Trunk 

If both ty'pes of vasomotor fibers exist in a 
given nerv'e, the constnetor effects predominate 
when the nerve trunk is stimulated, and may 
obscure entirely any coincident response of the 
dilator fibers In order, therefore, to demonstrate 
the presence of the latter it is necessary to remove 
the constnetor influence before stimulatmg the 
nerve This may be accomplished by sectionmg the 
nerve and allowing time for degeneration of the vaso- 
constrictors to occur, which is some time (2 to 3 
days) m advance of the degeneration of the vaso- 
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dilators At the end of this tune, therefore, pure 
vasodilator effects are obtained The two types of 
fibers also respond more readily to diferenl ktnds 0 / 
stimuli, and this fact may sometunes be employed 
to detect the presence of vasodilator The vasocon- 
strictors respond more readily to strong electric 
shocks of high frequency, the dilators to compara- 
tively weak and slow rhythmic shocks The latter 
also respond more readily to mechanical stimula- 
tion ErgoUmne is a drug which acts m a selective 
manner, as shown by Dale, by abolishing motor 
effects of the sympathetic nervous system The 
vasoconstnctors are paralyzed but the vaso- 
dilators are unaffected Therefore when a nerve, 
such as the splanchnic, which contams both types 
of fibers, is stimulated after admmistration of this 
drug, the response is one of pure vasodilatation 

Several methods are available for the demon- 
stration of the actual vasoconstnctor or vaso- 
dilator effect (1) Inspection of the organ or 
vascular region supplied by the nerve under in- 
vestigation Flushing or blanching mdicates 
vasodilatation or vasoconstnction, respectively 
The method is particularly suitable to superfiaal 
and transparent structures, such as the frog's 
web or the ear of the rabbit, the latter was em- 
ployed by Claude Bernard when he discovered 
the vasomotor nerves 

(2) Change in temperature of a superficial part 
supplied by the stimulated nerve The blood in 
the deeper tissues is considerably wanner than 
that flowing through superfiaal vessels When 
the artenoles dilate, the part becomes flushed 
with blood drawn from deeper regions, i e , the 
cutaneous blood flow is mcreaaed, the temperature 
rises m consequence A reverse effect upon the 
superficial temperature is caused by vasocon- 
striction The temperature changes may be de- 
tected by means of a sensitive thermometer held 
m contact with the surface or, more precisely, 
by a thermo-electnc couple mserted into the 
tissue, e g , the skm, mucous membrane, etc 

(3) Flelhysmogrophtc method The pnnaples of 
this method have been explained elsewhere (p 
179) It IS apphcable to the demonstration of 
vascular changes m such organs as the kidney, 
the mtestme or a lunb, which can be isolated from 
surroundmg parts The instrument registers 
changes in volume and these, when they follow 
stimulation of the nerve supplymg the region, 
are taken to mdicate corresponding changes in 
the cahTier of the vessels, and m the quantity of 


contained blood Both artery and vein leading to 
and from the organ must be equally free from com- 
pression, smee mterfercnce ivith the flow through 
one or other vessel will cause alterations m volume 
of the part When a limb is under in\ cstigation it is 
usually desirable to climmate muscular mo\ cment 
by the admmistration of curare It is essential that 
changes in volume resultmg from passive disten- 
sions or collapse of the vessels by changes in the 
general arterial blood pressure be distinguished 
from active vasodilatation and vasoconstnction, 
respectively That is, a nse in the arterial blood 
pressure may cause greater filhng of the \ esscls in 
a purely passive manner and sv\ oiling of the organ 
m consequence — a mere distension of the vascular 
bed On the other hand, a fall in general blood pres- 
sure may dram blood from the organ and cause its 
volume to shnnk For these reasons a blood pres- 
sure tracing must alnajs accompany the plcthys- 
mographic records Only when the blood pressure 
traang remains unchanged or the two traangs 
take opposite directions, 1 c , a nsc in arterial 
pressure accompanied by a fall in volume or a 
fall m pressure coinciding with a nsc in \olumc, 
can a definite conclusion regardmg the change m 
the caliber of the vessels be drawn (fig 27 14) 

(4) Outflow from veins In a small organ, such 
as the salivary' gland, changes m the blood flow 
through it may be detected b>' noting the rate of 
flow and the brightness of color of the blood issuing 
from the veins Usually the smaller veins are tied 
off and the blood as it issues from one or two larger 
vems IS collected m a graduated rcccptable 
The thermo siromuhr (p 175 and p 327) may 
also be employed to determine variations m the 
volume flow through the organ, the measurement 
bemg made cither of the ingomg or outgoing 
blood 

Vasodilator Agents The results of experimental 
work m the last few years have added scicral new 
names to the hst of vasodilator substances which may 
be extracted from the tissues 
AcetylchoUne Much knowledge has been gained in 
recent years concerning the pfayfaiological significance 
of this cholme ester Its formula is 

0 

II 

CH,— C— O— CHj— CH,— N(CHi)iCl 

Acety Ichohne chloride 

Acetychohne, as discussed elsewhere (ch 72), is 
hberated from parasympathetic postganglionic nerve 
endmgs and from the preganghomc endmgs of both 
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parasympalhcUc and sympathetic fibers Chohne itself, 
which has the following fomiilla 

CH, 

CH^ I 

>N— CH-— CH.OH 
CH/ 1 

OH 

and as a constituent of lecithin and sphingomyelin 
(p 6891, has an extremely wide distnbution m the 
IkkU, is a well-known aasodilator Its activit) is of a 
low order in comiiarison witli acetvlclioline, the vaso- 
dilator cflcct of chohne being increased bj’ at least one 
thousand times after acetylation There appears to be 
aery little free chohne in the body, and the amount of 
aceta Icholine, ratlicr than chohne, appears to \ary 
under physiological conditions Chohne acts m the 
same manner as acetylcholine on the blood vessels 
Its action on lucr fat has been discussed elsewhere 
(p 696) 

Iltstamtnc 

H.C NH. 

I 

H-C 

1 

C— N 

\ 

CH 

/ 

HC— NH 

Histamine is also very widely distributed in the 
body It can be readily formed tn vitro by' the action of 
bacteria belonging to the colon taphoid group upon the 
aminoacid histidine This mechanism probably accounts 
for the formation of histamine in the intcatine The 
method by which histamine is formed in tissues has 
not been established Small amounts arc present m 
muscle, while the lung in hcrbivora and the hver and 
intestinal tract in ommvora may contain relatively 
large amounts The concentration of histamine m 
human blood is from I to 8 micrograms per 100 cc 
This IS contained mainly in the w'hite cells and most 
probably m the eosinophils (Code) A substance m- 
distinguishable from histamine is apparently responsi- 
ble for the first part of the tnple response m skm (p 
315) but chemical identificabon has not been made 
“Gastnn” and histamme (p 509) are indistinguishable 
The subcutaneous injection of one-quarter to one- 
half milligram of histamine produces a copious flow’ 
of aad gastnc juice m man (p 518) The mechamsm 
of action of histamine on the blood vessels vanes 
with the species studied, but in man both artenoles 
and capillanes are dilated The mtravenous adminis- 
tration of a ten-thousandth of a milhgram causes an 
appreaable fall of blood pressure in the ethenzed cat 



Fig 27 14 Upper figure shows simultaneous traemgs 
of carotid blood pressure and volume of kidney Be- 
tween X and X the peripheral end of the divided tenth 
dorsal nerve was stimulated Time-markmg = seconds 
(After Bradford ) Lower figure shows the eSect upon 
the kidney volume (PI ) and arterial pressure (BP) 
of stimulating the central end of the vagus, T, tune- 
marker, S, stimulus (After Bayhss ) 

One-thousandth of a milhgram given mtravenously 
produces a sharp fall of blood pressure in unanesthe- 
tized man The unanesthetized organism is not so 
susceptible to histamine as the anesthetized While 
Abel's researches indicated the wide distnbution of 
histamme m biological matenal, the base was first 
prepared in crystalhne form from perfectly fresh tissue 
by Best, Dale, Dudley and Thorpe The possibihty 
that histamme may possess physiological significance 
has been matenally increased by the finding that it is 
hberated m anaphylactic shock from the hver m the 
case of the dog and from the lung in the gumea-pig 
Histamme may not be the only substance hberated m 
this condition but it accounts for most of the signs of 
anaphylaxis It is important also, as Kalk has shown, 
that imtation of the skm in certam susceptible people 
(dermographism) produces a definite secretion of aad 
gastnc julCe quite comparable to that which the sub- 
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cutaneous mjecticm of bstanune might evoke. Eata- 
tmne is destroyed by an enzyme system, histammase 
(Best and McHenry), r\luch is found m vanous tissues, 
but particularly the kidney and small mtestine. The 
physiological significance of this enzyme has not been 
established 

A number of antihistamme agents, that is, sub 
stances which antagonize the acbon of histamme, 
e.g, benadrjl, pynbenzamme, and neoantergan (2786 
RP) have been synthesized 

The formula of benadryl is — 


CH, 

(HCl) 

CH, 


Benadr>l 

These substances are employed m vanous aUeigic 
condihons They have a protective action against 
anaphylactic shock m the gumea pig, and against the 
action of histamine m this speaes, the latter action is 
employed as a test of their efficacy 



Adenosine and denvahves 
N==C NH, 

HC C— N C,H,0« 

\ 

CH 

/■ 

N— C— N 
Adenosme 



N=C NH, 


HC C— N CH,0, 

\ 

CH 

N— C— N 

Adenyhc and 

In 1929 Drury and Szent-Gy6rgyi showed that 
acbve constituent of certam extracts from skelt 
and cardiac muscle which produced a character!! 
condition of heart block m the gumea pig was ade 
sme. This substance was also shown to have a peni 
eral vasodilator effect, which has been found to 
aertri mainly, if not entirely, upon the arteno 
The heart block (p 227) produced by adenosme 
reheved by banum Adenosme administered sub 


taneously causes a migration of leukocytes to the site 
of mjection, an effect which distmguishes it from hista- 
mme. Histamme and adenosme may both be concerned 
m inflammatory reactions and m the effects upon the 
circulation produced by extensive tissue damage Their 
exact significance m this connection awaits further 
mvestigabon Adenosme and adenyhc aad are rela- 
bvely mert vasodilators mth a potencj of somewhat 
the same order as choline. They may be present, 
however, m considerable amounts in certain bssues 

Kallskrein Kallikrem is the name given b> Frey 
and Kraut to a vasodilator substance obtamed from 
normal unne. This substance has not yet been ob- 
tamed m pure form, but it probablj differs from all 
other vasodilators It docs not constnet the bronchioles 
m the gumea pig, as histamme docs, it lowers the blood 
pressure of the rabbit, while histamme docs not do so 
when the ordmary anesthebes are used It is rapidly 
desbojed by blood serum, but the acbvnty is recovered 
when and is added It is suggested that kalbkrcm is 
liberated when the bssues become acid through meta 
bolic acbvity This would, of course, produce vasodila 
tabon and mcreased blood flow The site of formation 
of kaUikrein is not known It is present in relatively 
high concentrabon in the pancreas from which it is 
most conveniently prepared 

Identificalion of rasodthtor subslancu In addibon 
to these substances there arc undoubtedly others which 
caimot be exactly characterized as y ct The vasodila- 
tors we have menboned may be identified by the 
foUowmg means Kallikrem and adenosine and its 
denvabves are destroyed by and hydrolysis, choline 
and histamme are resistant to this procedure. Acetyl- 
chohne is verv susceptible to alkali and may be com 
pletely desboy ed m a short time m a solubon at pH 8 
to 9 Atropine antagonizes the acbon of cholmc or of 
Bcetylchohne but exerts no effect upon the acbon of 
histamme. Positive evidence for the presence of adeno- 
sme IS its charactensbc effect upon the gumea pig’s 
heart Kalhkrem will produce a fall in blood pressure 
m the atropmized rabbit, which neither choline nor 
acetylcholme wall do, while it exerts no effect on the 
gumea pig’s heart These vasodilators may also be 
separated by the use of preapitabng agents and by 
other chemical procedures 

Tetraethylammonium chloride or bromide possesses 
a pronounced vasodilator acbon, due to its paralytic 
acbon upon sympathebc gangha and thereby blockmg 
tome vasoconsbictor impulses It is employed to 
disbnguish spasbc vasoconstnebon from structural 
narrowmg of the vessels m hypertension and penpbcral 
vascular disease The methomum compounds (hexa 
methomum and decamethomum bromide) are also 
employed for their acbon m blockmg vasoconstrictor 
impulses 

Vasoconstrictor Substances Among the best 
known vasoconsbictor agents are ptlutlnn and adren- 
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altne (eh 57, 59) and compounds chemically related to 
the latter, c g , ephednne, tyramvie and benzedrine Bar- 
ium chloride is also a powerful vasoconstrictor Tobacco 
smoking is gcnerallj' stated to cause penphcral vaso- 
constriction, the effect being usually not demonstrable 
unless the smoke is inhaled The expenments of Bol- 
ton and assoaates and of Muhnos and Shulman throw 
doubt upon the conclusion that the vascular effect is 
due to the absorption of some constituent of the inhaled 
smoke TIie\ found that a deep inspiration of pure air 
caused a marked reflex constnction of the cutaneous 
aessels of the forearm and hand The phenomenon is 
enhanced by an imtant or painful stimulus, c g , inhala- 
tion of smelling salts, pinching the skin, etc., and is 
more pronounced if the respiratorj’ movement is 
mainlj tlioraac Helmcr and his assoaates have shown 
that the \ asoconstnetor agent found in the unne of 
smokers is nicotine, which they have isolated in crys- 
talline form as a picrate Sodium nitrile, contrary to the 
general belief, causes, as shown by Weiss and his asso- 
aates, arteriolar constriction The fall in blood pressure 
which follows the administmtion of an appropnate 
dose, and which maj result in collapse and sjneope 
when the subject stands, is due to the reduction in 
%cnous tone and, as a consequence, the pooling of 
blood in peripheral \ans 

PEMPitERAL Vascular Disease 
Raynaud’s pirEVOJtENON and raynaud’s disease 

A distinction must be drawn between Raynaud’s 
phenomenon and Raynaud’s disease Raynaud's 
phenomenon is understood to be the intermittent 
spasm of the small arteries of the extremities of 
the size of the digital arteries The affected mem- 
bers, the fingers and less commonly the toes, be- 
come cold, numb, w^axy pale (dead fingers) or 
(yanotic The attacks arc precipitated by ex- 
jKisure to cold It is secondary to some other 
abnormal state, eg, thromboangiitis obliterans, 
artenosclerosis, cervical nb, etc 

Raynaud’s disease is the occurrence of Ray- 
naud’s phenomenon as a primary affection, i e , 
not associated with some other artenal con- 
dition It IS a simple vascular spasm of the digital 
artenes It is bilaterally symmetrical The disease, 
which IS rare as compared with Raynaud’s phe- 
nomenon, was first desenbed by Raynaud in 1862 
The fingers, sometimes the toes, or rarely the ears 
and nose, are the seat of periodic attacks of vascu- 
lar spasm The attack lasts as a rule for a few 
minutes, but may persist for an hour or two 
The color change commences m the finger tips 
and spreads toward the bases of the fingers As 
the attack passes off the part again becomes 


cyanotic, then red and hot, the numbness is re- 
placed by burning pain The pulse at the wnst or 
ankle persists dunng the attack The local as- 
phyxia may lead to ulcers, scleroderma, rarefac- 
tion of the termmal phalanges, and other trophic 
changes Gangrene sometimes results 

The disease, since Raynaud’s first descnption 
of It, has been generally attributed to hyperactiv- 
ity of the vasomotor (vasoconstnetor) nerves 
Sympathetic ganglionectomy is, therefore, fre- 
quently resorted to m an effort to abolish the 
attacks Lewis has shown, hoivever, that a typical 
attack may be induced m a subject upon whom 
this operation has been performed, by exposmg 
the affected part to cold (as by immersing it m 
cold water) He concludes therefore that the fault 
lies not in the nervous control but in the vascular 
wall itself The following observations cited by 
Lewns substantiate his view 

(1) If one finger of a subject of the disease be im- 
mersed in cold water, an attack confined to this finger 
may be induced Such a localized result cannot be 
explained upon the basis of a nervous reflex 

(2) AncsthetizaPon of the ulnar nerve of a normal 
person by means of novocaine causes dilatation of the 
vessels of the httle finger (removal of vasoconstnetor 
tone) The vascular spasm m Rajmaud’s disease can- 
not be released m this w ay 

(3) If a subject suffenng from Raynaud’s disease 
affcctmg both hands, and upon whom a unilateral 
ganghoncctomy had been performed, be seated m a 
cool room with both hands placed m cold water, the 
vascular spasm which results is more pronounced on 
the non-sympathectomizcd side If, however, the rest 
of the body is wanned while the hands are immersed m 
cold water, the attack is more pronounced on the 
sympathectomized side In the first expenment the 
greater degree of spasm on the non-operated side is 
attnbuted to the added effect of a vasoconstnetor re- 
flex The greater degree of spasm on the operated side 
in the second expenment is attnbuted to the absence of 
dilator sympathebc fibers Though a nervous influence 
IS evident m these observations the essentially local 
nature of the fault is also mdicated 

Ganglionectomy, even though it does not re- 
move the fundamental cause of the condition, 
does, nevertheless, exert a decidedly benefiaal 
effect The attacks are less frequent and mtense 
after the operation, normal vasoconstnetor tone 
and, as just mdicated, the reflex responses to cold 
having been abolished, a more mtense reaction of 
the artenal wall itself must occur before arrest of 
the circulation to the part can result 
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Simpson, Brown and Adson on the other hand, 
do not consider that Ra\Tiaud’s disease is due 
primarily to a fault of the N-ascular tissue. These 
obseners mamtam that onli m the ad\anced 
stages of the disease is the \-ascular wall itself 
abnormal and that m milder cases the fault is 
essenUalh \asomotor m character They point 
out that Lewis’ cruaal espenments uere per- 
formed upon se\ere or complicated cases of the 
disease. 

ERYTHROilELALGIA 

EoThromelalgia is a rare but mteresting condition 
characterized bj attacks of pamful redness of one or 
both feet, or occasional!) of the hands The pain is 
burning in character and is induced b\ u arming or 
exercising the part, or b) allomng it to hang down 
Rest, delation of the part or the apphcation of cold 
tends to rdieie the pam En-thromdalgia has been 
attributed to lasodilation resulting from some abnor 
mahti of the lascular nenes Lewis finds, howeier, 
that the essential abnomialiti m these cases is not 
lasodilatation, for an cquiialent degree of lasodilata- 
tion ma) occur m normal subjects m respon'e to 
warmth or eierase, \ et pam does not result, Er>'Uiro- 
melalgia, or erytlrralgia as Lewis prefers to call the 
condition is not of i-asomotor ongm The abnormaliti 
m these cases is apparent!) a hipersensitii e state of 
the cutaneous pam fibers to heat or tension Thi.s 
“susceptible state” of the skm m er)’lhralgia is alto- 
gether analogous to that seen m inflammation, and to 
that which can be mduced m an) normal person b) 
certam t)-pes of cutaneous mjur) — exposure to ultra- 
nolet hght, repeated rubbmg or stretching bums, 
etc. It IS well known that the pam endings of skm 
mjured m these wa)s are \ er) sensitix e to warmth or 
to tension. arming the part either b) mcreasing the 
blood flow through its \ essels or b) the apphcation of 
heat causes burnmg pam Pam also results when the 
part IS dependent, the engorged > essels then causmg 
tension upon the hi’persensitii e nene endmgs 
Lewis suggests that m the pam associated with 
er)-thralgia and with the t)-pes of cutaneous mjUTj 
just mentioned, a chemical substance hberated m the 
skm senes as the immediate stimulus to the nene 
endmgs. The obsen-abon that the pam which follows 
repeated rubbmg or stretchmg of the normal or of the 
er) thralgic skm is prolonged and mtensified b) arrest 
mg the circulation to the part, supports this concepbon 
(p 300) 

AC3tOC\Al\OSIS 

In this disorder the hands and less commonly the 
feet are persistentl) cold, blue and sweat) Exposure 
to cold mtensifies the c)-anobc color In the case of 
the hands the c\-anosis commences at about the ]e\el of 


the wnst and deepens as it is traced toward the fingers. 
There is puffiness of the fingers but trophic disturb- 
ances are unusual The milder forms of the disorder are 
closel) allied, according to Lew as, to chilblains The 
disorder is due to increased tone of the cutaneous 
arterioles resulbng from h)'perscnsibwt) to cold The 
condibon does not faa\ c a nen ous basis, the fault is in the 
xascular wall itself, the cyanosis pcrsisbng unchanged 
after anesthebzmg the ulnar nene with norocamc. We 
ha\e seen that in Raxmaud’s disease the spasm is of 
the digital arteries In acrocyanosis the cutaneous 
arculabon is slowed as a result of arteriolar constnc 
Uon, the parbal asphxwia causes capillar) dilatation 
and an increase in the quanbt) of blood in the skm 
The slower blood flow, b\ allowing the hemoglobin to 
gi\e up a greater part of its on gen store, is responsible 
for the blue bnt of the skin, the depth or intensit) of 
the color is due to the fullness of the \ essels (p 437) 

THROitBOANCnTIS OBUTEEAVS 
(DtlERGER’s disease) 

This 15 an organic % oscular disease inxohing, as 
a rule, the medium and small arteries (and to a less 
extent the \tins) of the e.xtremities The condition 
in the majontx of cases is confined to the lower 
limbs The \ essels arc stifTcned and hard The ad- 
xentitia is thickened, the media shows atroph) of 
Its muscle and an increase m conncctix c tissue, and, 
actixc proliferation of the intima occurs, several 
la) ers of cells being formed The marked narrowing 
of the vascular lumen which results is followed b> 
thrombosis This and not the intimal prolifera- 
tion itself is responsible for the final obliteration 
of the vessel Organization of the thrombus, i c , 
Its invasion bv fibroblasts and its conv crsion into 
fibrous tissue, follows Some restoration of the 
circulation through the vessel ma) occur later 
as a result of the formation of new channels 
w ithin the substance of the organized tlirombus, 
but whether or not such a process of revasculariza- 
tion results, the blood supplv to the part is alwa) s 
greatlv reduced 

Among some of the carher manifestations of the con 
dibon are fatigue of the limbs upon exertion, ntcr- 
mittent claudication, hvpersensitivat) of the vasocon- 
strictor reacbons of the extremities to cold resultmg in 
attacks of pallor or c)’anosis, coldness and numbness or 
a dull ache A definite reduebon m blood flow through 
the part ma) be demonstrated b) the calonmctnc 
method of Stewart (p 1 79) Extreme vanations in the 
color of the bmb result from altenng its posibon in 
relation to the level of the heart, when the affected 
member is dependent, undue redness or c)’anosis results, 
whereas when raised above heart level it becomes m 
tense!) pale and war) m appearance. 



Chapter 2/ 


VASOMOTOR MECHANISMS, VASCULAR DISORDERS 


299 


As the pathological changes progress, the pulse dis- 
appears from the ^^nst or ankle, or even from the pop- 
liteal or brachial artcrj , ulcers and other trophic dis- 
orders appear and ultimalclj' gangrene of the toes or 
fingers sets in, requiring amputation The vascular 
obliteration tends, however, to creep upwards necessi- 
tating amputation at successively higher levels 

The cause of the disease is unknown, some believe it 
to be of infective origin Excessive use of tobacco is 
strongly suspected of being a predisposing factor Buer- 
ger and others have remarked upon the verj’ high inci- 
dence of the condition in the Jew ish race, of a scries of 
150 eases reported by Brown and Allen from the Majo 
Clime over 50 per cent were Hebrews The disease 
occurs almost exclusively in males, whereas Raynaud’s 
disease with which it is likclj to be confused, especially 
in Its early stages, affects females predominantly An- 
other feature distinguishing it from Raynaud’s disease 
IS that in the latter, the color of the skin is affected little 
or not at all by elevation of the limb, and the pulse in 
the larger artcncs does not disappear It is possible that 
spasm of the v csscls as a result of hy^icractivity of the 
vasomotor nerves is the initial abnormality in thrombo- 
angiitis obliterans The constriction of the vasa vas- 
orum, it is conceived, may, by’’ interfcnng with the 
nutrition of the arterial w all, initiate the characteristic 
structural changes 

It IS, of course, only during the earlier stages of the 
condition, i c , when spasm due to increased vasocon- 
stnetor reactivity is a contributing factor, and before 
organic changes have progressed to the point where 
they' have occluded the vessels, that treatment of any 
sort can be expected to bring about any real benefit 
When a spastic factor can be demonstrated, sympathec- 
tomy frequently results in very notable improvement 
Even when the larger arterial vessels are obliterated, 
sympathectomy, by' removing the vasoconstnetor tone 
of collateral vessels, may be followed by a definite im- 
provement in the blood supply' to the part 

There are several methods to choose from for the 
detection of vascular spasm The temperature of the 
part may be taken by means of a skin thermometer or 
a thermocouple before and after one or other of the 
following procedures, which, normally, cause vasodilata- 
tion and raise the temperature of the part (a) Heating 
the entire body, with the exception of the head and the 
affected part itself, in a cabinet (fig 27 15) (b)Theinduc- 
tion of fever by the injection of a foreign protein, ty- 
phoid vaccine (c) Spinal anesthesia w'hich temporarily 
paralyzes the vasoconstrictors (d) Anesthetizabon of a 
peripheral nerve (e) The mtravenous mjection of hyper- 
tonic saline by increasing the blood volume will tend to 
cause a compensatory vasodilatation A rise in tempera- 
ture of the part, following one of these procedures, indi- 
cates the previous existence of a spastic element The 
greater the degree of spasm the more pronounced and 
rapid is the temperature nse If the occlusion is entirely 
organic in nature no change in temperature results 


Instead of recording the skin temperature, the blood 
flow through the affected part may be estimated by the 
calorimetric method before and after one of the pro- 
cedures just enumerated 

Cervical rib may cause changes in the arculation of 
the upper extremity not unlike those due to thrombo- 
angiitis obliterans The subclavian artery tends to be 
compressed between the bone and the scalenus anticus 
muscle with consequent reduction in the volume of the 
pulse of the affected side But the penpheral vascular 
disturbances are due mainly, accordmg to the view of 
Stopford and Telford, to the pressure of the super- 
numerary nb upon the vasoconstrictor fibers in the 
low est trunk of the brachial plexus Sensory and motor 
phenomena as a result of pressure upon the somatic 
fibers also sometimes occur Constriction of the vasa 
vrasorum with consequent interference with the blood 
supply of the vascular wall has been suggested as re- 
sponsible for the structural changes which ultimately 
lead to thrombosis and occlusion of the arterial lumma 
Lewis and Pickermg, however, dissent from this view 
“Why,” it is asked “if pressure upon nerve fibers is the 
cause of the vascular condition, are the effects always of 
an imlative nature (vasoconstriction)?” "Why do not 
paralytic manifestations (removal of vasomotor tone 
with consequent vasodilation) appear at some later 
stage?” They suggest that the blocking of penpheral 
vessels is of embolic ongin due to pressure injurj' of the 
subclavian artery and the formation upon its wall of 
thrombi which are whisked away in the blood stream 
from time to time 



Fig 27 15 Warm chamber with subject m position 
for observing effects in the hands The neck and fore- 
arms pass through canvas sleeves terminatmg m purse 
stnngs The chamber is divided into two parts at the 
dott^ line For use with the lower extremities the 
front W'all is made with simple upright front with two 
appropriately cut outlets for the thighs (After Lewis 
and Pickermg ) 


300 


THE CIRCULATION OU THE BLOOD 


Section II 


INTEEinTTENT CLAUDICATION 

{daudxcare, to Lmp) 

This IS a condition (descnbed by Charcot in 
1856) m which, as a result of organic narrouing 
of the artenes of a limb and consequent restric- 
tion of Its blood supply, severe pain is experienced 
m the muscles dunng exercise The pam has been 
attnbuted to a muscular cramp or to spasm of 
the vessels Neither of these explanations can be 
entertamed, for the muscles are flaccid dunng 
the attacL The abnormal stiffness of the artenes 
seems to preclude the possibility of their being 
narrowed appreciablv by spasm, and the smaller 
vessels are m aU likelihood dilated rather than con 
stncted dunng the attack 
The essential cause of mtermittent claudication 
IS a relative anoxia of the muscles— they are 
called upon to perform work for which the oxjgen 
supplv IS madequate Lewis has shown that pain 
identical m character with that occumng in this 
condition can be mduced b\ exercismg anj normal 
limb during the arrest of its arculation AVhen 
the circulation is restored, an immediate increase 
in the volume of the limb occurs which is taken 
to mdicate that the v'essels were dilated dunng 
the pam In a patient suffenng from the disease m 
one hmb it was shown that the pam occurnng m 
the hmb dunng exercise was practicall> the same 
with regard to its time of onset, development and 
duration as that induced by exerasing the sound 
limb dunng arculatory arrest 
The fundamental unportance of anoxia in the 
production of the pam is also evident from the 
observations of Pickenng and Wayne who found 
that exercismg the muscles of an anemic subject, 
m whom there was no evidence of artenal disease, 
caused the characteristic pam of intermittent 
claudication Kissm also show ed that exerase per- 
formed by normal persons durmg anoxia (in- 
duced bj' breathmg an air mixture containing a 
low percentage of oxygen) caused the typical 
cramp like pam The climcal experiments of Lewis 
indicate that the direct cause of the pam is not 
OX) gen lack itself but the stimulation of sensory 
nerves by the metabohc products of muscular 
acUvnty Ordinanl) these are removed by oxida- 
tion, but they accumulate when the blood supply 
IS madequate He refers to the pam stimulus as 
"factor P” The evndence supportmg this con- 
ception IS as follows 


(1) The pam docs not vary with the individual con 
tractions but is a steady ache 

(2) Using a standard test (maximal gnp exerted by 
thumb and index finger, recorded isomctncall) , and 
repeated at the rate of one per second) it was found 
that in normal subjects with the arculation to the arm 
arrested, the pam commenced m about 35 seconds after 
the commencement of the cxcrase and took another S3 
seconds to reach the point where it became mtolerable 
The pam disappears within 3 seconds after restoring 
the arculation — prcsumabl) as a result of the removal 
of "factor P” If, on the other hand, occlusion of the 
vessels is maintained, the pam persists 

(3) Lewis found that the time of onset of the pam 
IS determined bj the total amount of work performed 
rather than bj the length of the exercise penod Thus, 
when the cuculation of a normal hmb is arrested, pam 
ensues after the same number of contractions of equal 
strength whether the> are repeated in rapid or in slow 
succession On the other hand, if a constant rate is 
maintained, the pam follows sooner with strong than 
with weal, contractions If, however, the circulation to 
the part is onl) partiall) obstructed (Katr, Lindner 
and Landt) or if air containing a low percentage of ox)- 
gen is breathed (Kissm), the amount of work ncccssarj 
to cause pam is lessened b) increasing the rate at 
which the contractions arc repeated — the chemical fac- 
tor presumabl) accumulating more rapidl) os a result 
of the shorter time intervals illowcd for its removal 

(4) It, after the pam has been relieved b) restoring 
the circulation to the part, the v esscls arc again occluded 
and the hmb exercised, the time of onset of the pam 
ensues earher, the shorter the penod during which the 
blood had been permitted to flow This result suggests 
that products accumulated dunng the previous exercise 
penod, if not given suffiaent time to be removed, are 
earned over to the second period and the concentra- 
tion necessar) for stimulation is reached sooner 

The nature of the chemical pain factor is un- 
known, Katz and associates believe it to be aad 
in character and non v'olatile The ingestion of 
sodium bicarbonate was found to increase the 
amount of exercise required to cause pain 

The pain in angina pectoris is generally believed 
to be produced through a mechanism essentially 
the same as that causing pam m mtermittent 
claudication 

“Immersion Foot”, “Trenoi Foot” 

Dunng the Second World War this name was 
given to a state of the vessels and tissues of the 
feet brought on by severe and prolonged chilling 
of the feet by cold water It was seen most fre- 
quently in persons who had been shipwrecked 
and immersed for hours m the sea at northern 
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latitudes But it may also result if the feet alone 
are kept cold and moist, sailors worLmg under the 
stress of wartime conditions in wet boots, or 
soldiers doing duty m wet trenches (trench foot) 
may then suffer In cases of immersion foot the feet 
dunng the penod of exposure are swollen, numb 
and pulseless Their color varies with the tempera- 
ture from bright red to deep blue or waxy white, or 
may be mottled with areas of blue and white or 
blue and red Within a few hours (2-48) after re- 
moval from the water, the feet become hyperemic 
and severely painful, the pam often being descnbed 
as burning, scaldmg or stabbing m character The 
swelling increases, blistenng, ulceration, local 
wasting of muscles and, m the worst cases, gan- 
grene result Capillary damage permits fluid of high 
protein content to leak into the tissues These 
effects are likely to be most severe if the tempera- 
ture of the members has been quickly restored to 
normal The hyperemic stage, after from 6 to 10 
weeks, merges mto one m which the feet are pale 
and cold and v&ry sensitive to exposure to cold 

The hands may be affected by cold water m 
the same way as the foot but much less commonly, 
smce they are rarely exposed to conditions of such 
extreme severitj’’ 

While the members are actually exposed to the 
cold water, the vessels are m strong constrictor 
spasm, the metabolism of the tissues both as a 
result of the cold and the anoxia is greatly re- 
duced, at the lowest temperatures (short of freez- 
ing), which may sometimes exist during immer- 
sion, metabolic processes may cease entirely It is 
beheved, therefore, that a minor degree of tissue 
damage occurs at this time and the greater part 
after removal from the water, when the tempera- 
ture of the parts rises The vasoconstriction is a 
reflex response due to the action of cold on the 
general body surface, as well as to its local effect 
upon the vascular w alls, and also probably to the 
absence of vasodilator metabolites In the hy- 
peremic stage there is maximum dilatation of the 
vessels, the warming of the body havmg overcome 
the vascular spasm The usual vasodilating me- 
tabolites are formed and, in addition, accordmg to 
Lewis, H-substance is liberated as m reactive 
hyperemia (p 316) foUowmg circulatory arrest 
from any cause 

Smce the intensity of the hyperemia and the 
tissue damage are enhanced by a rise m tempera- 
ture, every effort is made to prevent rapid warming 
of the affected members Ice bags or blasts of cold 


air are, therefore, applied locally to mamtam the 
skm temperature of the feet around 21°C It is 
also necessary to keep the entire body at as low a 
temperature as is consistent with comfort, this 
IS achieved preferably by means of some form of 
cool cabmet 

Frost hite Prolonged exposure to severe cold 
causes vasoconstnctor spasm, and when freezing 
occurs the arculation m the small vessels of the 
part becomes completely arrested After the part 
has thawed, mtense hyperemia usually follows, 
and most of the tissue damage is believed to be 
caused at this time The mcreased capillary per- 
meability due to the freezmg together wnth the 
high capillary pressure of the hyperemic stage 
causes edema and swelhng of the part This of 
itself may cause strangulation of the circulation, 
but thrombosis also occurs If the resulting 
ischemia is extreme, gangrene foUows Measures 
are directed toward the reduction of these effects 
by thawmg the part slowly and by the adminis- 
tration of an anticoagulant, e g , dicoumarol or 
hepann 

Surgical or Wound Shock— Clinical and 
Physiological Considerations 

That state of collapse which follows twm, three 
or four hours after a severe tissue mjury is variously 
spoken of as surgical, wound, traumatic, or secondary 
shock It IS a condition qmte distmct from the so- 
called primary shock which supervenes immedi- 
ately after an mjury Primary shock has a nervous 
basis and is, therefore, also called neurogenic shock, 
pam and psychic factors, through their effect upon 
the vascular system, play a promment r61e 

Secondary, or surgical shock, is charactenzed 
by a profound fall m blood pressure, paUor and 
coldness of the skin, cyanosis of the finger tips 
and lobes of the ears, fall m body temperature 
and of the metabolic rate, rapid shallow breathmg, 
small, rapid pulse, apathy, and other manifesta- 
tions of coUapse Further investigation of a pa- 
tient or animal m shock will usually reveal marked 
reduction m the circulatmg blood volume, even 
though no hemorrhage has occurred In very 
severe cases the systohc blood pressure may be 
no more than 60 mm Hg Ohguna is usual and 
anuria may occur The renal blood flow, the 
oxygen consumption of the kidney and the glo- 
merular filtration rate are reduced There is a 
nse in non-protein nitrogen of the blood, and a 
fall in the alkali reserve 
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■When the chest of an animal m deep shock is 
opened, the heart is found to be beating \Tgorouslv 
The cause of the low blood pressure is, therefore, 
not pnmanl\ cardiac. The heart cavities, how- 
e\er, are incompleteK filled The great ^enis are 
depleted of blood, the i enous pressure is low, the 
cardiac output reduced (sometimes to onl 3 10 
per cent of the normal) and the circulation through 
the peripheral \essels slowed 
Reduction in the cardiac oulp it and slaicing oj the 
peripheral blood floie occur earh in shock and precede 
the fall in blood pressure 

There is constncUon of the artenoles of the 
splanchmc and cutaneous areas This is probablj , 
m part at least, a compensators reaction — a re- 
Ejxmse of pressor mechanisms (e g , smus and aortic 
nerves, p 282, 283) to the underfilled state of the 
\-ac nilnr si'stem — but ha\*mg detrimental effects 
Fatal shock has been produced bj prolonged i-aso- 
constnction mduced bi the contmuous administra- 
tion of adrenalme (Erlanger and Gasser) 

Inasmuch as manv obseners ha\e repiorted an 
mcrease m the corpuscular concentration of the 
blood, or hcmoconcent ration as this has come to be 
called. It has been the general behef that an 
essential and fundamental feature of secondarj 
shock IS the leakage of plasma from the capillanes 
as a result of an undue permeabflity of their walls 
But the loss of plasma through escessi\el\ per- 
meable lessels rcirote from the mjured region has 
\et to be pro\ed. In anim al m\ estigations mto 
secondan shock (as produced bi mechanical 
trauma) hemoconcentration to a degree which 
would mdicate anj great reduction m blood \ol- 
ume due to plasma loss is bi no means a general 
findmg Furthermore, no duect endence of plasma 
loss mto the tissues generallj has been secured, 
and ei en when hemoconcentration exists there is 
some mdication that plasma is remo\ ed from the 
general circulation bj becommg ‘locked up” or 
pocketed m the mmute penpheral \esseb rather 
than b^ a general leakage from the \ascular ^•stem 
"U idespread capfUan dilatation is a factor 
which has been generallj thought to be present 
m and largeh respon^le for the shock state A 
considerable bod\ of endence can be ated m 
support of this behef Momson and Hooker ob- 
served an mcrease m the \olume of an mtestmal 
loop when shock supenened, and Mann found 
that, whereas about 24 per cent of the blood 
\olnme of a normal animal is held m peripheral 
\'ascular areas and the remammg 76 per cent m 


the heart and larger \essels, in shock (produced 
bj exposure and handhng of the abdominal 
xTSCera) 61 per cent was contamed m the pe- 
npheral \essels 

Kniselj and Block ha\ e desenbed a sludge like 
massmg of the blood cells in human capillanes as 
a result of e\ en mild trauma. Such a phenomenon 
must be an impiortant factor m reduemg the 
orculatmg blood \ olume and slowing the penph- 
eral blood flow, and maj- e\en be concerned m 
imtiatmg shock 

Poohng of blood m penpheral -vascular areas 
could quite conceiiablj account for the mam 
features of shock Anj great enlargement of the 
capfllaTy bed would alone cause a fall m blood 
pressure without anj loss of blood from the 
\-ascular sjstem The mamtenance of the normal 
artenal blood pressure (ch 15) depends upon a 
mce adjustment of the capaatj of the -vascular 
sj-stem to the volume of blood Vanation m 
either factor would have ven much the same 
effect upon the blood pressure. Moreov er, poohng 
of blood m penpheral vascular areas would, bj 
reduemg the v enous return, depnv e the heart of an 
adequate v olume of blood to maintain the normal 
arterial pressure 

THEORIES COSCERKING THE PRIHART CAUSE OF 
UOUKD SHOCK 

Manv theones have been advanced m attempts to 
eiplam the genesis of the shock state. Among those 
which hav e found fav or from time to time with differ- 
ent groups of workers are the foDowmg exhaustion or 
paralvEis 01 the v-asomotor center as a result of its 
bombardment bj sensorv impulses from the trau- 
matized tissues (Crile), "blowmg off” of carbon diox- 
ide (acapnia) due to stimulation of the respiratorj 
center bj afferent impulses a ntin g m the mjured part, 
or duimg the hvperpnea of the earlj stages of general 
anesthesia (T’’ Henderson), multiple pulmonarj emboh 
caused bj the liberation of fat globules from damaged 
bone and subcutaneous tissues (Porter), adrenal ex- 
haustion (Swingle), etc None of these theones has 
stood the test of cntical mvestigahon. There is no 
evidence that the activutv of the vasomotor center is 
depressed m shock. It has been mentioned that ar- 
tenolar constnehon rather than dilatation occurs, 
and Porter found that the vasomotor reflexes, both 
pressor and depressor, were unimpaired m the shocked 
a nimal Nor is acapnia or alkalosis present m traumatic 
shock. Acidosis is more likelv to apjiear, though not m 
a causative rfile, the reduced orculabon rate and 
consequent anoxia of the tissues resultmg m the ac- 
cumulahon of fixed aads Porter’s fat embolism theorj 
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his not been substintnted S\s ingle nnd Ins associates 
ha\c directed ittention to the verj’ close similarity 
between the effects of adrenal (cortical) excision and 
shock (eh 59) I o\\ blood pressure due to plasma loss 
and collapse arc prominent features following supra- 
rcnalcctomv Tlic effects of tins operation arc, however, 
much slower in onset (several davs) and there is no 
direct evidence that defiacncv of tlic hormone of the 
adrenal cortex is a factor m the great majorilj of cases 
of traumatic shock, and cortical pnncipics arc of un- 
certain benefit (sec below) With regard to the adrenal 
medulla, in Cannon’s mcw tins part of the gland is 
more hkelv to be overaclivc than deficient in shock 
(p 305) 

The loxemtc theory 

As a result of the inv cstigations of a number of work- 
ers into the shock state, as seen in wounded soldiers in 
the War of 19I-1-1S, or as produced cxpcrimcntallv in 
animals, the thcorv arose tint it was <luc to an en- 
dogenous chemical substance having a histamine like 
action or po'siblv to histaniiiiL itself which was formed 
in or released from the injured tissues, esiiecnllv muscle 
A few V ears before the first World \\ ar. Dale and I aid- 
law had reported upon the action of litslamitc Struck 
b> the resemblance of the effects of this amine to certain 
features of traumatic shock. Dale, Uaidlaw and Rich- 
ards in 1919 re investigated its actions When injected 
into animals in doses of 1 mg per kilogram of body 
weight, histamine exerts a profound depressor effect 
upon the circulation, mniclv, a fall in blood pressure, 
due to peripheral vascular dilatation Increased capil- 
lary permeability watb consequent transudation of 
plasma from the vessels is also a well recognized action 
of histamine (p 295) The fall m blood pressure is, ot 
course, the outstanding feature of shock Vasodilatation 
and increased cajiillarv permeability leading to reduced 
plasma volume were (upon the assumption that the 
blood pressure fall w as due to histamine or a histaminc- 
bke substance) supposed to exist as vvcll The reports 
of hemoconccntrition and a reduction in blood volume 
in shock seemed to confirm these siipjiositions Certain 
clinical observations were also in accord with a toxemic 
theory , a tourniquet applied to a damaged limb, for 
cxamjilc, appeared to postpone the development of 
shock, jircsumably liccausc a toxic substance was pre- 
V ented from entering the general circulation It w ns also 
generally conceded that amputation of a contused and 
laecrated jiart favored recovery from shock, arrested 
its further development or tended to prevent Us onset 
Moreover, injury to muscle, which it was presumed 
was relativclv rich in vasodilator substances such as Ins 
lamine, was cspcciallv hkelv to be followed by shock 
Tlius, the toxemic thcorv of shock in which a his 
lamine like substance, or histamine itself, was the re- 
sponsible agent, seemed well authenticated and seemed 
to be finallv established by the experiments of Cannon 


and Bayhss These observers crushed the limbs of ani- 
mals and reported that a fall in blood pressure did not 
result so long as the vessels of the injured part were 
occluded, though the nerve trunks remained intact 
Upon restoring the circulation a fall in blood pressure 
occurred Division of the nerves, on the other hand, 
without arrest of the circulation in the limb did not 
prevent the onset of shock 

Others who have repented Cannon and Baydiss’ ex 
perimcnt hav e not been able to obtain the same results, 
some indeed have reported findings quite the reverse 

^fodcrn experimental work on shock 

Shock has been induced experimentally in several 
ways, the most common methods employed being 
mechanical trauma, c g , pounding the limb of an 
nncsthcti7ed animal with a mallet, or bleeding an 
animal to the extent of from 40 to 60 per cent of 
its calculated blood volume and reducing its blood 
pressure thereby' to 30 mm Hg or less 

Blalock caused shock in dogs by inflicting 
severe contused injuries to a limb by beating w ith 
a mallet From his results he concluded that a 
circulating toxic substance is not responsible for 
the development of the shock syrndromc, that 
transudation of plasma from vessels remote from 
tlic traumatized tissues docs not occur, and that 
the reduction of blood v'olumc m traumatic sliock 
can he entirely accounted for by tlic escape of 
blood and plasma from the vessels at the site of the 
injury He bases this conclusion upon the finding 
that the quantity' of blood fluid which accumulates 
within the part, as estimated by comparing its 
weight with that of the sound limb, is sufficient to 
cause tlie fall in blood pressure In some experi- 
ments as much as a third or a half of the toLvl 
blood volume was calculated to liav'c entered the 
traumatized area Tlie loss of this amount of cir- 
culating fluid in itself is sufficient to cause dcatli 
From their results Blalock and his followers con- 
clude that there is no essential distinction to be 
drawn between shock and the state induced bv 
licmorrhagc This has come to be know'n as the 
theory of local find loss 

An animal in shock due to severe hemorrhage 
can usually be saved by immediate or early trans- 
fusion of blood, or even of a good blood substitute, 
such as gelatin, isinglass or daxtran The blood 
pressure is quickly' raised from the shock level to 
normal This period following hemorrhage in which 
the animal's condition is amenable to treatment is 
called the “reversible stage” of hemorrhagic shock 
At tins time the minute vessels are hyperactive to 
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local stimulahon, as first pointed out by Zweifach, 
Shorr and associates, who have also demonstrated 
that a pressor pnnaple (vaso-exator material, or 
bnefly VEM) derived from the kidney appears m 
the arculation together with a vasodepressor ma- 
tenal (VDM) of hepatic ongm If left untreated, 
the shocked animal passes mto a state m which 
treatment is without avail This is called the ir- 
reversible stage” VDM is present alone or m excess 
m the circulation, and the reacUvity of the vessels 
IS subnormal VEM and VDM are produced under 
anoxic conditions In the reversible stage of shock, 
VDM IS destroyed by an enzyme system m the 
liver In the irreversible stage this mechanism fails 
to function and VDM accumulates m the blood 

Accordmg to Zweifach and associates, shock 
caused m other ways, e g , muscle trauma, also 
exhibits reversible and irreversible stages, and the 
appearance of VEM and VDM m the blood stream 
Usually, however, depression of the blood pressure 
to the shock level by severe mechanical mjury is 
not amenable to treatment by transfusion, the 
blood pressure is raised only temporarily, m 
marked contrast to the response m early hemor- 
rhagic shock (Taylor and Moorehouse, Taylor and 
Drummond) That is, shock due to severe trauma 
may be irreversible from the start This suggests 
that a factor other than, but in addition to, local 
fluid loss IS responsible for the fall in blood pres- 
sure m shock This factor may well be the vasode- 
pressor material just mentioned (see Markomtz) 

In only a very few instances of traumatic shock 
m man has defiaency of adrenal cortical function 
been found to play a part. But since m almost any 
kmd of stress, cortical prmciples are drawn upon 
m mcreasmg amounts, any pre-existmg msuffi- 
aency of the adrenal cortex will lead to early 
exhaustion of its hormones and constitute an 
aggravatmg element The manner m which a 
greater demand is made for corticoids m shock 
and other forms of stress is unknown 

A consideration of possible nervous factors in the 
development of traumatic shock 

There is evidence that nervous influences — aflTerent 
impulses from the traumatized tissues— may play a part 
m the development of shock Cannon suggested that in 
certain instances the primary cause is overstimulaUon 
of the sympathoadrenal system, and Erlanger and 
Gasser had shown that shock could be produced by 
the prolonged admimstration of adrenahne Freeman, 
working m Cannon’s laboratory, found that the con’ 
tinuous infusion of adrenahne m physiological dosage 


(0 001 to 0 006 mg per kilogram of body weight per 
nunute) over a penod of tao hours caused a fall in 
plasma volume of from 10 to 29 5 per cent A reduction 
m blood pressure to considerably below the normal 
level occurred upon stopping the injection Adrcnalmc, 
as nc know causes vasoconstriction of the splanchmc 
and cutaneous areas and dilatation of the vessels 
of the skeletal muscles (ch 59) The prolonged arteno- 
lar constriction m the cutaneous and splanchnic areas, 
it IS conceived, by mducmg asphyxia of the capillary 
walls renders them more permeable The vasodilata 
tion m the muscles by macasmg the capillary filtra 
bon pressure will increase transudabon of fluid m 
these situabons Other condibons, such as "sham 
rage,” which excite the sympatho-adrenal mechanism 
were also found to reduce the blood volume (by from 
11 to 35 per cent) and cause a fall in blood pressure (to 
60 mm Hg) Sham rage induced after the removal of 
the sympatheUc chains docs not cause cither a rcduc- 
bon m blood volume or a fall in blood pressure 

The researches of O’Shaughnessy and Slome point in 
the same direction These workers found that binding 
the nervous pathways by spinal anesthesia delayed or 
prevented the onset of shock in animals who'c hmbs 
had been traumabzed 

The treatment of traumatic shock rcsolv cs itself 
into a correction of the abnormal physiology in- 
dicated in the foregoing discussion, namely, the 
restoration of the circulating blood volume by 
blood transfusion, the administration of fluids 
and the protection of the patient from cold, pain, 
anxiety and apprehension Overheating the pa- 
tient by means of hot water bottles or radiant 
heat IS to be avoided since it induces dflatation 
of superfiaal vessels and thus increases the ca- 
pacity' of the vascular bed The use of agents, 
eg, pituitnn, which constrict the capillary ves- 
sels, IS indicated Adrenaline is of little or no 
value, its effect is evanescent and is exerted 
mainly on the artenoles whose tone in shock is 
already high If adrenal cortical function is sub- 
normal the administration of cortisone may be 
beneficial 

Burn shock An extensive bum may’ cause 
death from primary' shock which follows almost 
immediately after the injury has been received, 
from secondary shock which superv'cncs in from 
2 to 6 hours after the burning, or from toxemia 
which develops in from 48 to 72 hours We are 
concerned here only with the cause of secondary 
shock due to bums 

An outstanding feature of bum shock wherein 
It differs from shock caused by mechanical injury 
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extreme degree of hemoconccntration T,%hich 
as a result of plasma loss from the burned 
: and into the tissues surrounding the bum 
extensue bum, according to Underhill, 
cent of the total plasma \olume ma\ be 
Dm the circulation ivithin a feu hours The 
state following burns is attnbuted b\ man\ 
ers largeh to the reduction in blood volume 

0 the increased \iscosit\ of the blood 
IS estimated the fluid loss b\ burning one 
an animal ivhilc it w as on a w eighing de\ ice 
tipped towards the burned side as fluid 

ulated The a\erage amount of fluid lost 
isured in this wa\ was 2 2 per cent of the 
weight The increase in w eight of the burned 
imraenced almost immcdiatelj following the 
g and conUnued at a rapid rate for some 
rhe blood pressure, howc\cr, remained near 
rmal lc\ cl until a short time before death. 
It collapsed rather suddenly 
question of a toxic factor in bum shock is 
cd for the reason that a distinction has not 
! been drawm between the stage of shock 
:e later stage of toxemia which results from 
isorption of protcoKTic products demed 
the burnt tissues or of bacterial ongin 
tson and Boxd were among the first to 
igate the question of a bum toxin Thej 
ed that an alcoholic extract of burned skin 
it of normal skin contained a toxic agent 
caused death when injected into normal 
Is The blood or red cells, but not the 
1 , of burned animals also contained the 
igcnt They concluded that a toxin formed 
burned tissues was absorbed into the blood 

1 and earned b> the red cells Vogt also 
cd that if a burned area of skin from one 
I (guinea pig) w ere excised and transplanted 
other, the first animal sumied but the 
1 died This expenment, however, as well 
ise of Robertson and Bojd, is pertinent 

to the question of bum toxemia which 
at a later stage than to the development of 
Itself The finding of a high concentration 
amme in the blood of burned patients has 
d the question of a toxic factor in bum 
Barsoum and Gaddum determmed the 
line concentration of the blood m a number 
Lients suffenng from extensive bums and 
it sex oral tunes higher than the normal 
rer, no dear correlation in time between 
stamme concentration m the blood and the 
of shock was found Rose and Brown ob- 


serv’ed that the course of the blood histamine 
concentration following bums could be divided 
into three stages, (1) an early mcrease, this was 
not in\-anable, (2) a marked decrease during the 
penod of edema and plasma loss, i e , during the 
stage of secondary shock, and (3) a return to normal 
or above normal as the edema subsides and the 
patient is improving It would not appear from 
these results that histamme is the responsible 
agent m the dexdopment of shock follow mg 
bums 

Certam changes found at autopsy m burned 
subjects, e g , damage to liver and kidne> and 
mtestinal ulceration have suggested a toxic factor 
to many, but such findmgs arc probably associated 
with the toxemic stage rather than with the 
stage of shock 

The most effective measure for combattmg 
bum shock is the transfusion of large volumes of 
plasma or scrum (up to 5000 cc in 24 hours) or 
a suitable substitute, with the object of restonng 
the blood \olume and coincidental!} of reduang 
the hemoconccntration Benefit has been reported 
by some obserxers (eg, Wilson, Rhoades, Lee 
and their colleagues) from the use of adrenal 
cortical extracts The cortical hormone is said 
to decrease capillary permeability and thereb} 
to reduce the plasma loss 

Tie "crush syndromd’ A person who has had a 
limb held and compressed for some hours by a heaxy 
object such as a beam or a pile of rubble ma> pass mto 
a state rcsemblmg shock some time after he has been 
released and remoxed to hospital A number of such 
cases have been reported m England following air 
raids But a closer study has revealed that the} do not 
present the tj^ucal features of wound shock, death 
has been due to uremia The part after its release may 
not appear to be sexcrel} damaged and the patients 
seemed at first to do well after readung hospital 
Marked edema of the hmb developed later, accom- 
pamed b} oliguna The urme is brownish m color and 
contains dark granular casts, it gives the benzidme 
reaction due to the presence of mjoglobm (p 58) 
denxed from the damaged muscles Complete sup- 
pression of urme ultimately supervenes The con- 
diUon has been studied by Bjwvaters and his asso- 
ciates, who attnbute the renal effects to damage of 
the tubules (nephrosis) by m} ohematm, or a substance 
closely associated with it and denxed from the m- 
jured muscles The anuna would, therefore, be caused 
m a manner analogous to that resultmg from the 
transfusion of mcompiatible blood (p 44), the differ- 
ence bemg that m one the pigment is hberated from 
musde, m the other from hemolysed erythrocj'tes 
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local stimulation, as first pomted out bv Z'?reifach, 
ShoT and associates, ■srbo ha% e aL?o demonstrated 
that a pressor pmcp^e (vaso-eiator matenaL or 
b'■eS^ \'EM) derived irom the fadnes appears m 
the circulation tojether vnth a sasodep-e^sor ma- 
terial (SUM) o! hepatic onsm. H lett untreated, 
the shocked passes into a state m which 

treatment is without avaiL This is called the ' ir- 
rt\-eisible stage \T)M is p-csent alone or m eicess 
in the crcuIaUon, and the reactii.nt% of the \-eEsels 
is suhncnnaL k'EM and \'DiI are produced under 
aEonc conthbons In the reverrile stage of shock, 
kDM ^ destroyed by an enzyme si-stem m the 
In cr In the irreversible stage this mechanism fails 
to function and \T)M accumulates m the blood. 

Accowhng to Zweiiach and assoaates, shock 
caused m other wars, eg, tnnsde trauma, also 
einihits rer ersTile and irreversible stages, and the 
appearance of VEhl and m the hlood strea m 
L'sualli , bowel er, depress’on of the blood pressure 
to the shock lei el hi severe mechanical mjurv is 
not amenab’e to treatment by transiusion, the 
blood p-emire is raised onli temporarily, m 
marked contrast to the response m earli hemor- 
rhag-c shock (Tavlor and Moorehouse, Tailor and 
Drummond) That is, shock due to sei ere tramna 
mai be mreienfble from the start. This suggets 
that a factor other than, but m addition to, local 
fla.d loss IS responsible for the fall m blood pres- 
sure in shock. TLs lacto* mai well be the insode- 
presEO’ m3ier.al just mentioned (see Markowitz) 

In call a 1 ew few instances of traumatic shock 
m man has deScencv of adrenal cortical fancbon 
been found to play a part. But since m almost any 
kind of stress, cortical pnnaples are drawn upon 
in increasmg amounts, any pre-esistmg msuffi- 
cear of the adrenal co-tei will lead to eadi 
exhausaon of its hormones and constitute an 
agcrai-atmg dement- The manner m which a 
g-eate' demand is made for co-ticoids m shock 
and other forms of stress is unknown 

•1 ccrnicToi on of pomile rcr-ous f colors in lie 
dr-'lopr-crl of trajmU c skocl 

Tetw IS cndence that nervous mfiuences— afferent 
U-? rises f'oui tie traumatuid tissues— may plav a put 
lu tie deve'opraeul of sioci. Cannou suggested that m 
certain ms jnces tie pnman cans* is orverstimulation 
o' tie swupaiioadrenal system, and Erlanger and 
G^ner tad shenn tiat 'ioct cciald be p-oduced b> 
the p-o’ouged admum jaliou o' adreaaine. Freeman, 
wo-hmg in Cancou’s hbo-alow, found that the cou^ 
tm.ous mlt-sou o' adrenalne in phjwo’ogical dosage 


(0001 to 0 006 mg- per Hlogram of body weight per 
imnnte) over a penod of two hours caused a fall in 
plasma volmrie of from 10 to 29n percent, A reduction 
m yood pressure to considerablt below the no lual 
level occurred ujwn stoppmg the injecbon. Adrenaline, 
as we know causes vasoconstriction of the ^ l a nrhn ic 
and mtanfrins areas and dilatation of the vessels 
of the skeletal musdes (ch. 59) The prolonged arleno- 
lar constnctiou m the cutaneous and splanchnic areas. 
It IS conceived, bi mdnang asphyna of the capillary 
walls renders them more jjermeable The vasodilata- 
tion m the musdes by increasing the capillary filba- 
bon p-essure wil] mcrease transudabon of fluid m 
these situabons. Other candibons, such as “ sh a m 
lagc,” which crate the sjunpatho-adrenal mec hani sm 
were also found to reduce the blood volume (by from 
11 to 35 per cent) and cause a fall m blood pressure (to 
60 mm Sham rage induced after the removal of 
the sympatiiebc rfiams does not cause either a reduc- 
bon m blood volume or a fall in blood pressure. 

The researches of O’Shaughnes^ and Slome point m 
the same direcbon. These workers found that blocking 
the nervous pathways b\ spmal anesthesia delaj ed or 
prevented the onset of shock m animals whose limbs 
had been traninatized. 

The ircclmenl of traumatic shock resols es itsdf 
mto a correction of the abnormal phj'siolog} m- 
dicated m the foregoing discussion, namelj, the 
restoration of the circulating blood volume by 
blood transfusion, the administration of fluids 
and the protection of the patient from cold, pam, 
annety and apprehension. Overheatmg the pa- 
tient by means of hot water bottles or radiant 
heat IS to be avoided smee it mduces dilatation 
of superficial vessds and thus mcreases the ca- 
paaty of the vascular bed. The use of agents, 
e-g , pituitrm, which constrict the capillaiy v es- 
IS indicated. .Adrenalme is of bttle or no 
value, its effect is evanescent and is exerted 
mainlj on the artenoles whose tone m shock is 
already high. If adrenal corbcal funebon is sub- 
ncrmal the administration of cortisone may be 
beneficiaL 

Burn shoe!’ An eirtensive bum may cause 
death from pmnarv shock which follows almost 
immediately after the mjury has been received, 
from secondarv shock which supervenes in from 
2 to 6 hours after the burning, or from toxemia 
which develops in from 48 to 72 hours We are 
concerned here only with the cause of secondary 
shock due to bums 

An outstandmg feature of bum shock wherein 
It differs from shock caused by mechanical injury 
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IS the extreme degree of hemoconccntration ^\hich 
occurs as a result of plasma loss from the burned 
surface and into the tissues surrounding the bum 
In an extensive bum, according to Underhill, 
70 per cent of the total plasma volume may be 
lost from the circulation n ithin a feu hours The 
shock state follow ing burns is attributed by many 
obserx ers largely to the reduction in blood volume 
and to the increased \nscosit> of the blood 
Harkins estimated tlie fluid loss bv burning one 
side of an animal u hile it u as on a \\ eighing dc\ ice 
which tipped towards the burned side as fluid 
accumulated The axcrage amount of fluid lost 
as measured in this way was 2 2 per cent of the 
body weight The increase in weight of the burned 
side commenced almost immcdiatclj following the 
burning and continued at a rapid rate for some 
time The blood pressure, however, remained near 
the normal lev'el until a short time before death, 
when it collapsed rather suddenly 
The question of a toxic factor m bum shock is 
confused for the reason that a distinction has not 
alwa}s been drawn between the stage of shock 
and the later stage of toxemia which results from 
Uic absorption of proteolytic products derived 
from the burnt tissues or of bacterial ongin 
Robertson and Boyd were among the first to 
inxcstigate the question of a bum toxin They 
reported that an alcoholic extract of burned skin 
but not of normal skin contamed a toxic agent 
which caused death when injected into normal 
animals The blood or red cells, but not the 
plasma, of burned animals also contained the 
toxic agent They concluded that a toxin formed 
in the burned tissues v as absorbed into the blood 
stream and carried by the red cells Vogt also 
reported that if a burned area of skin from one 
animal (guinea pig) were excised and transplanted 
to another, the first animal survived but the 
second died This expenment, however, as well 
as those of Robertson and Boyd, is pertinent 
rather to the question of bum toxemia which 
occurs at a later stage than to the development of 
shock Itself The finding of a high concentration 
of histamine in the blood of burned patients has 
revived the question of a toxic factor in bum 
shock Barsoum and Gaddum determmed the 
histamine concentration of the blood m a number 
of patients suffenng from extensive bums and 
found it several times higher than the normal 
However, no clear correlation m time between 
the histamine concentration m the blood and the 
onset of shock was found Rose and Brown ob- 


served that the course of the blood histamme 
concentration following bums could be divided 
into three stages, (1) an early mcrease, this was 
not invanablc, (2) a marked decrease during the 
period of edema and plasma loss, i e , during the 
stage of secondary shock, and (3) a return to normal 
or above normal as the edema subsides and the 
patient is improving It would not appear from 
these results that histamme is the responsible 
agent m the development of shock following 
bums 

Certain changes found at autopsy m burned 
subjects, c g , damage to liver and kidney and 
intestinal ulceration have suggested a toxic factor 
to many, but such findings are probably assoaated 
with the toxemic stage rather than with the 
stage of shock 

The most effective measure for combatting 
bum shock is the transfusion of large volumes of 
plasma or serum (up to 5000 cc in 24 hours) or 
a suitable substitute, with the object of restoring 
the blood volume and coincidentally of reduang 
the hemoconccntration Benefit has been reported 
by some observers (c g , Wilson, Rhoades, Lee 
and their colleagues) from the use of adrenal 
cortical extracts The cortical hormone is said 
to decrease capillary permeability and thereby 
to reduce the plasma loss 

The "crush syndrome" A person who has had a 
hmb held and compressed for some hours by a heavy 
object such as a beam or a pile of rubble may pass mto 
a state rcsembhng shock some time after he has been 
released and removed to hospital A number of such 
cases have been reported m England followmg air 
raids But a closer study has revealed that they do not 
present the Dpical features of wound shock, death 
has been due to uremia The part after its release may 
not appear to be severely damaged and the patients 
seemed at first to do well after reaching hospital 
Marked edema of the hmb developed later, accom- 
panied by oliguna The unne is brownish m color and 
contains dark granular casts, it gives the benzidine 
reaction due to the presence of myoglobm (p 58) 
derived from the damaged muscles Complete sup- 
pression of unne ultimately supervenes The con- 
dition has been studied by Bywaters and his asso- 
ciates, who nttnbute the renal effects to damage of 
the tubules (nephrosis) by myohematm, or a substance 
closely associated with it and denved from the m- 
jured muscles The anuna would, therefore, be caused 
m a manner analogous to that resultmg from the 
transfusion of mcompatible blood (p 44), the differ- 
ence bemg that m one the pigment is liberated from 
muscle, m the other from hemolysed erythrocytes 
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An important factor m the production of the “crush 
EjTidrome’' is probably ischemia of the renal cortex, 
nhich seems to render the tubules more suscepUble to 
the action of the blood pigment Trueta and his associ 
ates found that a diversion of blood from the greater 
part of the renal cortex to the deeper ^essels, accom- 
pamed by narrcsving of the renal artery, occurs in 
tourmquet shock Prolonged stimulation of the central 
nd of an afferent nerve (sciabc) causes a simdar by 
passing” of the corbeal glomeruh (p 478) 

The nearest approach to the “crush symdrome 
which can be made m experimental animals is by the 
produebon of tourniquet shock When both hind limbs 
of an animal such as the dog are made ischemic by 
compression for three or four hours, and the limbs then 
released, the members become swollen and a steady 
fall m blood pressure follows The shock cannot be 
explained simply upon the basis of the loss of blood 
fluid into the tissues of the swollen part. Death occurs 
mthin a few hours There is a nse m the non protem 
mtrogen of the blood and there may be the passage of 
blood stamed unne before death In experiments upon 
cats Eggleton found that an extract prepared from the 
affected muscles caused impairment of renal funebon 
(reduebon of creabmne clearance) when mjected mto 
normal animals Corbeal ischemia may occur in other 
forms of mjuty , it has been observed m man in severe 
hemorrhage, though the renal medulla was sbll supphed 
with blood 

Blast injury The explosive blast of a bomb or shell 
may cause death without any sign of external mjury 
But hemorrhages mto the lungs, beneath the pleura 
or mto the tissues of the hver and other abdommal 
\Tscera may be found at autopsy Actual lacerabon 
of pulmonary tissue or of the abdommal organs may 
occur The effects of blast have been studied expen- 
mentally by Barcroft and by Zuckennan Barcroft 
attributes the pulmonary trauma to the sudden dis- 
tension of the lungs and the rupture of the lung bssue 
by the blast of air caused by the explosion Zuckennan 
believes it to be due to the impact of the percussion 
wave set up by the explosion upon the body surface 
The first theory does not explam the abdommal lesions 
that are so frequently observed Nor is the second 
theory able to explam sabsfactonly the pulmonary 
lesions, for one would expect the thoraac walls to 
protect the lungs from the force of the blast It is 
probable that, m most instances, both factors play a 
part in blast injuries 

Anaphylaxis, anaphylactic shock 

The anaphylacbc reacbon is one which follows the 
admimstrabon of a foreign substance (most frequently 
protem m nature) to an animal which has been sen 
sibzed to It by a previous dose. It is one of the mam 
festabons of an anbgen anbbody response. In the 
dog and gumea pig, an mterval of from 12 to 14 days 


must elapse between the two doses, in order that the 
maximum effects of the second dose may be produced 
The anaphylacbc reacbon, which in its severer 
manifestabons is called anaphylacbc shock, shoyis 
pronounced species differences Jii the dog it is marked 
by dyspnea, vomiting, diarrhea, salivabon, a pro 
found fall m blood pressure endmg in arculatory fad 
ure and death The hepabc vems are strongly 
constricted, the hver and mtesbnal vessels are en- 
gorged and there is an mcreased flow of lymph from 
the thoraac duct The blood is mcoagulable as a result 
of the hberabon of hepann from the h\ er (Waters and 
associates) The histamme content of the hver of sensi- 
tized animals is mcreased, but is reduced below the 
normal in anaphylaxis Thus, the major symptoms of 
anaphylacbc shock in the dog are centered in the liver 
Nevertheless, many of the features of anaphylacbc 
shock can be produced m the hepatectomizcd dog 
In the guinea pig, the anaphylacbc reacbon consists 
of a powerful contracbon of the muscles of the bron 
chioles There is exbeme dyspnea, death is due to 
asphynoa. The effect can be demonstrated in the per 
fused isolated lungs of a sensitized ammal by the 
addibon of the anbgen to the perfusion fluid The 
histamme content of the blood and lungs is increased 
to several times the normal 
In the rabbit, the reacbon may be general or purely 
local When the foreign substance is mjected sub 
cutaneously mto a sensitized ammal, the skin and sub- 
cutaneous bssue at the site of the injecbon become 
edematous and swollen, a stenle abscess or slough ap- 
pears This was originally desenbed by Arthus and is 
known as the Arthus phenomenon When the anbgen is 
admmistered mtravenously, the blood pressure falls 
abruptly, the respirations become rapid, but there is no 
dyapnea The bladder and intesbne are evacuated The 
animal may die within a few minutes from dilatabon 
and failure of the nght ventncle The failure of the heart 
IS secondary to the mcreased resistance m the pul 
monary circml caused by constricbon of the arterioles 
The artenoles in other parts of the vascular system are 
also constneted and emboli composed of clumps of leu 
kocytes may be seen blockmg the pulmonary and svs 
temic capillanes This, no doubt, accounts for the leu 
kopema which is found in the penpheral blood stream 
The evidence indicates, with little doubt, that, in 
anaphy laebe shock, the anbbody anbgen reacbon takes 
place m or on the tissue cells and not m the blood 
plasma Dale showed for example, that when the uterus 
was removed from a sensitized gumea pig and its vessels 
freed from all traces of blood, it gave the typical anaphy'- 
lacbc contracbon when the anbgen was added to the 
bath m which it was immersed Manwarmg also found 
that the blood of the sensitized animal could be replaced 
by blood from a normal animal without affectmg the 
first ammal’s sensibvity Sensibvity can be passively 
transferred by the mjeebon of the serum of a sensitized 
animal mto a notjnal animal A latent penod elapses 
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between the injection md the dc%clopnicnt of the 
pissuc scn'itiz'ition whidi is prcsumaldv required 
for the fixation to Uie tissue cells of the antibody 
transferred m the injected blood The inter\al of from 
12 to 14 da\s, as mentioned above, which must cHpse 
in order for tlic maximum cfTccts of the antigen to 
become manifest is used, presumably , for the produc- 
tion of the antibodi and Us attadimcnt to the tissue 
cells 

It IS now gcneralK accepted that the antigcn-anb- 
bod\ reaction in some way bnngs about the liberation 
of histamine from the afTcctcd tissues and that the ac- 
tion of this amine is responsible for the anapha lactic 
manifestations Xearh all the fc<aturcs, as seen in these 
three species, can be cxiilaincd upon sudi a basis In 
the dog and guinea pig, anapln lactic shock is asso- 
aated with a rise m the histamine concentration of 
the bloml and, although tlic whole blood of the rabbit 
shows no increase and is often reduced, the amine 
posses from the white cells (which contain it in cs- 
pcaally large amounts) into the plasma The spcacs 
Iiecuhanlics of the anajihi lactic manifestations can 
be accounted for largely by the amount of smooth 
musde in the reactive tissues of these three species 
and b\ Us susccptiinlUv to the action of histamine In 
the dog, the smooth musde of the hepatic veins is 
cspcnalh well developed In the guinea pig, the bron- 
chioles arc particularU susceptible to stimulation by 
histamine and, in the rabbit, the pulmonary arterioles 
show unusualK tliick muscular coats 

The mechanism of histamine liberation from the 
sensitize cells is uni now n, but certain cxpcnmcntal 
results sdggcst a proteolytic enzvme action It has 
been found, for example, that tryTism, which exerts 
an action non smooth musde resembling that of his- 
tamine or anapln lactic shock, causes the release of 
histamine from Uie perfused lungs of guinea pigs 


Thus, the liberation of histamine from the cells of the 
sensitized animal might be due to the action of the 
antigen in lowcnng anti tryptic activity and thereby 
permitting intracellular trypsin to exert its proteo- 
lytic action Peptones, whose manifestations are 
doscly similar to those of anaphylactic shock (see 
below) would also be formed 

Though histamine liberation appears undoubtedly 
to be the major factor in the production of the phe- 
nomena of anaphylaxis, certain observations which 
do not conform to the histamine theory suggest that 
some other factor or factors arc involved Mmute 
doses of histamine, for example, cause contraction of 
the isolated rat's uterus, whereas large doses of anti- 
gen arc required to produce even a weak contraction 
Also, the isolated guinea pig’s uterus, poisoned by high 
concentrations of histamine, responds to a further dose 
by relaxation, but by contraction to a further dose of 
antigen 

Peptone solution, injected intravenously, produces 
in the dog effects almost identical with those of ana- 
phylactic shock, induding incoagulability of the blood 
due to the liberation of hepann from the hver Sensi- 
tization by a previous dose is not necessary, however 
Adding peptone to rabbit blood in vitro causes the 
liberation of histamine from the cells into the plasma 

In man, fatal anaphylacbc shock may follow the in- 
jection of horse scrum into a person who has been sen- 
sitized by a previous administration Allergic reac- 
tions, m general, show many similantics to anaphylac- 
tic reactions and many observations suggest that the 
two arc fundamentally allied, although m the case of 
allergic reactions, sensitization by' an earlier exposure 
cannot alway'S be demonstrated, the reaction appear- 
ing upon the first knowoi contact with the foreign 
substance 
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The CApnxARV Ceeculatio'; 

The pattern of the vascular bed lying bet Men the 
oricnolts and the venules 

Chambers, Zweifach and their associates have 
studied the architecture of the capillarj sj stem of 
\essels extensivel\ and uith great ingenuity m 
the mesentery and omentum of the dog and m the 
mesoappendix of the rat Contrary to previous 
ideas that all \ ascular channels Ijnng betu een the 
artenole and the larger venules were formed of 
simple endothelial tubes, these obseners find that 
smooth muscle fibers extend for some distance 
be^ond the termmal artenole along a vessel cen- 
trally placed m respect to neighbormg caplllanes 
This vessel, which runs from artenole to venule, 
is called the inciartenole From it the capiUanes 
proper or true capillaries — simple endothelial 
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tubes— are given off, but after a short course, loop 
back and re-enter the central channel nearer to its 
venous end (see fig 28 1) The capillary at the 
junction of its efferent Irnib wnth the metarteriole is 
provided with strands of smooth muscle This 
precapillary sphincter, as it is called, is capable, by 
wndening or narrownng the outlet from the central 
channel, of controlhng the flow through the capil- 
lary No sphincter guards the junction of the 
afferent hmb of the capiUarj^ with the metartenole, 
nor does the wall of the more distal (venous) por- 
tion of the latter jiosseES muscular elements Con- 
necting vessels running from artenole to venule, 
arteriovenous anastomoses, are also frequently to 
be seen Through these channels blood can be 
shunted upon occasion and a capillary area short- 
circuited 

The metartenoles show rhythmical variations m 
caliber and, consequently, m the blood flow to the 
capillaries bej ond AtTien the tissue is m a resting 
state, the constrictor phase of this rhythm pre- 
dommates and the precapiUarj' sphmeters may be 
completely closed When the tissue becomes activ'e, 
the dilator phase of the metartenole predommates 
and the precapillary sphincters are open The 
metartenolar wall and the sphincters are highly 
sensitive to local changes, any mechanical imta- 
tion causmg dilatation, and to agents such as 
adrenaline and histamme. The former causes 
constriction of the sphincters m a dilution of 1 10 
milhon and of the metartenoles in a dilution of 1 4 
milhon Histamine, m a concentration of from 
1 4000 to 1 8000, IS without effect upon the 
arterioles, but dilates the metartenoles and pre- 
capillar> sphmeters 

The observ'ations of several mvestigators m the 
past have pointed to the capillanes bemg capable 
of regulating their size quite independently of 
the state of the artenoles which feed them Strieker 
(1865), for example, reported active contractions 
and dilatations of capiUanes m the nictitatmg 
membrane of the frog Roy and Brown found that 
individual, capillaries Ijmg close together and 
apparently supplied wnth blood from a common 
artenole, required different pressures to obliterate 
their respective lumma Stemach and Kahn ob- 
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tamed more direct evidence of independent capil- 
larj* mo\ cmenls by electrical stimulation of excised 
tissues (nictitating membrane of the frog and 
mesenterj of tlie cat) Constriction of mdmdual 
capillaries vas clcarb" demonstrated These ob- 
servers also reported that stimulation of the 
cciviail sympathetic in the living animal caused 
contraction of the capillary' w alls in an area from 
vltich (liL circulation had been occluded Scant 
attention apparently was paid to these observa- 
tions Until the more recent work of Lewis and of 
Krogh and their associates, few jilu siologists bt- 
Iicaed that aclivc diangcs in capillare diameters 
could occur The capillaries were considered to 
pfav a purcb passuc rofc, changes in their ca- 
pacity were bclicecd to depend entirely upon the 
distension or collapse of their clastic walls in 
stnet accordance wiUi the diameters of the arte- 
rioles at tlie moment, and consequently upon the 
quantity of blood whicli they reccned from the 
arterial side 

If all acssels Ixing between the arterioles on the 
one hand and the smallest veins on the other are 
classed as capillaries, the mow that these vessels 
arc merely inert tubes with distensible and elastic 
walls, but otherwise incapable of altering their 
calibers, is now generally admitted to be wrong 
That changes in the capillary circulation can oc- 
cur quite independently' of the state of the arteri- 
oles is now a firmly established fact However, in 
the capillary areas studied by' Chambers and 
Zwcifach, the so called true capillaries arc rela- 
tively immobile, bchav ing to a large extent as pas- 
sive conduits The earlier evidence for independent 
movement of the capillaries, as secured by Lewis 
and his associates and by' Krogh, will be briefly' 
rev'icwcd But it should be remembered that 
all the minute v'csscls ly ing distal to the arterioles 
were considered to be of capillary structure, that 
IS, composed simply of endothelial tubes, the true 
capillancs of Chambers and Zw cifach The presence 
of smooth muscle in the more proximal vessels (the 
metartcnoles between the arterioles and the 
simple endothelial vessels) w'as then unsuspected, 
and it IS very probable that the very' active move- 
ments described by these earlier workers in the 
tissues which were under examination belonged 
to vessels containing smooth muscle 

(1) Cotton, Slade and Lewis showed that reddening 
of the skin of the arm could be induced by mechanical 
stimulation, after the circulation had been arrested by 
means of a blood pressure cuff The dilatation of the 


superficial vessels, it w as argued, must have been the 
result of relaxation of the capillary wall and not of 
passive distension, since after the blood in the part had 
become stagnant, and venous and artenal pressures 
equal, arlcnolar dilatation would have drained blood 
from, rather than forced it into the capillaries A white 
line was also obtained upon drawing a point lightly 
over the skin, which would only be satisfactonly ex- 
plained by capillary' constnction (2) Krogh obseiwed 
the capillaries in the tongue muscles of the frog be- 
neath the microscope, and showed that they contracted 
when stimulated mechanically, as by touching them 
with a stiff hair Dilatation could be induced toward 
the venous end of the capillao’ while the diameter of 
the arterial end remained unaltered, the dilated vessel 
filled from the vein Drawing the hair along the capil- 
lary' toward the artenolc was followed by' a progressive 
opening up and filling of Oie former vessel As the 
dilatation reached the artenolc the artenal blood was 
admitted and the flow in the capillary became re- 
versed (3) When the artenes to the frog’s tongue w ere 
occluded, aclivc dilatation of the capillancs was in 
duced bv mechanical stimulation If, on the other 
hand, the capillaries were constneted they' remained 
so, against an artenal pressure of several millimeters 
of mercury Lewis also showed that the capillancs of 
the human skin were capable of remaining contracted 
against an arterial pressure of approximately 100 mm 
of mercury (4) Vanous chemical substances, c g , 
acids (lactic, CO-), urethane, iodine, cocaine, silver 
nitrate and chloroform cause dilatation of the capil- 
lancs, some of these, c g , urethane and iodine, have 
no effect upon the artcnolcs Alkalis and oxy gen cause 
capillary constnction Though adrenaline (in ordinary' 
dosage) causes constncUon of both artenoles and capil- 
laries in man, in the frog the artenoles are constneted 
while the capillancs arc often simultaneously dilated 
Histamine induces dilatation of both types of vessels 
in man but, as shown by Dale and Richards, causes 
artcnolar constriction and capillary dilatation in the 
caL Acetylcholine and adrenaline applied directly' to 
the artenoles cause dilatation and constriction, re- 
spectively, yet, dunng these arteriolar changes, 
scarcely noticeable alterations in capillary diameters 
occur 

Krogh found that there was a great vanation 
in the number of capillaries w'hich might be 
pervious at a given moment The number of 
patent vessels w as directly related to the activity 
of the tissue at the time, the number of open 
vessels being much few'er in resting than in active 
musde When, for example, India ink was in- 
jected into the vessels and portions of tissue 
excised before and after excitation, the increase 
in number of open vessels in the latter instance 
was very striking The resting muscle in the intact 
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animal is piale and only relatively few vessels can 
be seen Others may be observed to be con- 
tracted to such small diameters that a red cell 
IS unable to enter the narrowed channel without 
becommg squeezed out of shape A cell pressed 
mto a elongated or sausage like form could fre- 
quently be seen within the vessel or, m some 
instances, imprisoned by the complete closure 
of the capillary lumen at each end In other in- 
stances, constnction of the vessel excludes the 
corpuscles entirely from a neighbonng capillary 
channel, the plasma alone bemg permitted to 
enter This phenomenon has been termed "plasma 
skimmmg” Upon stimulatmg the muscle the 
picture was entirely changed, capdlanes hitherto 
mvisible, smce their lumma apparently had been 
obliterated by tome contraction, sprang mto view, 
while other vessels which had been partially closed 
dilated fully Krogh considers that these changes 
play an important r61e m the mechanism for the 
regulation of the oxygen supply to the tissues 
During rest a comparatively large area of tissue is 
fed with blood from a single central capillary Dur- 
mg activity, as more capiUanes become patent, the 
area of tissue dependent upon each one becomes 
correspondingly reduced (see fig 32 S, p 375) 
Richards also observed a great maease in the 
number of capillary tufts m the frog’s kidney, 
when the activity of the organ mcreased (see p 
452) From these observations upon frog’s muscle 
and kidney, conclusions cannot, however, be 
drawn regardmg the blood supply to tissue m 
general, smce Lewis has found that, m the human 
skm at any rate, the capillary pattern changes 
veiy httle from time to time, all the vessels are 
open whether the blood flow is small or large 
Lewis concludes that augmentabon of the blood 
flow through the skm is brought about through 
the greater dilatation of pre-enstmg channels 
rather than by the opemng of capdlanes that had 
been previously closed ' 


The dements in the voalls of the true capillaries 
responsible for their independent movements 


Though the true capdlanes, accordmg to the 
observations of Chambers and Zweifach, are not 
capable of movements strong enough to matenally 


' Bordley and assoaates disagree v,ith this con 
Mn for they observed intennittency of flow m 
apples of the skin over the tibia Even two « 
artenole were seen to el 
“ pemuttmg the passag. 


alter the capdlary blood-flow, active changes in 
the cahbers of these vasels to a very moderate 
degree do occur The endothehal cells of the true 
capdlanes have been seen to change their shape 
from time to time, but such movements seemed too 
weak to alter the blood-flow, and were a response 
to rather than a cause of changes in capillary 
blood flow Nor did Clark and Clark, m studies 
of the capillaries m the rabbit’s car, sec any mdica- 
bon that the endothelial cells were capable of any 
strong contraction Much discussion has, therefore, 
been aroused and several suggestions oflered with 
respect to even the moderate active changes in 
cahber of the true capdlanes which has been ob- 
served The movements have been attnbuted to 
contracbon of the Rouget cells (p 138), to a 
constnebng acbon of fibers m the pencapillaty 
sheath, to imbibibon of fluid and sweUing of the 
endothehal cells or to bulging of the cell nucleus 
mto the vascular lumen without change m outside 
capdlary diameter 

The Rouget cells found in relation to the capd- 
laiy wall in amphibians are not, as W'as previously 
believed, concerned m the reacbons Clark and 
Clark give evndence for the Rouget cells being 
simply wandering connective tissue elements which 
have come to rest upon the capillary wall They 
have observed movements of the endothehal wall 
mdependently of the Rouget cells, and Florey 
and Carleton desenbe cells in mammals which 
are probably analogous to Rouget cells, but think 
that thev are too few m number to be of any 
importance in the capdlary movements More- 
over, they state that a clear space separates these 
cells from the capdlary wall The Rouget cells 
are probably rebculo-endothelial elements 

The constitution of the capillary wall 

The capillary wall proper is composed of a 
smgle layer of endothehal cells, and is about the 
most tenuous structure conceivable It does not 
exceed half a micron m thickness The endothehal 
tube IS envelopied by a delicate sheath of fine 
fibnls, denved from, or closely related to, the sur- 
roimdmg connective tissues These fibers, which are 
stamed darkly by sdver salts, are embedded in a 
gel-like matrix, and serve to support the outer 
aspect of the capdlary wall The cement substance 
bmdmg the endothelial cells together at their edges, 
and wbch also stams with silver salts (fig 28 2), is 
being continually washed aw ay and renew ed agam 
(Chambers and Zweifach) When it is blackened by 
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the application of silver salt, parts of the blackened 
material can be seen to become detached and 
be swept away in the blood current, yet the in- 
tegrity of the cementing material is apparently 
mamtamed, for no change in permeabihty of the 
wall IS evident The endothelial cell is believed to 
be responsible for the production and contmuous 
renewal of the intercellular cement, Chambers and 
Zw'cifach suggest that this is an essentially im- 
portant function of the cell Calaum is required 
for the maintenance of the cement substance in a 
normal state \\Tien the capillaries are perfused 
with a calcium-free fluid, softening of the cement 
occurs and the capillary wall becomes excessively 
permeable Softening of the cement is indicated 
by increased “stickiness”, which can be demon- 
strated b 3 '’ adding carbon particles to the perfu- 
sion fluid The carbon grams accumulate and 
adhere tcnaaously to the intercellular lines, but 
not to the surfaces of the endothelial cells Low'^- 
enng the pH of the perfusion fluid w'as observed 
to soften and increase the stickiness of the ce- 
ment in a similar way 

It is believed protein denved from the plasma 
proteins is adsorbed upon the inner aspect of the 
capillary wall to form a thin lining Removal of 
this protem laj'-cr, as by a perfusate of salmc or 
of gum acacia solution, causes edema, due to leak- 
age of fluid through the capillary membrane, but 
upon the addition of scrum to the perfusion fluid, 
capillary permeability is reduced again to normal 
The adsorbed protem is supposed to act by fiUmg 
the pores of the intercellular cement 

Capillary pcrmcahihly 

All gaseous and fluid exchanges between the 
blood and the extravascular fluids take place 
across the capillar>' wall The arteries, even aS 
far, apparently, as the commencement of the true 
capillaries, arc impervious It has been calculated 
by Krogh that the total filtenng surface by the 
capillary endothelium m the adult human body 
amounts to around 6300 square meters (68,000 
square feet) The summed areas of the capillary 
walls m all regions could be imagined, therefore, 
as constituting an endothelial membrane over 12 
miles long and a foot wide, yet so thm that, when 
tightly rolled, it would form a cylinder of about the 
thickness of a lead-pencil The state of the capil- 
lary wall wnth respect to permeability is, therefore, 
of the utmost importance m mamtammg the 
nutrition of the tissues and m mamtammg the 


normal distnbution of fluids withm and wnthout 
the vascular system 

Some of the aspects of capiUary permeabilty 
have been touched upon m earher chapters (pp 
32 and 36) It has been stated there that a salme 
fluid contammg proteins m low concentration 
leaves the capillary at its artenal end and is 
reabsorbed minus the protem (which enters the 
lymph vessels) at the venous end Capillary dila- 
tation with increased blood flow through a capillary 
area raises the mtracapillary pressure and in- 
creases the filtration rate, while constriction of the 
capillary bed favors reabsorption An mcrease in 
filtenng area may be brought about by dilatation 
of previously patent capiUanes, or by mcreasmg 
the number of open capillanes The capillary blood 
flow and other factors bemg the same m both 
mstances, the quantity of fluid filtered w'lll be 
greater m the latter instance 

Considered as a permeable membrane, the capil- 
lary wall offers two elements for study — the endo- 
thelial cell Itself and the cement substance which 
bmds the edges of the cells together It is to al- 
terations chiefly m the latter substance that 
changes in permeability are attributed Though 
the permeability of the capillary membrane is 
such that gases, and probably water and electro- 
troly tes of small molecular size as w ell, can diffuse 
readily through its cells, the transference of pro- 
tem and other substances of large molecular size 
takes place entirely, it is believed, through pores 
m the mtercellular cement The unselective nature 
of the transference of various materials, such as 
unchanged plasma protem, argues agamst the 
endothelial cell itseff bemg the medium of such 
transfer Also, the filtration rate through the capil- 
lary membrane is about 100 times the value for 
the passage of fluid mto a living cell, and, accordmg 
to a calculation by Landis, amounts to 3 7 X 10~® 
cc , per cm *, per mmute at a pressure of 1 at- 
mosphere It IS, therefore, very widely, though 



Fig 28 2 Sectionof capillary wall stained w'lth silver 
nitrate to demonstrate the intercellular cement Nuclei 
of the cells stamed wuth hematoxyhn 
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perhaps not unuersall} , accepted that the permea- 
bilitj of the capiUai> wall depends pnmanij upon 
the intercellular cement substance The character 
of this matenal is considered m the next section 
Capillary permeabiht> is altered by a number of 
agents Adrenal cortical steroids, eg. desoxy- 
corticosterone and corticosterone, calaum salts 
and a nse in pH reduce permeabihty, whereas 
Icukotaxm, histamine, tissue extracts, calaum 
lack and low pH mcrease it Capillarj permeabilitj 
IS also increased bj heat (e\en of a degree which 
does not damage the v essel wall) and is dimmished 
b> cooling to a temperature which causes no 
tissue injury^ Permeabihty is of course maeased 
by conditions, e g , anoxia, vitamm C lack, which 
result in capillary damage. 

The question of a nervous (sympathetic) influ- 
ence upon capillary permeability is debatable, 
the balance of exndence appears to be against a 
nenous regulation 

B^aluroiiic aetd and Iiyahirontdase 

Hyaluromc aad is a mucopolysacchande, which 
po sesses the property of bmding water and form- 
ing a gel like matenal It has a very wide dis- 
tnbution m the body, and serv'es as a cement 
substance to hold cells together and to bmd water 
in the mterstices of the tissues It also serves as a 
lubneant in jomls and bursae, and m the forma- 
tion of cushions or buffers It is present m the 
vtlreoiis body (from which it was first isolated), 
in Wharton’s jelly of the umbiheal cord, m synmdl 
fluid, the nucleus pulposus of the inters ertebral 
disc, skin, and m the capsules of hemolytic slreplo- 
cocci (groups A and B) It also holds together the 
cells forming the cumulus (cumulus oophonis) of 
the mammalian oinim 

An enzyme which hydrolyzes hyaluromc aad, 
and known as Iiyahirontdase, is found m a variety 
of biological fluids and tissues The action of this 
enzxme was first demonstrated in subcutaneous 
tissues b\ Duran-Reynals, who found that an 
injection of an extract of testes (bull’s) mcreased 
the potency of xacane xurus admuustered sub- 
cutaneously The pnnaple causing this effect was 
called the spreading factor” Its action was later 
shown to be due to the breakdown of hyaluromc 
aad by the enzyme hyaluromdase The mcreased 
cffectneness of the TOccine is, therefore, due to the 
dissolution of a bamer m the tissues which en- 
ables infection to spread more readily 

Hy aluronidase is present m the sperm of most 
mammals and of many submammahan forms, and 


m appropriate concentration is capable of dis- 
solving the cumulus odphorus surrounding the 
ovum It has therefore been thought that its 
function m the sperm was to disperse this covering 
of the ovum and therefore to be essential for the 
penetration of the ovum by the sperm, see chapter 
61 where this question is discussed The enzyme is 
also found m the venoms of bees and snakes, 
associated with the toxms of mvasive bactena, 
e g , staphylococcus aureus, the pneumococcus, 
hemolytic streptococci and the Welch bacillus, 
and m the sahvary secretions of the leech Sul- 
fonated and phosphorylated hespendins were 
found by Beiler and Markm to mhibit the action 
of this enzyme, it is also powerfully inhibited by 
tn gentisic aad (rehibm) 

Hymluromdase reduces the viscosity of synovial 
flmd from its normally high value to that of water 
WTien used m conjunction with subcutaneous m- 
jecUons, It fadbtates the spread of the flmd m 
the tissues by' resolvmg the jelly-hke matrix m 
the mterstitial spaces The bleb or swelling formed 
by the mjected flmd is accompanied by less pam 
and discomfort, and disappears much sooner, an 
action which has suggested its use to facflitate the 
admuustration subcutaneously of large volumes of 
flmd and thus to hasten their absorption It has 
also been employed dimcally in the treatment of 
sterflity resultmg from its defiaency m the sperma- 
tic flmd Use has also been made of the enzyme to 
hasten the absorption of drugs and to fadbtate 
local anesthesia 

It has been suggested that the capillary mter- 
cellular cement substance is hy'aluromc aad, but 
the observation of Chambers and Zweifach that 
hyaluromdase, though it attacks the matrix of 
the pencapillary sheath, and thus weakens the 
capillary wall, does not alter the permeabihty of 
the capfllary wall itself, argues agamst this idea 
No softenmg of the cement, as mdicated by 
"stickiness”, was observed, even though the en- 
zyme was apphed directly to the capillary wall 
Small petechial hemorrhages were seen due to 
rupture of the capillary depnved of the outer 
support normally furnished by the pencapillary 
sheath Vitamin C lack also results m dissolution 
of the matrix of the pencapillary sheath (chap 
54) 

the inneevation of the capillaeies 

Effeeent Fibees Non-medullated nerve fila- 
ments were observed by Woollard accompany'mg 
the capillanes They form a loose mvestment 
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of the vessels, but none was seen to end actually 
upon the capillary wall These nerves are denved 
from the sympathetic and are extensions from 
the penartenolar plexus (p 273), they degenerate 
after removal of the sympathetic cham Phys- 
iological evidence for constnetor fibers to the 
capiUanes has been obtained by several workers 
The obserx'-ations of Stemach and Kahn have 
been mentioned (p 309) Hooker observed con- 
traction of the capillanes of the ear upon stimu- 
lation of the cervical sympathetic in the cat, 
which he concluded was a direct effect upon the 
vessels Marvm and Hams obtamed similar re- 
sults, but excluded more certainly any possibihty 
of a passive effect upon the capillanes as a result 
of artenolar constnction by arrestmg the circula- 
tion to the rabbit’s ear before appl 3 ung the stimu- 
lus Khogh and his colleagues observed contraction 
of the capiUanes of the frog’s web when S 3 mipa- 
thetic fibers were stimulated Excision of the 
abdormnal sympathetic gangha, on the other hand, 
or section of the saatic, by removing vasocon- 
stnetor tone, caused the capillanes of the web to 
dilate 

Dilatation of muscle capillanes is probably 
mainly dependent upon the production of aad 
metabohtes, though it is possible that they also, 
like the artenoles, are dilated through the me- 
dium of sympathetic fibers (p 275) 

Engel postulates a permeability-controUmg 
function for the sympathetic based upon expen- 
ments m which the vessels of the knee jomt were 
perfused with a dye-contammg fluid Sympa- 
thetic stimulation was found to mcrease, sym- 
pathectomy to decrease the excretion of dye mto 
the joint cavity 

Atferent Fxbees WooUard observed medul- 
laled fibers reachmg as far as the artenoles but no 
farther They were seen to end by collateral 
branches m the artenolar wall on the one hand, 
and m the adjacent subcutaneous tissue on the 
other Some of the latter were seen to termmate 
m Pacmian corpuscles (ch 63) These medul- 
lated fibers are sensory and most likely provide the 
basis for axon reflexes, they probably also convey 
antidromic dilator impulses from the central 
nervous system Doi, for example, caused full 
dilatation of the artenoles m the frog by means 
of acetylcholine, upon then stimulatmg the pos- 
terior nerve roots dilatation of the capillanes was 
observed Smee the blood flow through the ar- 
tenoles was already maximal the dilatation could 


not have been simply a passive effect This ob- 
servation has been confirmed by Krogh and 
his assoaates who also obtamed dilatation of 
capillanes m the frog’s tongue upon mechamcal 
stimulation of the penpheral end of the glosso- 
pharyngeal The failure, however, to demonstrate 
sensory fibers endmg upon the capfllary waU lends 
support to the view of Lewis that the dilatation of 
the cutaneous capillanes is brought about through 
the mtermediary of a chemical substance (H-sub- 
stance, p 316) hberated at the nerve endmg 
Stohr also states that a nerve fiber can be traced 
to the vicimty of only one out of every hundred 
capillanes, yet all dilate as a result of nerve 
stimulation This, of course, is an mdication that 
vessels more remote from the nerve termmal are 
acted upon by a diffusible chemical substance 
hberated by the latter 

THE VASCDLAE. REACTIONS OF THE HUMAN SEEN 

The architecture of the vessels of the skm has 
the general pattern aheady desenbed on page 308 
The artenoles upon approachmg the bases of the 
papillae (i e , the layer of the conum immediately 
underljong the epidermis) turn horizontally, and 
give rise to metartenoles from which ongmate, m 
turn, hairpm-shaped endothehal tubes — the cap- 
illary loops The proximal or artenal limb of the 
capillary loop ascends m the papilla and then 
turns upon itself to form the venous limb The 
latter on reachmg the base of the papilla joins 
with the venous limbs of neighbormg loops to 
form a collecting venule The collectmg venules 
anastomose with one another to form a nch 
plexus — the suhpaptllary venous plexus — which 
runs horizontally beneath the bases of the papilla 
It drains mto deeper veins 

The capfllary loops, as Lombard first demon- 
strated, can be seen readily m the livmg skm 
under the low power of the microscope A drop 
of cedar or paraflSn oil is placed upon the skm 
at the base of the finger nail or other region where 
the epidermis is thin The area under observa- 
tion is illummated by a powerful beam of light 
If the homy layer be removed by bhstermg, the 
vessels are rendered more distmct Under favorable 
arcumstances the vessels of the subpapillary 
venous plexus and even deeper vessels may also 
come mto view The vessels at the base of the human 
finger nail are shown diagrammatically m figure 
283 
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The capillary circnlalum in rdalton to the color 
and iemperolure oj the skm 

The color oi the sLm may afiord important 
diagnostic information, and the factors underlying 
the vanations m the tint and depth of color are of 
considerable mterest from a purely physiological 
point of view Lewis has made an extended study 
of the capiilanes of the human skin and their 
reactions to vanous types of stimulus The color 
of the skm is not dependent normally upon the 
most superfiaal vessels, i e , the capillary loops, 
but upon the subpapillary venous plexus The 
vessels of the plexus, though more deeply placed, 
present a greater area parallel to the skm, whereas 
the capillary loops are disposed chiefly at nght 
angles to the skm surface A simple experiment 
densed by Lewis illustrates the predominant rhle 
played by the subpapillary venous plexus m de- 
termining the skm color IVhen the superficial 
vessels were observed beneath the microscope 
through a glass slide, it was found that as the 
slide was gradually pressed down upon the skin 
the venous plexus collapsed first, not until fur- 
ther pressure was applied were the capillary loops 
obliterated Blanching of the skm occurred, never- 
theless, at the moment when the blood was pressed 
from the plexus and while the capillary loops could 
still be seen, subsequent occlusion of the capillary 
loops did not mcrease the pallor appreciably 
^^^len the skm is unusually pale and little blood 
IS contained m the superfiaal vessels (subpapillary 
\enous plexus), the skm is more transparent, and 
me deeper \enous plexuses then contnbute largely 


to the color of the skm, often addmg a leaden 
tmt to the pallor When the overlying vessels 
are open and the skm is well supplied with blood 
these deeper vessels are hidden from view 
Apart from pigmentary effects and assuming 
the general artenal blood to be normal, the color 
of the skm, i e , the dommance of the reddish or 
of the bluish hue depends upon the extent to 
which the oxyhemoglobm becomes reduced dunng 
the passage of the blood through the cutaneous 
vessels The degree of reduction will depend en- 
tirely, as a rule, upon the rate of blood flow 
When the flow is rapid or slow the blood is, re- 
spectively, more arterial or more venous in 
character The tmt of the skm vanes accordingly 
The depth of the skin color, i e , the mtensity of 
color apart from hue is dependent upon the 
diameters and the degree of engorgement with 
blood of the superfiaal vessels 
So, takmg into account both the hue and the 
depth of color, an mtense scarlet color of the 
skm mdicates a normal or meteased blood flow 
and dilated vessels, a deep blue color (see cy- 
anosis, p 435) accompames a slowed blood flow 
and dilated vessels (such as would result from ob- 
struction to the venous trunks) Pallor or a bght 
pink color of the skin is seen when the vessels are 
constneted or of moderate tone, and the blood 
flow normal or rapid A slowed cutaneous blood 
flow and constricted superfiaal vessels tend to 
produce a leaden or ashen type of cyanosis for, 
as mentioned above, the dark blood in the deeper 
venous plexuses then becomes famtiy visible 
The temperature of the skm depends largely 
upon the rate of blood flow through its vessels 
The radiation of the body’s heat is earned out 
to an important extent through the medium of the 
cutaneous vessels (cb 53) The warmer blood of 
deeper regions is diverted through the cutaneous 
channels and becomes cooled in its passage So the 
cyanotic skm (if due to reduced cutaneous blood 
flow) is usually cool, and the flushed, scarlet skm 
hot But the skm may be pale with exmstneted 
superfiaal vessels and yet rachate a large quantity 
of heat, if the blood flow through deeper vessels 
is rapid Sometimes such a pale skin is hotter 
than another of a redder color In the former 
instance, heat from the swiftly flowmg blood 
m the deeper vessels is sunply conducted through 
the overlying skm and dissipated from the surface 
through radiation and convection 
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Vascidar responses of the skin to stimulation by 
mechanical and other agencies 

The White Reaction If the surface of the 
skm be stroked h^tly with a blunt “pointed” 
instrument, a line of pallor appears m from 15 
to 20 seconds which traces the path taken by the 
instrument The hne attains its maximal m- 
tensity m from a half to 1 mmute, and then 
gradually fades to disappear m from 3 to 5 minutes 
This while reaction must not be confused with the 
white trail which follows immediately m the wake 
of the instrument and is due simply to the ex- 
pression of blood from the vessels by the stroke 
The white reaction proper is due to direct stimula- 
tion of the capillary wall and has not a nervous basis 
It has been shown by Lewis to be due to the tension 
exerted upon the walls of the mmute vessels — 
capillary loops, collectmg venules and espeaaUy of 
the subpapiUary venous plexus — which respond 
to the stimulus by contraction The sharply de- 
hneated character of the white hne, and the fact 
that it can be obtamed after the circulation 
through the region has been occluded by compres- 
sion of the larger vessels, show that it is an active 
capillary response, and not the result of artenolar 
constnction The contractile force exerted by 
the capillary wall (mamly of the metartenoles, and 
precapiUary sphmcters) is such that they are ca- 
pable of resistmg a pressure of from SO to 100 mm 
Hg In other words, these vessels can remam con- 
tracted m the face of any pressure that could 
normally reach them through the artenoles 
The Triple Response This comprises (1) 
the red reaction, (2) the flare, and (3) the wheal 

(1) The red reaction If the pomted instrument 
be drawn more firmly across the skm, espeaaUy 
of the forearm or back, a red instead of a white 
band appears after a somewhat shorter latent 
penod (3 to 15 seconds), reaches its maximum 
in from a half to one mmute, and then graduaUy 
fades The time of its disappearance is vanable, 
this may occur m a few minutes or be postponed 
for half an hour or more It can be seen to assume 
a bluish tmge before it fades Like the white reac- 
tion it IS stnctly localized to the Ime of stroke, 
It is due to dilatation of the capiUary vessels The 
red reaction can be mduced m its fuU mtensity m 
the skm from which the circulation has been 
occluded, so it is due to active dilatation of the 
latter vessels and not merely a passive result of 
artenolar dilatation (see p 309) By means of a 
thermocouple placed upon the red Ime 3 . nse m 


temperature mdicatmg mcreased blood flow may 
sometimes be detected The red reaction is not de- 
pendent upon nervous mechanisms since it occurs 
after section and degeneration of the cutaneous 
nerves 

Pale lines bordermg the central red band can fre- 
quently be seen These are due to capillary contraction 
resultmg from tension exerted upon the skm on either 
side of the hne of stroke The white halo is identical 
in every way, e g , latency, duraPon and causaPon, 
with the white reacPon descnbed above A certam 
diagnostic importance, quite unjuspfied, has m the 
past been attached to the red reacPon with pale 
borders It was spoken of as the tache cSrSbrale, or as 
Trousseau’s phenomenon, and was beheved to signify 
the existence of certain meningeal or cerebral lesions 
It is, however, a perfectly normal response to me- 
chamcal sPmulaPon 

(2) The spreading flush or flare If the stimulus 
IS unusuaUy strong, or is repeated often enough, 
the reddenmg of the skm is not confined to the 
Ime of stroke but surrounds it for a vanable 
distance (1 to 10 cm ) accordmg to the mtensity 
of the mjury inflicted The temperature m the 
suffused area is definitely raised This flare re- 
action appears a few seconds (15 to 30) after the 
local red hne, and fades sooner but remams a 
bnght axtenal color throughout It is due to 
dilatabon of the artenoles, smce it does not appear 
after the circulaPon of the part has been occluded 
by means of a tourniquet, also, unlike the red 
reacPon, the flare is dependent upon local nervous 
mechanisms {axon reflex) It occurs after the nerves 
are divided but not after they have degenerated 

(3) Local edema or wheal When the stimulus 
is still more mtense, the skm along the Ime of the 
mjury becomes blanched and raised above the 
surroundmg area to a height of 1 or 2 mm or 
even more Such a wheal or welt is commonly 
produced m a normal person by the lash of a 
whip and other types of strong localized stimula- 
Pon The orcular wheals of an urticanal rash 
(hives) are similar m character In susceptible 
mdividuals, even hght stimulation, such as draw- 
mg a pencil with moderate pressure over the skm 
of the back, will produce hnear wheals surrounded 
by a diffuse red halo along the pencil’s track 
In this way letters or other designs may be em- 
bossed upon the skm (fig 28 4) This phenome- 
non, which IS spoken of as dermographism or 
factitious urticaria, has been considered patho- 
logical, though actually it can be demonstrated 
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Fig 28 4 Dermographism (from Adami's textbook 
of Pathology, after Hj ae and Ormsby) 

to a greater or less degree m many young and 
perfectly healthy mdmduals, and can be eliated 
m some degree by repeatedly strokmg the skin 
of the back of almost any normal person 

The wheal is preceded by and completely re- 
places the usual red reaction It makes its ap- 
pearance m from 1 to 3 minutes from the time 
of injurj and is at its maximum height m 3 or 5 
minutes It is surrounded by the flare descnbed 
above The raised patch at first is clearly cut, 
but as time passes it mcreases in diameter and 
decreases in height, loses its sharpness and finally, 
though perhaps not for some hours, disappears 
The nheal is due to the transudation of fluid from 
the minute vessels involved previously m the red 
reaction, it is, therefore, a localized edema The 
gradual reduction m height and sharpness of the 
nhcal and its final disappearance are due to the 
diffusion of the exuded fluid mto a wider area of 
skm Sometimes the flmd collects beneath the 
homy lajer of the skm and stnps it from the 
underlymg epidermis Such a collection of 
transuded fluid constitutes a blister 

Increased permeability of the capillary wall is judged 
lo be the immediate cause of the localized edema which 
constitutes the wheat Increased intracapiUary pres- 
sure, distension of the capillary lumen or reduction in 
pressure in eitracapiUary spaces have been shown by 
Lems to be not responsible. Suction, for example, 
amounting to a negaUve pressure of 90 mm Hg, ap- 
phed to the surface of the skm over the hne of the red 
reaction or over the area of the flare does not cause a 
wheal to form Nor will the apphcation of a positive 
pressure of 50 mm Hg prevent its appearance In 
creasing the intracapillary pressures by compressmg 
the \eins does not cause a wheal to form more readily 
a ong the track of a red reaction, as a matter of fact 
a wheat upon a congested area is less pronounced 
That increased permeabihty rather than simply a 


nse in the filtration pressure is the dommatmg fea- 
ture IS also manifest by the high protem content of the 
transuded fluid This more nearly approaches that of 
blood serum than the fluid of ordinaiy edema 

Wheal production does not depend upon a nervous 
mechanism Though an accompanymg flare is not an 
essential feature of a wheal, since the phenomenon can 
be eliated m denervated skm, the red halo is nearly 
always present, and m normal skin the degree of 
wheahng is usually proportional to the latter’s 
intensity When, for instance, the mjury is inflicted 
while the circulation is occluded, so that the flare is 
prevented, the wheal does not appear until the arcu- 
lalion has been agam restored This simply means, 
however, that though mcreased capillary permeabihty 
has occurred during the penod of occlusion, blood 
fluid IS not available m suffiaent quantity for the 
produchon of the edematous swellmg 

H-substaiice 

A considerable weight of indirect evidence has 
been presented by Lewis to support the conception 
that a diffusible substance is responsible for the 
three reactions compnsmg the tnple response. 
This matenil, which he calls H-subslance, is 
thought to be liberated by the injured cells of the 
epidermis lymg beneath the homy layer and 
superfiaal to the papillae The possibihty that 
mote deeply lymg tissues, when subjected to 
injury, may release the substance is not exduded, 
but a needle which does not penetrate beyond the 
epidermis ehcits the typical threefold reaction 
The chemical substance dosely resembles hista- 
niMie in its action It apparently causes the red 
reaction and the wheal by a direct action upon the 
capillary ivall The flare is believed to be due to 
chemical stimulation of the sensory endings of the 
skin, thus bnngmg about artenolar dilatation 
through the mechamsm of the axon reflex (p 
290) 

Though, as just pomted out, the evidence for 
this theory is mdirect and actual proof of the 
existence of such a humoral mechamsm is lackmg, 
the results of Lewis’s experiments carry con- 
viction The reader is referred to this author’s 
ongmal papers or to his monograph for the details 
of the vanous mgenious experiments performed, 
and the dear arguments set forth m support of 
his thesis The evidence which has been brought 
forward can he no more than bnefly ated here 
The following is a summary 

(1) Histamine (1 1000 histamine phosphate) when 
pneked into the skin reproduces the triple response 
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charactenstic of mechanical injury The individual 
reactions, local red reaction, wheal and flare produced 
by histammfe are indistinguishable m all their features 
from those resulting from the various types of slm 
mjury, pricking, scratchi n g, freezing, bummg, etc 

(2) Histamme can be extracted from many tissues 
of the body mcludmg the cells of the epidermis 

(3) An individual m whom the cutaneous reactions 
were readily produced was chosen and the circulation 
to the two arms occluded by means of a pneumatic 
armleti A mmute after circulatory arrest a stroke was 
made upon one arm, and on the other 9 minutes later 
A typical flare resulted m each instance when the ar- 
culation was restored to both arms simultaneously If 
the flares were due purely to a nervous mechanism, 
they should both fade at the end of the same interval 
of time followmg the application of the stimulus That 
is, the second flare should disappear 9 mmutes after 
the first. As a matter of fact they disappeared almost 
simultaneously This observation though mexphcable 
upon a nervous basis conforms with the theoiy that 
the responsible agent is a chemical substance released 
by the injury It also mdicates that the chemical re- 
mams at the site of mjury, its effect subsidmg only 
after the blood flow to the skin has been restored It is 
clear that if the flare is due to a released substance, 
then the same period of time will be reqmred for the 
blood to wash away the material from the stimulated 
point in each arm Identical results were obtamed 
when, instead of a mechamcal stimulus, histamme itself 
was pncked into the skm (fig 28 5) 

(4) Two wheals with their surroundmg flares were 
made to appear upon the skm of the arm, one a short 
distance above the other An elastic bandage was then 
wrapped tightly around the arm so as to cover the 
loner wheal and the lower half of the correspondmg 
flare The lower half of this flare was m this way de- 
pnved of its arculation while its upper half was visible 
above the bandage The entire circumference of the 
upper flare was beyond the margin of the bandage 
The bandage was retamed m position for 20 mmutes 
The upper flare was found to fade gradually and to dis- 
appear m the usual length of time The visible part of 
the lower flare, however, retained its vivid hue through- 
out the penod of occlusion and only upon removal of 
the bandage and the re-entry of blood mto the lower 
half of the flare did fading commence This result is 
mterpreted as indicating that the released substance 
bemg retained m the occluded area exerted a persistent 
effect upon the nerve endings there, and through axon 
reflexes sustained the artenolar dilatation m the un- 
occluded half 

(5) Lems and Harmer found that when wheals were 
mduced bj stroking an extensive area of the back of a 
susceptible subject, generalized arculatory responses 
similar to those resulting from the hypodermic ad- 
mmistration of histamme, namely, flushmg of the face 
and other parts of the body surface, and a distinct fall 




Fig 28 5 Reactions caused by histamme and by in- 
jury (upper figure) m an urticarial subject The ves- 
sels of the tiio arms were occluded One mmute later 
the left forearm was stroked (above) and a group of 
three histamme punctures (1 in 3,000 dilution) nas 
laid down (below), 9 mmutes later the nght forearm 
was similarly and symmetrically treated, the vessels 
of both arms were released 10 mmutes later, i e , at the 
nth mmute The numbers outside the brackets mdi- 
cate the times in mmutes at which the contours were 
outlmed after restoration of the arculation The num- 
bers within the brackets give the times elapsing after 
application of the stimuli In the stroke figures the 
fading was followed imtil the redness became con- 
fined to the wheals (After Lewis ) 

m blood pressure resulted The fluid drawn from urti- 
carial wheals was also tested for a histamme-hke action 
The results, however, were not conclusive Only in 
some instances could such an action be demonstrated 
The fluid was also tested upon the gumea-pig’s uterus, 
but agam little light was thrown upon this question, 
for, though the fluid stimulated this organ to contrac- 
tion, normal plasma caused a similar effect More re- 
cently It has been shown that extensive stimulation 
of the skm of a susceptible person causes mcreased 
secretion of gastnc juice This is a well-known hista- 
mine effect (pp 295 and 518) 

(6) A person upon whose skm urticanal wheals can 
be provoked with unusual facihty by stroking (dermo- 
graphism) shows a sensitivity to histamme injections 
that IS no higher than normal This fact indicates 
that the susceptibihty of such an mdividual does not 
depend upon a greater responsiveness of his capiUarj' 
vessels The greater readmess wath which his skm reacts 
to mechamcal stimulation is therefore attributed to an 
exaggerated sensitivity of the ceUs of the skm to mjury 
and a more prompt release of a diffusible substance 

The cutaneous reactions foUowmg mjunes of 
vanous sorts, e g , burning, freezmg, electncal 
stimulation and the more slowly-developed ery- 
thema resultmg from ultra-violet irradiation, are 
beheved to be produced by the same humoral 
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mechaBism The cardinal signs of inflammation- 
redness, heat, and to some extent the swelling 
and pam— can be similarly explamed, namely, 
direct acbon of the dflator H-substance upon 
the mmute vesseb, and an mdirect effect through 
the medium of the axon reflex, upon the artenoles 
of the surroundmg area 

Lewis has extended this conception to embrace 
the cutaneous vasodilator effects of antidromic 
impulses discharged under ordinary circumstances 
from the central nervous system through the 
posterior roots (p 276) The nervous impulse, 
It IS conceived, bungs about its effect upon the 
vessels through the release of H-substance from 
the cells of the epidermis, and not by a direct 
action upon the vascular wall 

The cutaneous lesions characteristic of herpes 
zoster are ascribed to the hberation of H-substance 
from the epidermal cells by antidromic impulses 
Head and Campbell have demonstrated mflam- 
matory changes, hemorrhages and destruction 
of nerve cells in the posterior root ganglia Simi- 
lar skin changes may follow mvohement of the 
roots by mahgnant disease or mjunes, such as the 
so-caUed trophic ulcers accompanymg lesions of 
the sensory side of the nervous system, eg, 
along the course of hghtnmg pains m tabes The 
erythema and blistering of the skm mduced by 
the suggestion of bummg or other mjury during 
the hypnotic state may possibly be produced m 
a similar manner Also it is probable that many 
other types of cutaneous lesions farrular to the 
dermatologist, e g , vesicles, urticaria, maculae, 
purpunc spots, etc , have a neuro chemical basis 

It has been suggested by Dale that acetylchohne 
(ch 72) probably also plays a r61e m cutaneous 
vascular reactions It is not unlikely that this 
substance is liberated at the nerve endmg on the 
arteriole as a result of impulses either discharged 
antidromically from the central nervous system 
or arising peripherally and reachmg the vessel 
along the path of an axon reflex In the latter 
instance the cutaneous stimulus is conceived as 
causmg the liberation of H-substance This ex- 
cites cutaneous nerve terminals, and the impulses 
thereby set up bemg transmitted to the nerve 
endmgs on the artenole, cause the release of 
acetylcholme This conception would, therefore, 
hold acetylchohne directly responsible for the 
artenolar dilatation characteristic of the flare 

Reactive Hytebemia akd Bieh’s Spots H the 
arcuktion to a part is arrested for a time (as by com 


pression with a tourniquet or a sphygmomanometer 
armlet) and then released, the skm flushes, the volume 
of the part increases and the blood flow through it is 
greater than before the vessels were occluded The 
hyperemic reaepon occurs though all nerves supplying 
the part have been severed, and it has been shown by 
Lewis and Grant that it occurs independently of any 
direct nervous mfluence (eg , axon reflexes) These ob- 
servers furnish evidence that it is due to the accumula- 
tion of H substance m the skin during the period of 
circulatory arrest It has also been demonstrated by Bar 
soum and Smirk that the concentration of a substance 
with the biological properties of histamine increases 
m the venous blood of the arm after a penod (10 to 
30 mmutes) of circulatory arrest 

Dunng the penod of circulatory arrest the skm 
becomes mottled, blanched areas (Bier’s spots) and 
bnght blotches appeanng on the background of cyano- 
sis The bnght areas are caused by blood delivered 
through the nutnent ortenes of the bones and anasto- 
maPe channels to the mam vessels of the limb below 
the obstnicpon This tnckle of blood forces oxj- 
genated blood from the occluded artcncs into the 
cutaneous capillanes The pallid areas, which were 
first desenbed by Bier in 1898, arc due to capillary 
contracUon A new significance has been given to the 
latter by the obscrv’aPons of Rous and Gilding, who 
found that they occur also in the skin and other non 
vital Pssucs of animals when the blood volume is 
considerably reduced These authors look upion the 
localized contraepon of the vessels m such instances 
as part of the mechanism whereby the capacity of the 
arculatory system is reduced and the blood supply to 
vital tissues thus maintained at the expense of those 
of less importance 

CAPILLARY PULSATIONS 

Rhythmical changes in skin color — flushing al- 
tematmg with pallor corresponding to the heart 
beats — may occur when the smaller artenoles 
of the skin become dilated It is seen m aortic 
regurgitation and in artenovenous aneurysm, 
and IS usually asenbed to the high pulse pressure 
characteristic of these conditions Lewis, how- 
ever, has shown that high pulse pressure, though 
It enhances the phenomenon, is not a necessary 
condition for its appearance, for it occurs also 
when the pulse pressure is low (see p 147) The 
essenhal factor concerned m capillary pulsation is 
a certam degree of dilatation of the termmal 
artenoles of the skm The opening of these vessels 
reduces the penpheral resistance and the flow m 
the capillary then tends to become mtermittent 
instead of contmuous (p 149) Pulsation in the 
capillanes may be demonstrated m most normal 
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young persons, expecially if penpheral vasodilata- 
tion be induced by immersing the hand m hot 
v ater, or by means of a vasodilator drug, and then 
observing the skin through a glass slide pressed 
lightly upon it The pulsation is seen particularly 
well m the more highly vascularized regions, e g , 
the finger tips, the cheeks, lips or ear lobes, or on 
the outskirts of inflamed regions It may frequently 
be demonstrated m certain of these regions in 
normal individuals, even vithout preliminary 
dilatation, and is especially evident under the loiv 
power of the microscope In elderly persons, how- 
ever, it may be impossible of demonstration, even 
after the application of heat, and then it is assumed 
that the vessels are incapable of the necessary 
degree of dilatation The capillary loops, the 
coUectmg venules and the subpapillary venous 
plevus, 1 e , those vessels responsible for skin 
color, are invoUed m the pulsation Capillary 
pulsation cannot therefore be considered as an 
unequivocal indication of aortic regurgitation or 
other pathological condition 

CAI>n.LAR\ PRESSURES 

The blood pressure in the artenal and venous 
limbs of the capillary loops of the human finger 
has been measured by Landis A fine cannula was 
inserted into either hmb of the loop as desired 
and the pressure measured directly by means 


of the apparatus shown m fig 28 6 With the 
hand at or above the level of the auncle (level 
of the manubnum stemi) the capillary pressure 
remams constant but increases when the hand is 
moved to a lower level The mcrease m pressure 
IS m direct proportion to the distance between 
the new’ level and the base of the heart and is due 
to the hydrostatic pressure of the column of blood 
in the vems (p 169) The average pressure in the 
artenal limb of the loop was found to be 32 
mm Hg, and in the venous lunb 12 mm Hg 
when the hand was at the level of the auncle In 
the arterial hmb the blood pressure was higher, 
m the venous limb lower, than the osmotic pres- 
sure of the plasma (see p 31) The application 
of heat, venous congestion or the production 
of a histamine flare elevated the capillary pres- 
sures well above these values The application 
of cold caused first a fall m pressure and then 
a small rise above the ongmal pressure The 
production of a wheal, as by freezing, resulted m a 
nse of the average pressure, in the artenal limb 
to 49 mm Hg, and m the venous limb to 32 mm 
Hg In Ray’naud's disease the pressure in the 
capillary loop is greatly reduced during the vascu- 
lar spasm (See table 25 ) 

ARTERIOVENOUS ANASTOMOSES 

Grant and his associates have showm that m the 
ear of the rabbit, communications (20 to 70 micra 



Fig 28 6 Diagram of apparatus for the determination of capillary pressure by micro-injection C^, three- 
way stopcocks, H holder of micromanipulator, M, mercury manometer, O, binocular microscope, S, sjTinge 
The sy stem is filled with physiological saline to which has been added 0 3 per cent sodium atrate as an antico- 
agulant When the tubmg {Vf) is closed at T the height of the mercury column mdicates the pressure exerted 
upon the contents of the micropipette inserted into the capillary By means of the syringe, the pressure m the 
^tem is adjusted unUl ^e corpuscles remam m the same general position m the tip of the pipette, oscillating 
back and forth with each heart beat The reading of the manometer then gives the capillarv oressure fAfter 
Landis, Heart, 1930, 15, 209 ) t' j ^ 
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TABLE 25* 

Grcd Hit cf pressure tn the aipilkry IcDp ej skin cf hand 


1 

TZZSSlTEr V£ASr03> 

1 'MUCEEa 1 

; or ossti ' 

1 VATIOVS j 

1 CATILIABT ITZCSSTiE 

lUcce 

j Averse 

1 

1 i 

BK it 

j f~rr 3£ 

\rlenolaT hmb 

1 125 

) 2H8 

^ 32 

Sucomil of loop 

1 29 

j 15-32 

1 20 

\ enous limb 

99 

I 6-18 

J 

* 12 
i 


* Modified from Landis. 


m diameter) esist nonnaltj between the smaller 
artenes or artenoles and the cxirresponding venous 
channels (fig 28 7), through which the blood ma> 
be shunted and capillarv areas short circuited 
Shunts have been observed m the omentum of the 
dog, in the rat’s mesoappendix and m the human 
skin Thex are also present in the toes of birds. 
Similar shunts connectmg metartenoles with 
^enules ha\e been de^cribed b\ Zweifach, their 
wails contam a considerable amount of smooth 
muscle. At ordinan room temperature these 
anastomotic channels are closed, but the\ opien 
when the air temperature rises or falls below a 
certam critical let el Local heatmg of the rabbit’s 
ear does not cause dilatation until the tempera- 




© 

Fig K 7 Reactio, of anastomosis and assoaaU 
res^ to loT^g of body temperatnre A', arten 
A , arteno c, AV, artEno-venous anastomosis, C, vtr 

figure (b 

inastomoss dosed. (After Grant.) 


tnie uses to between 35° and 40°C Local cooling 
causes dilatation which commences when the 
temperature is reduced to below 15°C , abo%e 
this temperature the capillanes are constneted 
At 5°C the dilatation of the anastomotic channels 
is general This reacUon is brought about refleriy 
and is not confined to the piortion of the ear ac- 
tualli cooled, but mtohes the whole member and 
eien the ear of the oppiosite side In man, the 
blood fiow m the ^ essels of the terminal phalanges 
of the fingers mai mcrease some 100 tunes as a 
result of the reflex dilatation of arteno-\ enous 
anastomoses The commumcating channels are 
belieied to hate two imjjortant functions, (a) 
regulation of the bod> ’s tempierature bj mcreasmg 
the radiation of heat, since when dilated thej 
permit an enormous quantitj of blood to flow 
through the penpheral parts The impiortance 
of this mechanism is evident from the fact that 
m the rabbit the bodj temperatme can be raised 
or lowered at will b\ heatmg or coolmg the ears 
(b) ilamtenance of the tempieralure of outljmg 
parts of the bodj against local coolmg 

anastomoses are found in tissues other than 
the skin, e.g, the lungs and mpocardium 

The arteno-\ enous anastomoses arc supplied 
by constnetor sjunpathetic nencs, and are con- 
stricted hy adrenaline They are dilated bt me- 
diamcal stunuh, by the stimulation of sensotN 
nerves and by histamme or acetvlcholmc The 
reactions are therefore essentialli the same as 
those of the artenoles In man, sunilar channels 
haie been demonstrated connecting the artenoles 
and 1 eins of the terminal phalanges 

The CoEONAEi CmccEATiON' 

The heart musde is supphed with blood from the 
two coronary arteries, nght and left, which arise di 
rectlj from the aorta dose to its origin The l^t cerre- 
nary artery is a short trunk which runs forward between 
the root of the pulmonary artery and the right auricu- 
lar apfienda to the uppier end of the anterior infer- 
lentncular groove (sulcus) Here it divndes into the 
I^t erreurrfa, which runs in the coronary sulcus to the 
left margin of the heart, and the inierstnlncular 
(ramus descendens), which follows the anterior inter- 
ventricular groove tn the apiei of the heart. The ngH 
coronary artery runs forward between the pulmonary 
artery and the nght auricular appiendii to the coronary 
sulcus, then downwards and to the nght to reach the 
right extremity of the inferior cardiac margin It 
then curves to the left in the coronary sulcus to the 
posterior end of the mfenor interventricular groove, 
whereit gives off Its tn/emm/ncu/ar branch The latter 
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runs fonvard in the mfenor interventricular groove to 
the apex, anistomosing here with the corresponding 
branch of the left coronary After giving off this 
branch the nght coronar> ends by anastomosing mth 
the arcumflex branch of the left coronary artery In 
the dog 80 per cent of the blood supply to the heart is 
earned b}' thc'left coronary artery (50 per cent by 
the circumflex branch, and 30 per cent by the antenor 
inter\ cntncular (descending) branch) 

The branches of the A-V bundle are supplied by 
tnigs from both nght and left coronary artenes 
Though there is considerable vanation in the dis- 
tnbution of the two coronary vessels, in the most 
common arrangement (48 per cent of human hearts 
according to Schlcsinger), the greater part of the heart 
receives branches from the nght coronary artery which 
supplies all of the right ventricle, the postenor half of 
the intcrv cntncular septum and part of the left ven- 
tricle, a special branch of the nght coronary goes in the 
majontj of cases to the sino-auncular node, another to 
the aunculo-vcntncular node and bundle 

In a smaller proportion of instances (34 per cent), 
the distnbution of each coronary vessel is largely 
confined to the corresponding vcntncle, thus, the 
nght vcntncle and the postenor part of the intervcn- 
tncular septum is supplied by the nght vessel, while 
the left ventricle and the antenor part of the septum 
IS supplied b> the left In 18 per cent of the 225 hearts 
examined by Schlcsinger, the distnbution of the left 
coronary artery predominated It supplied the whole 
of the left vcntncle and a variable portion of the nght 
chamber and of the septum 

Schlcsinger has analyzed his anatomical findings 
and correlated them wath the inadence of coronary 
disease His results suggest that the second group, in 
which the blood supply to the heart is not predomi- 
nantly through cither the nght or the left vessel, is the 
least vulnerable to artenosclerotic changes and their 
effects The group in which the distnbution of the 
left vessel predominates appears to be the most 
susceptible, while that in which the nght vessel sup- 
plies the greater part of the heart stands in an inter- 
mediate position with regard to the madcnce of 
coronary disease 

The return of the blood from the myocardium to 
the nght side of the heart is through a superficial 
and a deep venous system The former, w'hich lies 
]ust beneath the epicardium, consists mainly of 
(1) the coronary sinus, situated in the lower part 
of the coronary sulcus between the left aunde 
and the correspondmg ventnde It opens into the 
postenor part of the nght aunde behind the 
nght aunculoventncular orifice, and drains the 
greater part of the blood from the left coronary 
arteiy', as well as part of the blood of the right 
coronarj', (2) the great cardiac vein, which ascends 


alongside the antenor mterventncular branch of 
the left coronary artery and, turning to the left 
m the coronary sulcus, empties into the coronary 
sinus, and (3) the anterior cardiac veins, usually 2 
or 3 m number (2 to 5 m the dog), seen on the sur- 
face of the nght ventnde In the dog from 50 to 
92 per cent of the blood of the nght coronary artery 
drams into these latter vessels (Gregg and as- 
soaates) The left coronary artery contributes a 
variable amount of blood to the antenor cardiac 
vems, but the proportion is considerably less than 
that denved from the right artery The antenor 
cardiac vems empty into the nght aunde a little 
above the border of the nght A-V valve 

The deep venous system consists of a number of 
small v'ems which arise m the substance of the 
myocardium and empty into the nght chambers 
by the Thebesian and other luminal vessels (see 
also pp 322-323) 

The heart muscle possesses an cxtraordmanly 
nch capillary supply The ventncular muscle is 
much more vascular than the auricular walls or 
than the aunculoventncular bundle In the rabbit’s 
ventrides the combined capillary length per square 
cm of tissue is about 1 1 meters as compared with 6 
meters for activ'c skeletal musde At birth a 
single capillary supplies 4 or 5 cardiac fibers 
Dunng growth the musde fibers increase m size 
but not m number and each fiber m the adult 
heart receives a capillary vessel (Weam), the 
number of vessels per unit area of tissue remammg 
unchanged from that at birth In cardiac hyper- 
trophy, on the contrary, the enlargement of the 
mdividual fibers is not accompanied by a corre- 
spondmg mcrease m the number of capillanes 
That IS, the fiber-capiliary ratio remains un- 
changed, but the number of vessels per unit area 
IS reduced The hypertrophied heart, therefore, 
suffers a relative reduction m its blood supply 

ANASTOMOSES 

The coronary artenes form three types of an- 
astomoses or communications 

(1) Potential anastomoses between branches of 
one coronary with those of the other But m the 
great majonty of normal human hearts, the coro- 
nary branches are essentially "end arteries” (see 
p 323), that IS, no pervious channels of importance 
exist between them 

(2) Communications with the cavities of the 
heart 

(a) The Thebesian Vessels, described bv 
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Thebesms m 1708, are small venous channels which 
open into the auricular and ventncular caviUes 
Thebesms demonstrated the communication of 
these \cs=els with the coronan' sj'stem by msertmg 
a blow pipe into a coronarj artery and blomng 
through it after immersing the heart m fluid, 
bubbles were obsen'ed issumg from the heart 
ca\ ities The relations of these channels have been 
studied \Mthm recent > ears m the human heart by 
Weam, and by Grant and Viko m the heart of the 
sheep They have been shoum to communicate on 
the one hand with the cavities of both ventncles 
(mostly the nght) and, on the other with the 
coronary sinus and other large coronary veins, 
and hence with the capillary bed of the ventncular 
muscle 

There are also many channels connectmg the 
cardiac vems mth one another, and with extra- 
cardiac 1 ems tnbutary to the supenor and infenor 
vena cavae, artenovenous anastomoses between 
smaller vessels are fairly plentiful m the myo- 
cardium 

(b) Direct CoimroncAxioNs between the 
Coronary Arteries and the Ventricolar 
Cavities, ie, Coioiunications Other than 
THROUGH the Capuxary Bed These channels, 
first recognized by Vieussens m 1706, have been 
clearh demonstrated by Weam and his associates 
m human hearts and are of two types which they 
term arlcno luminal and arterto sinusoidal re- 
spectivelv The arteno lummal vessels are coronary 
branches from 0 2 to 1 0 mm in diameter They 
run a fairly direct course and usually retain their 
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Fig 28 8 Draw mg of the inner surface of the nanel 

pericardium and the mfenor surface of the diap^rag 
Ihc coronan arteno w ere injected and the heaTu 
anastomoses betwe 

Menu 


arterial characters up to the pomt where they 
open into the lumen of the heart The arterio- 
smusoidal vessels are branches of a coronary 
artery which break up mto a number of irregular 
channels varjnng from SO to 250 micra m diameter 
These latter are called myocardial sinusoids The 
walls of the smusoids are composed of a single 
layer of endothehal cells, run a meandermg course, 
and anastomose very freely with one another The 
arteno sinuosidal vessels thus provide, through 
the myocardial sinusoids, a means of free com- 
mumcation between the ventricular cavities and 
the coronary artenes 

(3) Extracardiac Anastomoses Potential 
communicaDons between auncular twigs of the 
coronary artenes on the one hand, and branches 
of the mtemal mammary and aorta— pencardial, 
bronchial, phrenic and esophageal — on the other, 
have been demonstrated by Hudson, Montz and 
Weam The site of anastomosis between these 
two systems is m the pericardial fat, and around 
the opemngs of the great vessels These observers 
m ected the coronaries from the aorta with a 
suspension of lamp black m gum acacia solution A 
rich network of mjected vessels appeared over the 
entire surface of the panetal pencardium (fig 
28 8), over the diaphragm and in the walls of the 
pulmonary vessels (vasa vasorum) The trachea, 
esophagus and mediastmum also show'ed injected 
vessels Upon mjection of the aorta, after tymg it 
off just distal to the orifices of the coronanes, 
and at the level of the diaphragm, the injected 
material was found m the coronary vessels around 
the openmgs of the pulmonary veins Pencardial 
adhesions increase the extracardiac anastomoses 

Beck and Tichy, in a senes of expenments upon 
dogs, demonstrated the feasibihty of developmg the 
extracardiac anastomoses to such an extent that they 
could sustain the nourishment of the heart after ah 
most complete occlusion (85%) of both coronary ves- 
sels Adhesions were produced by incising the myo- 
cardium and stitching the pencardium into the wound, 
or by removing the epicardmtn and the endothelium 
of the pencardium In other expenments an adjacent 
thoracic muscle, or the omentum drawn through an 
incision in the diaphragm, was utilized to establish 
communication between the coronary vessels and an 
extracardiac vascular bed Occlusion of the coronary 
artenes was brought about gradually by means of 
silver chps which were tightened m successive opera 
tions * An operation devised on the basis of his ex 

I * coronary sinus in animals is also 

calmed to encourage the development of coUateral 
Mannels and to reduce the mortahty following liga- 
tion of a large coronary branch 
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penmental work has been performed by Beck upon 
patients suScnng from angma pectons due to coronary 
disease, the pectorabs major muscle was employed 

O’Shaughnessy has employed an omental graft 
(cardto-omental cardtopexy) with success m the treat- 
ment of angina The omentum possesses the power 
of vascularization above all other tissues The effec- 
tiveness of such a graft was clearly demonstrated m 
experiments upon greyhounds Ammals with the de- 
scending branch of the left coronary hgated and with 
an omental graft were able to race over 500 yards 

Hembecker and Barton mjected an irritant mixture 
into the pencordial sac of dogs Through the adhesions 
set up, effective collateral channels are said to have 
been established 

Interesting and encouraging as are these vanous 
procedures designed to increase extracardiac anastomo- 
sis, their value in angma pectons has not been proved 
(see Alarvin) 

It does not appear that anastomotic comraimi- 
cations play any significant rfile m supplymg 
blood to the normal heart When a large coronary 
branch is suddenly occluded, the back-flow in the 
section of the vessel distal to the occlusion is 
only about 1 cc per minute and the myocardium 
normally supplied by the obstructed vessel ceases 
to contract within from 1 to 2 m mutes Nor 
does occlusion of other coronanes reduce the 
back-flow in the distal section of the previously 
occluded vessel On the other hand, gradual oc- 
clusion of a coronary is followed by the develop- 
ment of a back-flow from other coronary branches 
as a result of altered pressure gradients The 
pressure m the penpheral section of the occluded 
vessel mcreases and may approach the aortic 
pressure In the dog, the retrograde flow' usually 
amounts to from 30-40 cc per mmute and, m some 
instances, is over 100 cc per minute The myo- 
cardium, to which the occluded vessel is dis- 
tnbuted, shows normal contractions (Gregg and 
associates) The importance of anastomatic chan- 
nels m supplying the heart muscle in coronary 
disease is indicated by the observations of Wcam, 
he has reported cases in which postmortem ex- 
amination revealed the main coronary arteries to 
be completely occluded, yet the coronary occlusion 
had not been the cause of death, but must have 
been of long standing The heart muscle, appar- 
ently, had in these mstances been nounshed 
through channels communicating with the ven- 
tricles or through extra-cardiac anastomoses, or 
through both of these routes According to Gross, 
anastomoses between the branches of the coro- 
nanes multiply with age and the vasculanty of the 


muscle, espeaaUy of the left ventncle and septum, 
mcreases 

The possible functional significance of the com- 
munications between the coronary system and the 
ventncular cavity is mdicated by the experiments 
performed some years ago by Pratt He was able 
to keep the isolated heart of the cat beatmg for 
an hour by perfusmg it through a cannula tied 
mto the ventncle Katz and his colleagues mtro- 
duced a pure culture of killed bactena mto the 
supenor vena cava of a heart-lung preparation 
(precautions havmg been taken that bactena did 
not enter the coronary system from the artenal 
side) The bactena w'ere found later m the smu- 
soidal spaces, capiUanes and the small artenes of 
the myocardium These authors conclude that 
though the quantity of blood conveyed from the 
ventncles to the normal heart muscle is small, in 
some pathological states associated with gradual 
narrow'ing or occlusion of coronary vessels, it may 
be sufificient to aid significantly m nounshing the 
myocardium The results of Stella’s expenraents 
on the heart-lung preparation of the dog also 
indicate that in a heart whose muscle is well 
supplied with blood through the coronary sj’stem, 
back-flow docs not occur to any important extent 
from the ventncles mto the coronary vessels Even 
when the ventncular pressure was higher than 
the coronary pressure no evidence of back-flow' 
was secured 

CORONARY ORCDIATION TIME AND VOLUME PLOW 

The coronary arculation is one of the shortest 
in the body Evans and Starling calculated that 60 
per cent of the blood of the coronary arculation 
IS debvered mto the nght auncle by the coronary 
sinus The remainmg 40 per cent must find an 
outlet through other channels — the Thebesian 
and other communications mentioned above * 
Accordmg to Weam, the proportion of blood 
returned otherwise than through the coronary 
sinus may, under certain conditions, be much 
greater than 40 per cent The blood returned 
through the coronary sinus is not a constant pro- 
portion of the total amount, but vanes under 
different conditions The blood dramed through 
the coronary sinus comes mainly from the left 
coronary artery (64 to 83 per cent), and over 70 
per cent of the blood earned by this artery is 
returned to the auncle through the sinus Clamping 

* The latter is probably only a \ erj approximate 
figure which vanes considerably under different con- 
ditions, such as, espeaaUy, the pressure in the nght 
ventncle 
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the left coronary artery, therefore, reduces very 
greatl% the outflow from this venous channel 
The anterior cardiac veins, Thebesian vessels and 
other luminal vessels dram regions of the heart 
muscle supplied by the right coronary artery, 
ordmanly, only a small part of the right coronary 
blood drains mto the coronary sinus A rise of pres- 
sure m the pulmonarj' circulation (and therefore 
of the pressure m the nght ventricle) reduces the 
pressure gradient between the coronary arteries 
and the Thebesian vessels and causes thereby, 
slowing of the flow along these channels Such 
slowing mtcrferes very seriously with the nutrition 
of the Tight ventncular muscle Moe and Visscher 
found that a reduction m the aortic pulmonary 
pressure diflerence to 40 mm Hg, either by a fall 
in aortic pressure or a rise m pulmonary pressure, 
diminished the Thebesian flow to 20 per cent of the 
normal The partial dependence of the nutrition of 
the nght ventncle upon the venous return through 
the Thebesian vessels is suggested as the probable 
reason that this side of the heart can work for a 
relatively short time against a high pulmonary 
resistance (e g imtral stenosis or pulmonary fibro- 
sis) whereas the left ventncle is able to work for 
years against a high aortic pressure, smce the flow 
from the coronary sinus is not affected by the high 
pressure m the left ventncle A nse m aortic pres- 
sure by increasing the pressure gradient might 
therefore be expected to benefit cases of cardiac 
disease with raised pulmonary pressure Such bene- 
fit has been observed 

The coronary cnculation time, that is, the time 
taken for a red cell (foUowmg the shortest route) 
to pass through the coronary system, is about 8 
seconds as compared with 20 seconds through 
the vessels of the limbs 

Experiments upon ammals (heart lung prepara- 
tion) indicate that about S per cent of the total 
output of the heart flows through the coronary 
s>stem The output of the human heart under 
basal conditions is between 5 and 6 hters per 
minute, but dunng strenous muscular exercise 
It may, in the case of a large muscular subject, 
nse to 37 hters In such an instance, if the vol- 
ume of the coronary^ flow were 5 per cent of the 
total blood flow, nearly two hters would pass 
through the coronary system * The coronary flow 


This calculation probablv gices too bgh a v 
Eclenhoff and assoi 
that the percentage for the coronary flow vane 
vcrselj with the cardiac output 


m man can be estimated m another way The 
work of the heart, for example, can be calculated 
approxunately from the cardiac output and the 
mean artenal blood pressure (p 141) Takmg the 
efficiency of the heart at 20 per cent, the oxygen 
consumed by the myocardium can be calculated 
from the work performed The results of such 
calculations mdicate that the heart muscle dunng 
strenuous exertion consumes as much oxygen as 
does the entire body durmg rest (Hill), or about 
250 cc per mmute Assummg that during maxi- 
mum muscular effort the coefficient of oxygen 
utilization IS 0 7 (p 374), that is to say, the heart 
muscle removes about 13 cc of oxygen from each 
100 cc of blood (artenovenous oxygen difference 
=< 13 vols ), then the dehvery of 250 cc of oxygen 
requires a flow of ((250/13) X 100 ■=) about 2 
hters of blood through the coronary system per 
mmute, or an amount of blood having a w'cight 
more than 6 times greater than that of the heart 
itself (300 gm ) The coefficient of oxygen utiliza- 
tion of the heart muscle is probably higher than 
this dunng strenuous exercise which would give 
a lower figure for an equivalent oxygen consump 
tion The A-V oxygen difference of the coronary 
blood of the dog at rest is from 8 to 16 volumes per 
cent 

THE CORONARY FLOW DURING DOTERENT PHASES 
OP THE CARDIAC CYCLE 

Scaramuca, an Italian of the 17th century, 
was the first to recognize that unlike other arteries 
the flow through the coronary arteries occurred 
mainly durmg diastole, and that a reduced amount 
of blood entered the vessels during systole owing 
to their compression by the contractmg cardiac 
muscle Stroera offered an anatomical reason for 
the reduced flow durmg systole, namely, that the 
leaves of the aortic valves blocked the coronary 
orifices dunng this phase of the cyde This ex- 
planation was soon shown to be incorrect, for 
the edges of the open valves m many cases do 
not reach as far as the coronary orifices Langen- 
dorff studied the problem mtensively m the per- 
fused isolated heart, and our knowledge of the 
coronarj' flow dunng the cardiac cycle is based 
largdy upon his work In more recent tunes, 
Anrep and his colleagues m England, and Wiggers, 
Green and Gregg with their assoaates in Amenca 
have been the outstandmg contnbutors in this 
fidd 

The coronary inflow The flow in the coronary 



Chapier 28 


REGIONAL CIRCULATION FEATURES 


325 


system is affected profoundly by the compressmg 
force of the cardiac muscle durmg systole (extra- 
vascular pressure) The two mam factors affecting 
coronary inflow are, therefore, aortic pressure 
and extravascular compression The flow through 
the penpheral vessels, which are surrounded by 
muscle and are directly compressed, is referred to as 
the mtramural flow The flow through the larger, 
more superficial coronary branches, is called the 
extramtiralflow, and is affected both directly and m- 
directly by compression durmg systole The total 
flow (intra- and extramural) m a coronary vessel 
can be determmed by perfusmg the vessel through 
its orifice and measurmg, by some form of flow 
meter, the quantity of fluid which enters Wiggers 
and his associates measured the extramural flow 
by means of an optically recordmg flow meter m 
a coronary onfice, and calculated the intramural 
flow from pressure differences between the central 
and penpheral ends of a coronary branch They 
found that the pressure m the peripheral coronary 
vessels never rises as high as the aortic pressure, 
that IS, the pressure gradient is not abohshed at 
any time durmg the cardiac cycle The t^ilramural 
flow, therefore, is not completely arrested But, 
two sharp reductions m the flow occur, one m the 
isometnc penod and at the begmnmg of ejection, 
the other m the latter part of the ejection penod 
The rate of flow is greatest m mid-systole and 
throughout diastole 

The curve of extramural flow as measured at a 
coronary onfice, resembles that of the mtramural 
flow, except that it is covipleiely arrested durmg 
early systole and is greater durmg mid-systole 
and the first half of diastole The arrest of the 
onfice flow m early systole is attnbuted to com- 
pression of the deeply placed vessels which forces 
blood backwards mto the larger superfiaal vessels 
and thus opposes the flow from the aorta at this 
time But as mentioned above the pressure m the 
penpheral vessels never rises as high as the aortic 
pressure, so that the onward flow m these vessels is 
never completely stopped As the aortic pressure 
rises durmg systole, the superfiaal vessels are 
distended to accommodate more blood, the extra- 
mural flow IS then mcreased over that m the deeper- 
lying and compressed mtramural vessels During 
early diastole, the peripheral vessels are quickly 
released from compression and the mtramural flow 
mcreased The flon through the extramural ves- 
sels, no longer impedes by bac„-fow, is aug- 
mented 



Fig 28 9 Companson of the curves representing 
mtramural and total mflow at a coronary onfice in 
the left coronary (A) and m the nght coronary (B) 
together with &e pressure curves from which the 
mtramural flow was reconstructed AP, aortic pres 
sure, PCP, penpheral coronary pressure as recorded, 
PCPj, penpheral coronary pressure with proper or- 
dmate value, CF (heavj hne), mflow at a coronary 
onfice, DP (dashed hne), differential pressure curve 
representmg mtramural flow Shaded areas represent 
extramural flow Ordinates, top, mm of mercury, 
bottom, flow m cubic centimeters per minute (After 
Gregg “Blood Heart and Circulation”, p 81 Saence 
Press, 1940 ) 

The contours of the blood flow curves of the 
right coronary differ from those of the left vessel 
m that the reduction m the rate of flow in early 
systole IS not nearly so pronounced and the rate 
of total orifice flow does not exceed the intramural 
flow to as great a degree (fig 28 9) The flow 
durmg systole may approach or even exceed that 
durmg diastole 

The therm o-stromuhr of Rem (p 175), as modified 
by Baldes and Hemck, has been employed by Essex 
and associates for measurmg the coronary flow in con- 
scious animals (dogs) The chest was opened and the 
instrument placed m position The connecting wires 
were then led to the extenor and the chest closed 
After recovery from the operation, blood flow de- 
terminations were made from time to time under 
vanous physiological conditions The flow was found 
to be mcreased dunng digestion by over 80 per cent 
and by about 400 per cent when the animal performed 
strenuous work 
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Coronary pressures 

The pressure curve of a coronary artery has a 
form closely resembhng the aortic pressure curve 
The minor differences which are to be seen m the 
pressure pulse of a coronarj' arter^^ are not pecu- 
liar to that vessel but appear m pulses recorded 
from other branches of the aorta The pressure m 
the nght coronary artery is lower than in the 
left coronary but is considerably higher than the 
pressure m the nght ventncle, whereas the pres- 
sure m the left coronary is lower than the left 
ventncular pressure The pressure m the coronary 
smus amounts to 10 or 12 mm Hg 

The outflow from the coronary sinus The flow 
from the coronary smus is mcreased shghtly dur- 
mg the latter half of auncular systole and very 
greatly dunng ventncular ejection A graphic 
record of the outflow, therefore, shows two w'ell- 
defined waves (cf fig 28 10) The first and smaller 
wave is probably due to the compression of the 
walls of the coronary smus bv the auncular muscle 
and the expulsion of a small quantity of blood 
Evidence for the dependence of this wave upon 
auncular contraction is, that it occurs dunng the 
latter part of the P deflection of the electro- 
cardiogram, that it disappears dunng auncular 
fibrillation, and that m heart block it synchronizes 
with the auncular contractions 

The large wave occumng dunng the ejection 
phase of ventncular systole is due to the blood 
bemg squeezed from the coronary veins by the 



gnp of the ventncular muscle At the end of 
ventncular systole the outflow falls suddenly as a 
result of the release of the veins from the com 
pressmg force of the muscle The vessels having 
been practically emptied must refill before the 
flow from the coronary sinus is resumed 

A diminutive wave is seen in the figure between 
the two waves just described It occurs dunng the 
isometnc penod of ventricular systole but its 
cause IS uncertain 

In coronary perfusion expenments, raising the 
pressure wuthm the nght ventricle increases the 
outflow from the coronary sinus, due to the diver- 
sion of blood from the Thebesian drainage sj'stem 
If the perfusion pressure is quite low , and the pres- 
sure m the nght chamber high, the flow in the 
Thebesian vessels may be reversed, and blood 
enters these from the ventricle, so that the outflow 
through the coronary sinus may actually exceed the 
coronary inflow 

FACTORS REGULATING THE CORONARV CTRCULATION 

(1) The Aortic Blood Pressure The height 
of the mean aortic pressure, and especially of the 
mean pressure in the aorta following the closure 
of the semilumar valves (postdicrotic pressure), 
and the resistance m the penphcral coronary 
vessels are the most important factors determming 
the coronary inflow For example, m aortic re 
gurgitation, or arteno venous aneurysm produced 
experimentally, the coronary flow is decreased due 
to the sharp fall in diastolic pressure, but in 
these conditions durmg systole, the aortic pres- 
sure is elevated to a greater degree than the 
pcnpheral coronary pressure The steeper pres- 
sure gradient results in a greater systolic flow 
which compensates, m part, for the decreased 
flow dunng diastole The flow may be greater 
during systole than m diastole In cxpcnmental 
aortic stenosis systole is prolonged and the coro- 
nary flow correspondingly reduced, the flow dunng 
diastole is not significantly affected 

(2) Innervation of the Coronaries Wool- 
lard has demonstrated by histological studies that 
the coronary vessels are very nchly supplied 
with both vagal and sympathetic fibers The larger 
coronary branches were found to be mnervated 
about equally by the tw o types of nerve, whereas 
the artenolar mnervation was mainly through the 
vagus, at least relatively few sympathetic fibers 
could be traced as far as the artenoles The action 
which each of these two sets of fiber exerts upon 
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the heart has, however, been a moot question for 
several years and a verj' difficult one for investiga- 
tion, since stimulation of the vagus, or of the 
sympathetic, causes changes m the action of the 
heart uhich in turn influence the coronary cir- 
culation 

Though the question of the actions of the vagus 
and sympathetic nerv'es upon the coronanes has 
not received a final answer, the i\ eight of evidence 
indicates that, in the mammal, the vagus is vaso- 
constrictor, while the sjmpathetic and adrenaline 
are vasodilator Anrep and Stacey obser\'cd an 
increase m coronary flow of 85 per cent after the 
administration of adrenaline, and several work- 
ers ha\ c reported an increased flow from stimula- 
tion of the stellate ganglia Mann and associates, 
employing the thermo-stromuhr, observed an in- 
crease of 300 per cent in the coronary flow after 
the administration of adrenaline or ephcdrine 
Wiggcrs show cd that stimulation of the peripheral 
end of the cut vagus in an animal under the 
influence of atropmc, which in suitable dosage 
abolishes the vagal action upon the heart but not 
upon the coronaries, reduced the flow' from a 
coronary \ein Diminution in coronary flow’ upon 
vagal stimulation was also demonstrated by Anrep 
and Scgall, using the heart-lung preparation and 
the hot wire method of recording The eSect per- 
sisted though constancy of heart rate was secured 
by atropimzation Anrep and Scgall also found 
that the coronary’ flow was increased considerably 
after vagal section, a fact which indicates that 
these nerves exert a tonic vasoconstrictor influ- 
ence The vagus, as we know’, exerts its effect 
through the liberation of acctj’lcholinc, and this 
substance has been demonstrated by Feldbcrg 
and Krayer m the coronary blood during vagal 
stimulation One w’ould therefore expect acetyl- 
choline to reduce the coronary blood flow On the 
contrary, this chemical dilates the coronaries m 
mammals, an effect which is not abolished by 
atropme, it has a pronounced constrictor action, 
however, upon the coronaries of birds (see also 
Gregg) 

The coronary dilatation and consequent in- 
crease in flow which follow sympathetic stimula- 
tion or adrenaline administration are what one 
should be led to expect from the known emer- 
gency function of the sympatho-adrenal system 
Through the action of this mechanism the effi- 
ciency of the body m the performance of work 
or m combatmg the dangers of the environment 


IS raised to a high level The mean artenal blood 
pressure is elevated as a result of vasoconstnction 
m the skin and splanchnic areas, while the vessels 
of the contractmg skeletal muscles and bram are 
dilated, the force of the cardiac contraction is 
augmented It would be odd indeed if such effects, 
directed toward the general improvement of the cir- 
culation dunng muscular effort, were antagonized 
by a coincident constriction of the coronary' 
arteries But perhaps the question of the sym- 
patlictic action upon the coronaries is really of no 
great practical importance since the response of the 
coronaries in dogs after sympathetic denervation 
IS just as great as m normal animals, nor is the 
dilator effect following stimulation of the stellate 
ganglion pronounced 

The coronary vessels are also supplied with 
ajjerent fibers from both the vagus and the sym- 
pathetic 

Coronary reflexes initiated from the abdominal 
and thoracic viscera have been demonstrated 
Thus, stimulation of the abdominal organs in 
animals has been shown to cause coronary con- 
striction A coronary dilator reflex is initia,ted by a 
nse of pressure in the right auricle or vena cava 
(sec coronary reflex below) 

(3) Al’terations in the Output of the Heart 
Increase in the venous inflow’, and so in the minute 
volume of the heart, the mean aortic pressure 
being kept constant, markedly augments the flow’ 
through the coronary system if the vagus nerves 
are mtact On the contrary, a nse m the cardiac 
output with a constant aortic pressure, exerts a 
negligible influence upon the coronary circula- 
tion after the vagus nerx’es have been cut The 
calibers of the coronary vessels are evidently 
w’ldened as a result of a reflex inhibition of the 
constrictor tone of the vagus This response, w’hich 
is known as the coronary reflex, is not abolished 
by excision of the stellate ganglia and the section 
of other sympathetic cardiac fibers Both hmbs 
of the reflex would appear, therefore, to be in the 
vagus 

(4) Oxygen Lack and Carbon Dioxide Ex- 
cess Anoxia increases the coronary flow very 
greatly Reduction m the oxygen saturation of 
the artenal blood below 20 per cent was shown by 
Hilton and Eichholtz to cause maximal dilatation 
of the coronary vessels and a five-fold mcrease 
in flow (fig 28 11) The addition of cyanide to the 
coronary blood exerted a similar effect Carbon 
dioxide and lactic acid m the absence of a reduced 
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osygen suppU caused only a very moderate dfla- 
tation of the coronary vessels Reactive hy- 
peremia (p 318) IS a very pronounced phenom- 
enon of the coronarj' cmculation (Kata and 
Lindner) 

(5) Vasiations in Heart Rate It is to be expected 
that, since the coronary arteries fill during diastole 
and are compressed during systole, an increase in 
heart rate, which causes shortenmg of diastole rela- 
tively to systole, wdl decrease the coronaiy flow 
In the heart lung preparation a diminution m coronaiy 
flow does occur when the rate of beating is so great 
that the total tune occupied each mmute by the 
diastohc penods (mmnte-diastole) is much reduced 
IlTien the rate is very slow, other factors remaining 
constant, the flow is augmented Withm the physio- 
logical range, however, a change m heart rate (70 to 
180) appears, m itself, to have httle effect upon the 
coronary flow In an animal m which the innervation 
of the heart is mtact, there are mdications that the 
coronary flow is actually mcreased durmg cardiac 
accelerapon (see Essex) 

(6) Drugs Nitntes, cyanides, cafiane, camphor, 
adenosine and mecholyl mcrease the coronary flow 
The action of histamine vanes in different speaes, the 
drug exerting a constnctor action upon the coronanes 
m the rabbit but a dilator effect upion those of the cat 
By means of the thermostromuhr, Essex and his col- 
leagues have mvesbgated the action of a number of 
drugs on the coronary flow in unanesthetized dogs 
Histamine, niLetaimde (pyndine-jS-carboxy diethyla- 
mide), atropine and nembutal were found to mcrease 
the flow from 60 to 100 per cent, pituitrin decreased 
It by as much as 80 per cent (see ch. 57) Thyroxme m- 
creased the flow by 250 per cent The effects of adreo 
ahne and acetylchohne upon the coronary blood flow 
have been mentioned. Khditn, the active pnnaple of a 
plant (Ammt mnoga) indigenous m Eastern Mediter 
rancan countnes, has been reported by Anrep and his 
colleagues to be a powerful coronary dilator It has no 
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effect upon blood pressure or pulse rate A dose of 2 
mg per kilogram of body weight was found to cause 
a four-fold mcrease in the coronaiy flow of dogs It 
appears to act directly upon the vascular wall Alcohol, 
according to Sulzer, when it reaches a concentration 
ui the blood of 0 1 per cent or more causes constnction 
of the coronary vessels and a reduction of the coronary 
flow Drugs which mcrease the coronary flow in normal 
hearts have apparently little or no effect in increasmg 
the blood supply to on infarcted area 

PKEASE OF THE CORONARV ARTERIES 

The coronary artencs are very frequently the 
site of degenerative changes — atheroma and 
sclerosis — especially after the fifth decade of life 
These changes, when advanced, lead to narrowing 
of the artenal lumina and a gradual msuCBciencv 
of the blood supply to the heart musde IvI3der 
grades of coronary disease are usually' unac- 
companied by sy'mptoms or any clinical signs 
Two conditions, namely, atigtjia pcclons and acute 
coronary oednnon, are commonly assoaaled wnth 
the more severe grades of coronary sclerosis 
Aunculo-v entncular, or bundle branch block, 
pulsus altemans (chapter 24) and low voltage 
electrocardiograms are other consequences of coro- 
nary disease 

Angina pectons— angina of effort 

These terms arc given to paroxvsms of severe 
and often agonizing cardiac pam which occur 
usually as a result of c.xcrtion, and last for a few 
seconds or minutes The paiti is felt most usually 
beneath the upper or middle third of the sternum, 
It IS frequently referred to the neck, left shoulder 
or arm Dunng the attack, electrocardiographic 
changes frequently appear similar to those seen 
in coronary thrombosis (p 330) 

Angmal attacks are most commonly preapi- 
tated by effort or some form of emotional c-xate 
raent, under which arcumstances the mmute 
volume of the heart is mcreased but the blood 
supply to the myocardium is inadequate for the 
e.xtra work demanded of it An increase in the 
cardiac output has been demonstrated m angmal 
attacks The mcreased work of the heart during 
digestion also m all likelihood accounts for the 
common occurrence of angina following a heavy 
meal Effort at this time is particularly likely to 
precipitate an attack m a susceptible subject 

Several v'lews have been expressed concerning 
the cause of angmal pain, e g , spasm of the 
cardiac muscle, sudden stretching of the wall of 
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the aortic arch or contraction of the coronary 
arteries There is, honever, no change in the 
rhythm of the heart which would mdicate the 
existence of spasm, distension of the aorta m 
animals by means of a dilator introduced through 
the carotid does not give rise to pain, and since 
the coronary' vessels are so often hard and stiff, 
spasmodic constriction of their lumma seems out 
of the question The pain is evidently directly 
related to anoxia of tlic heart muscle — the oxj'gen 
supply being madequatc for the work w’hich the 
heart is called upon to do The anoxia (hypoxia) is 
in the great majority of cases due to narrowing of 
the coronary' artenes — coronary insufhciency' — as 
a result of atherosclerosis 
But, angma may occur though the coronary 
vessels arc normal if the oxygen supply' to the 
tissues IS defiaent, as in anemia or m rarefied 
atmospheres, and in aortic regurgitation the coro- 
nary' circulation may be so diminished as a result 
of the low diastolic pressure (p 326) that anginal 
attacks occur though the heart vessels themselves 
are fairly healthy Also in hyperthyroidism, when 
the burden thrown upon the heart is already 
greatly' in excess of the normal, the extra cardiac 
work occasioned by exertion may so tax a normal 
coronary' sy'stem to furnish an adequate blood 
supply to the heart muscle, that cardiac pain re- 
sults In severe anemia, the low oxygen-carry'ing 
capacity of the blood is compensated dunng rest 
by an increase m the circulation rate, the coronary 
flow IS then adequate, the heart is able to perform 
the extra work entailed and the tissues do not 
suffer from oxygen lack (p 419) Upon exertion, 
however, the heart is called upon to increase its 
output further in order to furnish the required 
amount of oxy'gen to the contracting muscles But 
the urgent demands of the heart muscle itself for 
extra oxygen cannot be met, since the coronary flow 
IS already near its maximum — anoxia of the myo- 
cardium and of the tissues m general results In 
cardiac hypertrophy and dilatation, anginal at- 
tacks may also occur, though the coronaries may 
not be diseased, and is then apparently the result 
of the small coronary flow relatively to the size of 
the heart (p 321) ^Vhen congestive failure super- 
venes the greater oxygen requirement of the in- 
efficient myocardium (p 255) is an additional 
factor 

Further support for the behef that anoxia is the 
prime factor m preapitating an anginal seizure is 
afforded by the observations of Katz and his col- 


leagues General anoxia mduced in subjects of the 
disease by having them breathe an oxygen-poor at- 
mosphere was accompamed by the appearance of 
characteristic electrocardiographic features (reduced 
amphtude or mversion of the T wave and depression 
of the S-T segment), a third of the subjects expenenced 
typical anginal pain Anoxia produced m the same 
way in normal subjects caused similar features to 
appear in the electrocardiogram, though pam was not 
expenenced 

The pam of angma pectons is believed to be 
produced m a manner essentially the same as 
that m which the pam of mtermittent claudica- 
tion is produced, namely, through the stimulation 
of afferent nerve endmgs m the myocardium by 
metabolic products accumulated as a result of 
oxj'gen deficiency (p 300) 

The anginal attack is treated by means of mtntes 
(amyl mtnte, nitroglycenne, sodium nitnte) which by 
causing penphcral vasodilatation reduce the work of 
the heart and through their dilator effect upon the 
coronar>' vessels tend to increase the blood supply to 
the cardiac muscle Amyl mtnte, which is admmistered 
by inhalation, acts almost instantaneously but its 
action IS evanescent, it is therefore employed to arrest 
an attack The other mtntes act more slowly but their 
effects are more lasUng, they are used in the mtervals 
between attacks Adenosme compounds (p 296) are 
also sometimes employed for their vasodilator effects 
Complete thyroidectomy, which by lowenng the 
metabolic rate reduces the cardiac work, has been 
advocated in certam selected cases (p 265) 

The impulses givmg nse to cardiac pam pass 
from the heart to the central nervous system 
mainly via the infenor cardiac nerve, the upper 
four or five thoracic gangha and the correspond- 
ing white rami and postenor nerve roots (see 
referred pam, p 597) Pam is not, apparently, 
transmitted through the vagus Sutton and Lueth 
found that m consaous dogs, traction upon a 
ligature passed loosely around a coronary artery 
and brought out through the thoraac wall was 
followed by nausea, vomitmg and evidence of 
pam The response was abolished after removal of 
the stellate gangha but persisted after section of 
the vagi 

Removal of the left stellate ganghon or the 
mjection of alcohol around the upper five left 
thoracic ganglia (paravertebral injection) is some- 
times resorted to for the rehef of angmal pam 
The afferent nervous pathways are thus mter- 
rupted and the patient is relieved of his attacks 
No change m the underlying condition responsible 
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for the pain is brought about by these measures, 
and smce pain is a signal which warns the patient 
against heart strain, its abohUon is not an un- 
muced blessing 

Acute coromry ocduston Coronary Ihronibons 
Cardiac infarction 

Smith m 1918 studied the effects of ligation of 
various branches of the coronary vessels in dogs 
Of II animals m which the an tenor descending 
branch of the left coronary was ligated, 10 sur- 
vived The left arcumflex artery was bgated m 14 
anmials, 6 survived Ligation of the nght coro- 
nary close to Its ongm was performed m 8 animals, 
only one of which recovered from the operation 
In 18 animals the antenor descendmg brandi 
of the left coronary and one or more branches 
of the left curcumflex artery were tied, only 4 
ammals recovered from this operation, 9 died 
within 24 hours, 3 others died from infecbon and 2 
from faflmg heart on the 15th and 17th days 
respectively 

Qimcally, thrombosis is the commonest cause 
of acute coronary occlusion, though occasionally 
a vessel is blocked by an embolus Thrombosis is 
nearlj always preceded bv atheromatous changes 
in the vascular wall Obstruction of a mam branch 
of a coronary artery is accompanied usually by 
serere pain, sunilar m character to that described 
under angina pectons, dyspnea, nausea and vomit- 
ing, and often the signs of profound collapse Other 
features of the attack are low blood pressure, fever, 
and leukocytosis A fatal termination (due probably 
m many instances to ventricular fibrillation) either 
during the attack or a short time later is common 
The sudden occlusion of a coronary vessel acts as 
such an mtense stimulus to the myocardium as to 
induce fibrillation of the ventricles This may be 
the immediate cause of death rather than failure 
m function of the ischemic area itself Wiggers, 
however, has shown that ischemia increases the 
susceptibility of the myocardium to fibnllate when 
sUmulated electncally, i e , myocardial ischemia 
lowers the fibrillation threshold 

The nausea and vormtmg of acute coronary 
ocdusion, together with the fact that the attack 
not infrcquentlv followed a heavy meal or a drink- 
ing bout has led m the past to many cases of 
coronary thrombosis bemg diagnosed as “acute 
indigestion” A proportion of subjects have suffered 
prenously from anginal attacks The descending 
branch of the left coronary is most frequently 


thrombosed and for this reason has been called 
the artery of sudden death 

If death does not result from the immediate 
effects of the attack the area of myocardium 
supphed by the occluded vessel softens, undergoes 
necrosis and is finally replaced by a scar, or the 
heart may rupture through the infarcted area, 
death then resulting from hemorrhage Cardiac 
hypertrophy may be a delayed effect of coronary 
ocdusion (p 257) Mmor coronari' branches mav 
become obstructed without givmg nse to any 
symptoms, the myocardial area involved being 
nourished through collateral vessels, or, should 
the ocdusion of even a large branch occur grad- 
ually, collateral channels become established 
which are suffiaent to maintain the vitality of 
the area of distnbution of the obhtcrated vcssd 
(p 321) 

The dectrocardiogram immediately following 
an attack of coronary thrombosis often shows 
characteristic features which were first pomtcd 
out by Pardee Similar features were described bv 
Smith foUowmg coronary ligation m dogs In 
ocdusion of the antenor descending branch of 
the left coronary, the most usual electrocardio- 
graphic changes are as follows The descending 
limb of the R deflection m lead I docs not reach 
the base Ime but gives nse in its lower third to the 
T wave, i e , the R-T mterval lies well above the 
base Ime (see fig 28 12o) In lead IH, on the other 
hand, the descendmg hmb of R passes below the 
base hue but does not rise sharply agam before 
givmg nse to the T wave, the S-T interval is 
therefore depressed In ocdusion of the nght 
coronary it is usual to find these charactenstic 
features m the two leads reversed, the S-T mtenml 
being depressed m lead I and the R-T interval 
elevated m lead HI (fig 28 126) The electro- 
cardiogram changes m character as recovery 
progresses, gradually returmng to normal though 
an inverted T wave in lead I (left coronary oc- 
dusion) or m lead HI (right coronary ocdusion) 
often persists The electrocardiogram resulting 
from left coronary ocdusion is therefore frequentlv 
referred to as the T, type of record (fig 28 12c), 
that associated with ocdusion of the nght artery 
as the Tj type (Parkinson and Bedford ) 

Probably the most characteristic dectrocardio- 
graphic feature of coronary ocdusion is the van- 
abffity of the traang from day to day dunng 
the penod following the attack 

Low Voltage Electeocaediocraiis These are 
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Fig 28 12 Electrocardiogram m acute coronary occlusion a, Ti, type of traang, b, Tj, type, c, same patient 
as (a) 16 dajs later (Kindness of Dr John Hepburn ) 

seen most frequently in subjects of myocardial de- 
generation resulting from coronary disease (fig 28 13) 

The range of voltages for the normal electrocardio- 
gram IS given on page 220 Low voltages are also seen 
in a certain proportion of cases of hj^iothyroidism and 
in massive pericardial effusions Electrocardiograms 
showing these low voltages, except in the last two men- 
tioned mstanccs, are of grave prognosUc significance 
In 68 per cent of a senes of cases observed by Hepburn 
and Jamieson the average duration of life after this 
electrocardiographic feature had been first observed 
was 6 months 

The Pulmonary (Lesser) Circulation 

The blood is conveyed from the right to the left 
side of the heart through the pulmonary cmcuit 
and the quantity passmg per minute obviously 
must equal the quantity flowmg m the same time 
through the rest of the body, namely, from 4 to 
6 liters under basal conditions A portion of the 
blood dehvered to the lungs by the bronchial 
arteries drains directly mto the pulmonary veins 
(see p 344) The pulmonary vessels like those of 
the systemic system consist of artenes, artenoles, 
capillaries and veins, the pulmonary artenes 
break up abruptly mto short, vnde branches The 


nimutc vessels of the lung, unhke those of any 
other vascular area, are surrounded almost com- 
pletely by air Though each capillary is only from 
a half to one millmieter m length and of the order 
of 10 microns in diameter, the total capillary sur- 
face exposed to the lung air has been estimated at 
about 140 square meters (Hufner) The vessels of 
the lung arc highly distensible and their capacity 
alters with (a) changes m mtrathoracic pressure 
incident to the respiratory movements, and (b) 
alterations m the minute volume of the right ven- 
tricle m relation to the resistance on the left side 
of the heart 

The veloaty of flow through the mdixidual 
pulmonary vessels vanes directly with the output 
of the nght ventricle and inversely with the ca- 
paaty of the vascular bed That is, the capaaty 
of the vessels remammg constant, an increasejn 
the output of the nght .ventnde_inar^es the 
veloat y of flow m the mmute vessels (p 178) 
and xnce versa An'mefease" or decrease m the 
capacity of the vessels and thus in the total sec- 
tional area of the vascular bed, the right ven- 
tricular output remammg unchanged, slows or 
quickens respectively the blood flow through the 
pulmonary circuit 
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charge, the pulmonary pressure would rise during 
this phase of respiration Due, however, to the 
traction exerted upon the circumference of the 
pulmonary vessels by the surroundmg lung tissue, 
theu: capacity is mcreased This more than com- 
pensates for the greater amount of blood entermg 
the pulmonary circmt dunng the mspiratory 
phase Dunng expiration these effects are reversed 
The right systolic discharge is less but the ca- 
pacity of the vascular bed of the lungs is at the 
same time reduced, an upward swmg in pulmo- 
nars' arterial pressure occurs With maximal ex- 
pansion of the lungs or during a forced expiration 
mth the glottis closed (Valsalva’s experiment, 
p 169) the vessels are strongly compressed by the 
surrounding lung tissue and the pulmonary ar- 
terial pressure nses sharply 

The increased capacity of the pulmonary vessels 
durmg mspiration reduces, momentarily, the flow 
of blood into the left auncle, the consequent re- 
duction in the systolic discharge of the left ven- 
tncle causes a fall m aortic pressure After a few 
beats of the right ventnde the greater capacity 
of the pulmonary vessels again becomes filled and 
the flow of blood into the left chambers of the 
heart mcreases, the aortic pressure rises The 
succeeding expiration, by reduemg the capacity 
of the pulmonary vessels, dnves blood to the left 
side and further mcreases the discharge mto the 
aorta, the systemic pressure, m consequence, con- 
tinues its nse until near the end of the expiratory 
phase The large undulations which appear m 
the blood pressure traemgs of anunals are due 
to these effects If the respiratory movements and 
the systemic blood pressure are recorded simul- 
taneously it IS found that the blood pressure 
commences to fall at the commencement of m- 
spiration and reaches its lowest pomt m the latter 
half of this phase, the blood pressure tracmg 
then commences to nse and reaches its maximum 
toward the latter part of expiration' (fig 28 14) 

NERVOUS REGULATION OF THE PULMONARY VESSELS 

The pulmonary vessels receive vasoconstrictor 
fibers through the sympathetic The first definite 
evidence of a vasoconstrictor supply to the vessels 
of the lung was secured by Bradford and Dean 
who stimulated the penpheral ends of the thoracic 
nerves from T2 to T7 m the dog and observed a 
rise m pulmonary artenal pressure without any 
change m heart rate or m systemic blood pressure 

' See Hembecker 



sake of simplicity the smaller waves due to the heart 
beat, and normally seen superimposed upon the respira- 
tory waves, have been omitted 

Dalv and Euler have obtamed evidence that the 
sympathetic of the dog also contains vasodilator 
fibers Adrenahne causes constnction of the pul- 
monary vessels, except m high dilution when it 
causes vasodilatation 

The vagus of the dog carries both vasoconstne- 
tor and vasodilator impulses to the lung The dis- 
tnbution of the vasoconstnetor and vasodilator 
fibers to the pulmonary vessels vanes consider- 
ably, however, in different species Though m the 
dog, as just stated, both the sympathetic and the 
vagus contain vasoconstnetor as well as vasodila- 
tor fibers, sympathetic stimulation gives predomi- 
nantly vasoconstnetor' and vagal excitation 
vasodilator effects In the rabbit, on the other 
hand, only constnction of the pulmonary vessels 
can be obtamed by stimulation of the vagus, this 
effect IS abolished by atropme and enhanced by 
esenne Further evidence of the vasodilator action 
of pulmonary parasympathetic fibers m the dog 
and of their vasoconstnetor action in the rabbit 
IS provided by the action of acetylcholme, this 
parasympatho-mimetic drug causes dilatation of 
the pulmonary vessels of the dog, and constriction 
of those of the rabbit 

It IS probable that the innervation of the pul- 
monary vessels is of little physiological impor- 
tance Indeed, the need of vasomotor control of the 
pulmonary circulation is not evident 

PULMONARY CARDIOVASCULAR REFLEXES 

Evidence for the existence of propnoceptors m the 
vascular bed of the lungs has been furnished by the 

• One IS tempted to doubt that these experimental 
results reflect what actually occurs m normal un- 
anesthetized animals, for the sympathebc, which is 
called into play in preparing the body in emergenaes, 
would then act to impede the blood flow through the 
lungs Furthermore, m muscular exerase a discharge 
of unpulses over sympathetic paths occurs, yet the 
pulmonary artenal pressure does not nse as it would 
be expected to do were pulmonary vessels constneted 
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experunents of Schwiegk and of Daly and associates 
The latter perfused the pulmonary and the systemic 
vessels separately mth oxygenated blood Increased 
pressure in the pulmonary circuit caused a shght fall 
in systemic artenal pressure and an increase or a de 
crease m the heart rate The fall m systemic blood 
pressure rvas more readily produced by raising the 
pressure m the pulmonary veins, as maj follow obstruc 
bon to the outflow from the left auricle The effect 
IS evidently purely reflex m character, for it is abol 
ished by seebon of the vagosympathebc nerves A 
reflex of this character may play some part m the fall 
of systemic blood pressure which occurs in left ven- 
tncular failure and m pulmonarj embolism 

Inflabon and deflabon of the lungs within the 
physiological range causes, respccbvelj, accelerabon 
and slowing of the heart This respiratory arrhythmia 
IS often very pronounced in young persons (p 240) 
The mode of its produebon has been studied cipen- 
mentally by a number of mvesbgatoTS According to 
Anrep, two mechanisms are concerned, reflex and 
central The reflex effect is through afferent pulmonarj' 
termmals, the vagus center and efferent cardiac \agus 
fibers The impulses set up bj inflation cause depres 
Sion of the tone of the vagus (cardio inhibitorj) center 
with consequent increase in heart rate The reflex 
effect IS abolished by sccboning ather the pulmonary 
(afferent) or the cardiac (efferent) vagal fibers The 
afferent impulses exert no influence upon the catdio 
accelerator mechanism, for cxasion of the stellate 
and upper thoraac ganglia does not alter the response 
The reflex is apparently mibated through the stretch 
receptors m the visceral pleura or in the layer of lung 
tissue immediately subadjacent to it These receptors 
adapt rapidly and if the mflabon is protracted, second 
ary slowing of the heart occurs Extreme inflabon 
of the lungs causes cardiac slowing rather than ac- 
celerabon The slowing of the heart caused b> dc 
flabon of the lungs is accompanied by depression of 
aunculo-ventncular conduebon, in a heart m which 
there is already some delay in conduebon over the 
bundle, deflabon may cause complete heart block 
The central factor in the mechanism leading to cardiac 
accelerabon follovnng inflabon of the lungs is gen 
erally beheved to be due to the radiation of im 
pulses from the respiratory to the cardio-inhibitoiy 
center It is not abolished by seebon of the pul 
monary fibers of the vagus or paralysis of the re 
spiratory movements by means of curare 

The CiRctJLATiON through the Liver 

The hver receives blood from two sources— 
from the gastro-mtestmal tract, spleen and gall- 
bladder through the portal vein, and from the 
aorta through the heflaltc artery 

The portal vem differs from other vems m that it 


divides mto numerous branches which ulbmatclj form 
a nch capillary network within the liver substance 
In this It resembles an artery’, but unlike an artciy it is 
interposed between two capillary beds— one, as just 
menboned, in the liver, the other in the splanchnic 
area It drains the capillary beds of the gaslrointcsbnal 
tract, spleen and pancreas, but not that of the kidney 
'The pnmary branches of the portal vein upon entenng 
the liver divide into \csscls which run between the 
hepabc lobules (fig 28 15) These — the interlobular teins 

give nse to capillary like vessels called the hepatic 

stntnotds On its cither side each sinusoid is separated 
from a bile capillary by a single lay cr of hepatic cells 
(lucr cords) with which the blood comes into direct 
contact, an endothelial wall being absent Blood 
plasma penetrates into the lucr cells through fine 
intracellular canabculi The Kupffer cells (p 105) 
arc found in the walls of the smusoids The sinusoids 
converge toward the center of the lobule — like the 
spoWes of awheel toward ats hub— where they empty mto 
a wader channel running perpendicularly to them, and 
called the central rein Each sinusoid has a sphincter at 
its inlet, and another at its junebon with the central 
vein The walls of the venules of the portal vein contain 
little or no smooth muscle, and arc, therefore, inca 
pablc of active changes in caliber The hepabc vans, 
on the contrary, arc well supplied m thus respect (sec 
below) The central veins of ncigbbonng lobules join 
m groups to form siiblobular tans which unite in turn 
to form hepatic tans After a series of unions of the 
bttcr, larger vessels (sbll called hepabc veins), are 
formed which empty into the inferior vena cava The 
hepatic veins opening into the infenor cava are from 
S to 13 in number, one or two only dram the left 
hepabc lobe, the remainder carry blood from the right 
lobe 

The bcpvtic artery is distributed mainly to the 
fibrous tissue of the capsule and interlobular septa, 
but also to the hepabc parenchyma through the mixing 
of Its blood with the portal blood, for the hepatic artery 
has three communications with the portal system, (a) 
its terminal twigs open into the sinusoids, (b) into the 
portal vessels just proximal to the sinuses, and (c) 
arterio-venous channels enter the portal system some 
distance proximal to the sinusoids The blo^ conveyed 
to the liv cr through the hepatic artery constitutes about 
20 per cent of the organ’s total blood supplv, and 
like artenal blood elsewhere has a high oxygen content 
The blood of the portal system is only about SO per cent 
saturated with oxygen The oxygen consumpbon per 
gram of hepabc tissue vanes between 0 024 and 0 065 
cc per minute Though the hepabc artery supplies only 
about 20 per cent of the blood to the liver it is respon 
sible, owing to its rclabvcly high oxygen tension, for 
delivenng the greater part of the oxygen consumed bv 
the organ Necrosis of the hv er follows shortly after liga 
bon of the hepabc artery Markowitz and his assoaates 
have found, however, that necrosis of the liv cr, following 
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ligation of tlic hepatic artcrj , is due to infection with 
anaerobic bacteria, and that the suppl> of arterial blood 
maj be entirel} cut off mth impunil} if the animal is 
treated with penicillin Thc> suggest that the chief 
function served by the hejiatic artery is the maintenance 
of a sufiicicntlj high 0 T>gcn tension in the hepatic cir- 
culation to prevent the grow th of such microorganisms 

The circulation is intermittent over large terri- 
tories of the liver, in about 75 per cent of the liver 
substance the circulation, under ordinary arcum- 
stances, is inactive, its sinusoids being packed with 
red cells and apparently serving merely as storage 
depots As might be expected, many more sinusoids 
show circulatory activity during digestion, and the 
blood flow through the liver mcreases greatly 

The blood pressure in the portal vein, as meas- 
ured m experimental animals, is from 8 to 12 
mm Hg In the dog and probably in man the 
muscular coat of the hepatic veins near their 
entrance into the vena cava is highly developed 
When contracted the smooth muscle m this situa- 
tion, which Dale and his associates refer to as the 
“hepatic sphincter”, may cause a marked increase 
m the resistance to the hepatic blood flow 
Through this arrangement the hepatic veins serve 
the purpose of an adjustable sliuce, by means of 
w’hich the quantity of blood m the liver is vaned 
considerably under different conditions The liver 
thus functions as a reservoir withm which blood 
at one tune may be pooled, or from which at 
another time an extra quota of blood may be 
delivered into the general circulation Barcroft, 
Nisunaru and Ray point out, however, that the 
liver IS not a storehouse in the sense that the blood 


IS in a cul de sac and out of orculation, as m the 
case of the spleen (p 70) The time taken for a 
red cell to traverse the hepatic channels (6 to 10 
seconds) is only a fraction of the time that it 
spends m passmg through the spleen or even 
the skin It w'as found, for example, that 30 
minutes after an animal had breathed carbon 
monoxide, samples of blood taken from the femoral 
artery, portal vein, hepatic vems and from the 
scratched surface of the liver, all had practically 
the same CO saturation That is, there had been 
no greater retention of CO by the hepatic blood, 
and consequently no significant slowing of the 
flow' through the liver 

The “hepatic sphincter” is constneted by pep- 
tone and histamine, and relaxed by adrenalme 
or sympathetic nerve impulses The great en- 
gorgement of the liver and splanchnic area in 
dogs foUowmg histamme poisoning (histamme 
shock) is illustrative of the effect of this drug upon 
the hepatic veins The splanchnic congestion seen 
m anaphylactic or peptone shock m this species, 
IS also due, apparently, to constnction of the 
hepatic vems and the damming back of blood 
in the portal system Adrenaline, on the other 
hand, according to the observations of Rem and 
his associates, causes the immediate dehverj' from 
the hver mto the general cmculation, of a weight 
of blood equal to from 26 to 59 per cent of the 
weight of the hver itself Adrenaline, at the same 
time as it relaxes the sphincters of the hepatic 
vems, appears to constnet the finer tnbutanes 
withm the hver, and causes, as well, the hberation 
of fluid from the hepatic cells 

Acetylcholine appears to have little effect upon 
the hepatic blood flow', but the cholinergic drug 
/3-methylcholme stimulates the muscle of the 
hepatic vems, and, after a brief mcrease in venous 
outflow', there is a rather prolonged period of 
reduced flow Stimulation of the vagus nerve 
causes the appearance of acetylcholme m the 
effluent blood, whereas an adrenahne-like sub- 
stance is found after stimulation of the hepatic 
plexus (sj'mpathetic) Infusions of hj'pertonic solu- 
tions of glucose or of salme mcrease the hepatic 
blood flow 

The blood flow through the hver is also varied 
through nervous influences actmg upon the mtra- 
hepatic vessels and upon the \ essels of the splanch- 
nic area Vanations m the caliber of the former 
wall alter the resistance to the flow through the 
hver Variations m diameter of the splanchnic 
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vessds, on the other hand, increase or diminish 
the quantity of blood reaching the liver through 
the portal tnbutanes 

The blood flow through the hver in man can be 
determined upon the direct Fick pnnciplc (p 
267) by obtainmg samples of arterial systemic 
blood and of hepatic venous blood (by catheteri- 
zation of an hepatic vem) The samples are an- 
alyzed for their content of urea (produced m hver), 
and the total urea excretion m the unne per mmute 
determined From these data the hepatic blood 
flow IS calculated Bradley and his assoaates 
employ bromsulfthalem, which is removed selec- 
tively by the hver, the dye is contmuously trans- 
fused, and its amount m the arterial and m hepatic 
vem blood ascertamed Thus, if 5 0 mg of the dye 
are infused per mmute and the difference between 
the amounts m arterial and hepatic vem blood is, 
say, 0 50 mg per 100 cc., then the hepatic blood 
flow is (5 0/0 50 X 100 =) 1000 cc per mmute 
The hepatic blood flow in man is around 1500 cc 
pier mmute, 

OBSTRUCTION OR THE PORTAL CIRCULATION 

In Cirrhosis of the hver (piortal cirrhosis), the 
compression of the mtrahepatic vessels by fibrous 
tissue raises the resistance to the flow of blood 
through the hver The hepatic vascular bed is much 
reduced As a result of the nse m pressure m the 
portal system, the blood is forced mto channels, m- 
conspicuous under normal conditions, connectmg 
the pmrtal vem and the systemic veins The chief 
among these by-passes for the return of blood from 
the splanchnic area to the right aunde are provided 
by anastomoses between (a) the coronary vem of 
the stomach and the esophageal veins, (b) the 
supenor hemorrhoidal branches of the infenor 
mesenteric vem and the rmddle and inferior 
branches of the mtemal iliac (hypiogastric) veins, 
(c) the epigastric veins (supenor and inferior) and 
the portal vem through the paraumbilical veins of 
Sapptey IVhen these commumcations are fully es- 
tabhshed the epigastnc vems appear as a group of 
large tortuous vessels of the abdormnal wall m the 
region of the umbflicus (capil medusae), (d) the 
radicals of the jiortal vem in the mtestmes and the 
infenor vena cava, through the retrojieritOEeal 
vems of Retzius 

Portal hypertension is also seen in congestive 
splenomegaly (Banli’s syndrome, p 72) Surgi- 
cal treatment consists m anastomosing the portal 
vem to the infenor vena cava 


EcH Fistula This is the communication pro- 
duced for experimental purposes between the por- 
tal vem and the mfenor vena cava, and the exclu- 
sion of the hver from the portal circulation The 
two vems are anastomosed side by side and the 
portal vein then bgated between the anastomosis 
and the hver, the blood from the portal area is thus 
turned directly into the vena cava The hepatic 
artery is, of course, left intact This operation has 
been employed m certam studies where it has been 
desired to exclude hepatic function Such an ob 
ject is not attained, however, for the only saUs- 
factory means of abolishing hepatic function is 
to remove the liver 

Extirpation of the Liver Ordinarily, death 
occurs within a very short time after removal of 
the hver The rapid death is not due to the loss of 
the essential hepatic functions, but sunply to the 
fact that smee the portal vein must be tied, the 
return of blood from the splanchnic area to the 
systemic circulation is blocked The vessels of 
the mtestmes and spleen become mtensely en- 
gorged, the animal dymg as a result of the great 
reduction m its circulating blood volume, or, as 
the expression goes, it bleeds into its own splanch- 
nic vessels 

Mann and Magath have devised a three-stage 
operation which makes it possible to remove the 
hver completely from dogs and have them survive 
for penods varymg from 20 to 36 hours The 
first stage of the operation consists of anastomos- 
mg the portal vem and the infenor vena cava and 
hgatmg the latter vessel above the anastomosis, 
but below the entrance of the hepatic veins All 
the blood from the lower part of the body is thus 
directed through the h\ er This reverse Eck fislula, 
as it is called, and the consequent great increase in 
the blood flow to the hver, elevates the portal 
venous pressure Anastomotic channels gradually 
open up between the portal and sj stcmic systems 
through which a large part of the blood is du'crted 
After a few weeks when the collateral arculation 
has become well established, the portal vein is 
tied The final operabon, performed after 
the lapse of another two weeks, consists of tying 
the hepatic artery and reraonng the hver, which 
has now shrunk considerably m size 

Markowitz and Soskm have developed a simph- 
fied techmque for the removal of the hver which 
does not mvolve the anastomosis of the portal 
vem to the vena cava They apply ligatures to 
these vessels which constrict, but do not com- 
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plctdv occlude them The increased resistance 
thereby induced results m the development of the 
collateral clianncls After these have become es- 
tablished the portal vein and inferior vena cava 
are completely occluded, and the liver removed in 
the usual \\ay 

It IS also possible to extirpate the liver at one sitting 
(Markowitz and colleagues) by connecting the infra- 
and supra-hcpatic sections of the vena cava by means 
of a cannula of pyrex glass (which, as shown by Firor, 
docs not cause blood clotting) The vena cava below 
the li\cr IS opened The cannula is inserted mto the 
vein and passed upward through its intra-hepatic 
portion into tlic supra-hcpatic portion, the vcm is 
then lied around the lower end of the cannula The 
portal vcm and infenor vena cava arc next anasto- 
mosed The \cna cava is then tied around the upper 
end of the cannula Finally, the portal vein and hepatic 
artciy arc ligated and the liver removed, the hepatic 
tissue being stripped away from the reconstructed 
vena cava 

Tiie Cerebral Circulation 

ANATOiUCAL DESCRIPTION 

Blood enters Uic cranium through the tnicrnal carotid 
and Tcrtehral aricrta The brain of man receives the 
greater part of its blood supply through the internal 
carotids The two vcrtebrals unite to form the bastlar 
artery which runs forward in the median groove on 
the under surface of the pons and divides into the 
two posterior cerebral arteries Each internal carotid 
divides near the lateral border of the opUc chiasma 
into the anterior and middle cerebral arteries Com- 
municating vessels unite the posterior and middle 
cerebrals on cither side and the two anterior cerebrals 
Thus a vascular nng— the circle of IF illis—is formed at 
the base of the brain around the optic chiasma, the 
tuber anereum, infundibulum and corpora mammil- 
lana Through the circle of Wilhs very free commum- 
cation betw eon the internal carotids and the vcrtebrals 
IS established Owing to the presence of these anasto- 
motic channels both carotids can be tied in the monkey 
without serious interference with the blood supply to 
the brain Ligation of both carotids and one vertebral 
in this animal results in stupor and death The dog 
survives after both internal carotids and the two verte- 
brals near their origms have been ligated Blood then 
reaches the circle of Willis through anastomoses be- 
tween the spinal branches of the vertebrals and the 
deep cervical artery, and also, as shown by Bouckaert 
and Heymans, through an ophthalmic branch of the 
mtcmal maxillary artery (branch of external caroUd) 
which communicates with the internal carotid within 
the skull This latter communication is capable of 
maintaining the viability of the brain, though all 
other channels through which blood could enter the 


cranial cavity have been tied Temporary occlusion of 
all the mam cerebral arteries in man has been desenbed 
by Rabat and associates The mam effects are fixa- 
tion of the eyes in the mid-lme, tingUng sensations, 
constnction of the visual fields and loss of consaous- 
ness m about 7 seconds After restoration of the cir- 
culation, mild tome and clonic seizures occur After 
occlusion for 100 seconds and restoration of the circu- 
lation, there is rapid return to consciousness, no 
lasting effect was observed The comeal reflex was 
lost in less than 10 seconds after the arculation had 
been arrested, the abdominal and plantar reflexes 
were abohshed, and the Rossolimo and Hoffmann 
reflexes became positive. In most instances, hgation of 
one common carotid in man causes no ill effects owing 
to the rich anastomoses between the two external 
carotids and between the external carotid with the 
mtemal carotid of the opposite side Syncope, con- 
vulsions, etc reported as resulting from compression 
of one common carotid were in all probabihty due to 
a carotid sinus reflex (p 287) rather than to mechanical 
interference with the cerebral blood supply Compres- 
sion of both common carotid arteries m man is follow ed 
w’lthin a few seconds by unconsciousness 

The antenor and middle cerebral artenes, branches 
of the internal carotid, and the postenor cerebral 
branches of the basilar, after givmg off branches 
which supply chiefly the basal gangha and hyTiothal- 
amus, pass to the surface of the cenebrum Here they 
ramify in the pia mater and send tw igs into the under- 
lynng substance of the hemispheres The anterior 
cerebral courses forward from its origin to the com- 
mencement of the longitudinal fissure and then arches 
backward over the corpus callosum It is distnbuted 
over the medial surface of the frontal and parietal 
lobes, an adjacent band of cortex on the lateral aspect 
of the hemisphere, and the cortex of the cingulate 
gj'rus The middle cerebral artery reaches the surface 
of the hemisphere through the Sylvian fissure Among 
Its basal branches are twigs — lenticulo striate — to the 
Icntiform nucleus and internal capsule One of these, 
larger than its fellows, not infrequently ruptures and 
on this account is referred to as the “artery' of cerebral 
hemorrhage” The cortical distnbution of the middle 
cerebral includes the antenor pole of the temporal 
lobe, the lateral part of the orbital surface of the 
frontal lobe, the insula, and the large area of the lateral 
surface of the hemisphere not supplied by the antenor 
or posterior cerebrals, that is, the greater part of the 
middle and infenor frontal gyn, the lower two-thirds 
of the pre- and post-central gyri, the supramarginal 
and angular gyn, and the supenor and middle tem- 
poral gyn, The postenor cerebral artery curves back- 
wards between the cerebral peduncle and the uncus 
It supplies the uncus and hippocampal gyTus on the 
medial aspect of the hemisphere, the fusiform and in- 
ferior temporal gyn, and the cortex on the medial, 
infenor and lateral surfaces on the ocapital lobe 
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The vertebral artery on each side gives off a httle 
below the pons a posterior inferior cerebellar branch 
nhich supphes the medulla It sends twigs to the 
glossopharyngeal, vagus and accessoiy nuclei, to the 
spino-thalamic, spmo-cerebral and rubro-spmal tracts, 
and, probabl} , to the spinal root of the trigeminal 
nene The basilar artery, formed by the union of the 
two vertebrals gives off on each side an anterior in 
ferior cerebellar branch which ramifies over the under 
surface of the cerebellar hemisphere, and a superior 
cerebellar branch which is distnbuted to the superior 
surfaces of the vermis and cerebellar hemisphere. 

The blood is returned from the brain through the 
cerebral veins which course oi er the surface of the hemi- 
spheres, and receive as tributaries the small veins 
which dram the capillary bed m the bram substance. 
The cerebral veins dram mto the large dural sinuses — 
superior and inferior sagittal, cavernous, straight, etc. — 
which he enclosed between the outer and mner layers 
of the dura mater The smuses possess no vaKes. 
Their triangular cross-section and the support afforded 
by their dural envelopes render them relatively re- 
sistant to compression The venous blood ultimately 
finds It way mto the two transverse sinuses The trans- 
verse smus on either side becomes contmuous at the 
jugular foramen with the mtemal jugular vein 

The network of vems which begms with the dural 
sinuses m the posterior cranial fossa forms a longitu- 
dmal plexus which extends throughout the entire 
length of the spmal column and commumcates at 
each mtervertebral space with vems withm the thorax 
and abdomen. This plexus constitutes a route through 
which the blood can be returned from the cranial 
cavity to the supenor and infenor venae cavae. That 
this alternative channel is of great functional im- 
portance m man is shown by the fact that both m- 
temal jugulars can be hgated simultaneously vnthout 
serious consequences Even complete occlusion of the 
supenor vena cavra by a thrombus may occur with 
relatively httle ill-effect. Other less important channels 
through which blood may be returned from the cra- 
mum are the emissary vems of the skull which con- 
nect the dural smus with the vems of the scalp, and 
commumcabons between the veins of the orbit and the 
pterygoid plexus of veins 

The gray matter is much more vnscular than the 
white matter In the human cerebral cortex the total 
capillary length is about 1 meter per cu mm of tis- 
sue, and only around 200 mm per cu mm in the 
underlymg white substance. The cerebral vessels are 
not “end artenes” but form a contmuous, freely com- 
mumcatmg network through which a corpuscle rmght 
conceivably travel from the frontal to the ocapital lobe 

TACrORS EEGULATnsG THE CEREBRAL BLOOD FLOW 

The adult cranial cavity and vertebral canal 
form a space which is almost completely enclosed 


by ngid walls and filled by brain substance, 
cerebro-spuial fluid and blood The total volume 
of the cranial contents, which arc mcompressible, 
can therefore alter relatively little and to an ex- 
tent which IS determuied simply by the degree of 
bulgmg of the membranes at the occipito-atlan- 
toid jomt and between the vertebrae ’’ Neverthe- 
less, under certam arcumstances considerable 
reciprocal volume changes betw een the bram sub- 
stance, cerebro-spinal fluid and blood may occur 
That IS, any mcrease or decrease m one of these is 
accompamed by a reverse change m one or both of 
the others The mtravenous mjection of hj-pertonic 
(30 per cent) salme, for example, causes, through 
the changes m osmotic relationships, a shrinkage of 
the bram, a fall m cerebro-spmal flmd pressure 
from around 10 mm Hg to a negative value (—10 
mm Hg), but a very moderate fall m the pressure 
of blood m the supenor sagittal smus As a conse- 
quence, reversal of the normal relationship be- 
tween cerebro-spmal flmd and venous cerebral 
pressures results, the former being reduced con- 
siderably below the latter The creation m this 
way of a negative cerebro-spmal fluid pressure is 
strong evidence that the cranial contents are con- 
tamed withm a “dosed box” Hj-potomc solutions 
cause an mcrease m brain volume and a nsc m 
cerebro spmal fluid pressure and of the pressure m 
the supenor sagittal smus The normal relationship 
between cerebro-spmal fluid and cerebral venous 
pressures is therefore mamtamed 
The vessels of organs such as the kidney, liver 
or musdes, etc., can dilate widdy and the whole 
organ expand (see fig 27 14, p 295) Consequentlj 
a greater mass of blood can be hdd bj these 
structures at one time than at another, and it is 
possible for a greater volume of blood to flow 
through them without the vcloaty of flow through 
the mdividual vessels bemg increased Smcc the 
mass of mtracramal blood cannot be very much 
greater at one moment than another, a greater 
oxygen supply to the bram is assured largely by an 
mcrease m the speed of the blood through the 
mdivndual vessels rather than by an enlargement 
m the total capaaty of its vascular bed The 
cerebral circulation tim e (carotid to jugular by 
the radium emanation method) is around 3 sec- 
onds 

conception of the mvanabihty of the volume 
mtracramal contents as a result of the ngidity 
of the cranial boundaries, onginated with Alexander 
Morao of Edinburgh (1783), and was elaborated bv 
^elhe (1824), it is therefore commonly known ns the 
Monro-Kelhe doctnne 
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The veloaty of the blood through the intra- 
cranial vessels is determined by the pressure dif- 
ference (pressure gradient) between the cerebral 
artenes and the cerebral veins The pressure m 
the former vessels is ordinarily proportional to the 
s>"stemic artenal pressure (see below, p 337 and 
340) The pressure m the larger cerebral artenes 
IS about 65 mm. Hg diastohc, and 100 mm. 
Hg systoha The pressure m the capiUanes is 
about 13 mm Hg The pressure m the mtra- 
cramal vems though lower than, vanes with the 
cerebro-spinal flmd pressure The venous pressure 
m the recumbent position is from 6 to 8 mm Hg, 
1 e , approximately the same as the pressure in the 
median basQic vem, but becomes reduced nearly 
to zero m the erect position Changes m venous 
pressure at the nght aunde are transmitted to the 
mtemal jugular vem and so to the mtracranial 
vems In consequence, the pressure m the venous 
smuses vanes as a result of the changes m mtra- 
thoracic pressure occurrmg dunng the respiratory 
cyde — ^mcreasmg dunng expiration and decreasmg 
dunng inspiration Failure of the nght ventnde, 
thrombosis of the transverse smus or obstruction of 
the mtemal jugular vem, or of the supenor vena 
cava, are among some of the pathological condi- 
tions which result m an maease m the cerebral 
venous pressure A fall m artenal pressure or a rise 
m cerebral venous pressure will tend to slow the 
blood flow through the bram, reverse changes will 
tend to mcrease the cerebral blood flow However, 
apart from the postural and respiratory vanations 
just mentioned, the cerebral venous pressure re- 
mams fairly constant under ordmary conditions 
The mtracramal blood flow is, therefore, deter- 
mmed largely by the height of the general artenal 
blood pressure Until recently this was considered 
to be the sole factor regulatmg the flow through the 
bram, the cerebral vessels themselves were thought 
to play a purely passive r61e 

The ejfed- of gas tenstojis oil the cerebral vessels The 
gas tensions of the blood are potent factors m the 
control of the cerebral cuculation An mcrease m 
carbon dioxide tension (breathmg 7 per cent COj) 
has a profound vasodilator effect upon the cerebral 
vessels, it is capable of causmg changes m vascular 
cahbers mdependently of alterations m the general 
blood pressure, and by dilatmg the vessels may 
mcrease the cerebral blood flow by 40 per cent Low 
carbon dioxide tension has, m man, a vasocon- 
strictor Effect Anoxemia has been found by most 
investigators to exert a pronoimced vasodilator 


action, an mcrease m oxygen tension causes a de- 
crease m blood flow through the bram Acids act 
upon the mtracramal vessels hke high tensions of 
carbon dioxide or low tensions of oxygen and al- 
kahs like low CO 2 tensions or high oxygen tensions 
The Nervous Control of the Cerebral 
Vessels GuUand over fifty years ago (1898) 
reported havmg discovered nerve filaments upon 
the blood vessels of the pia mater Huber a year 
later described meduUated and non-medullated 
nerves endmg on these vessels He considered the 
meduUated filaments to be sensory, the non- 
meduUated, vasomotor m function Nen^e fibers 
gomg to the blood vessels withm the bram 
substance have also been descnbed by others 
(Kolliker, Clarke) and more recently by Penfield 
Though Wiggers had demonstrated that the 
pial vessels reacted to adrenaline by constnction, 
it is only withm the last few years that defimte 
evidence of the nervous control of the mtra- 
cranial vessels has been secured, it is now defin- 
itely estabhshed that vasoconstnctor impulses are 
conveyed by the sympathetic. 

The pial vessels have been observed by Forbes 
and Wolff through a glass wmdow screwed mto 
a trephme hole m the sLuU, the space between 
the glass and the bram surface bemg fiUed nith 
RmgeFs solution Upon stimulation of the sympa- 
thetic, constnction of pial and dural vessels was 
observed accompamed bj' a nse m systemic arte- 
nal pressure, section of the sympathetic was 
foUowed by dilatation of the exposed vessels 
Stimulation of the central end of the cut vagus, 
aortic or smus nerves or of the facial nerve at the 
gemculate ganglion, resulted m dilatation of the 
pial vessels and a faU m systemic pressure The 
vessels of the pia mater were not altered m cahber 
by a nse m the systemic artenal blood pressure 
unless this exceeded 60 mm Hg, dilatation of 
the vessels apparently passive m nature nas then 
observed These experiments show that the super- 
ficial cerebral vessels can constnct or dilate quite 
mdependently of, or mdeed m spite of, a rise or 
fall m systemic pressure, and prove conclusively 
the existence of a nervous mechamsm m the con- 
trol of the mtracramal circulation This control 
IS not essentially different from that govermng 
the caliber of the systemic vessels except that the 
cerebral vessels, accordmg to Schmidt, are held 
m a state of tome dilatation rather than m one of 
tome constnction, as prevails m the vascular sys- 
tem of the rest of the body Reduction of vaso- 
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dilator tone is probably of greater importance 
than sympathetic impulses m bnngmg about con- 
stnction of the cerebral vessels Though quite 
defimte, the vasoconstnctor action is weak as com- 
pared to the response of extracranial vessels to 
sympathetic stimulation and to the stimulation 
of vasodilator fibers to the cerebral vessels Stunu- 
lation of the cervical sympathetic causes a reduc- 
tion m cahber of the latter of only 10 to 30 per cent 
m contrast to an 80 to 90 per cent reduction in 
diameter of the vessels of the skm to sympathetic 
stimulation 

A fall in systemic blood pressure below a cer- 
tam critical level (about 60 mm Hg) causes dila- 
tation of the cerebral vessels This reaction 
apparently constitutes a safety device to maintam 
an adequate blood supply to the brain The asso- 
ciated fall m blood pressure has been shown to be 
the factor responsible for the vasoddatation 
caused by stimulation of the vagus, aortic or 
smus nerves (Forbes and associates), for vaso- 
dilatation fails to take place if the blood pressure 
IS pre\ ented from fallmg while the nerve is stimu- 
lated On the other hand, the vasodQator response 
IS not altered by the application of cocaine to the 
pial vessels, which mdicates that it is not a true 
reflex but a reaction of the vascular walls them- 
selves to the low mtravasal pressure Smee vaso 
dilatation following vagal exatabon is simply a 
compensatory response to the fall in blood pres- 
sure It rarely causes any mcrease m cerebral blood 
flow The cerebral vasodilatabon caused by stimu- 
labon of the facial nerve occurs with a normal 


blood pressure and is abolished by cocainization 
of the pial vessels It therefore appears to be a 
direct response of the vessels to nerve sbraulation 
The vasodilator fibers of the facial pass to the 
vessels via the geniculate ganglion, the great super- 
fiaal petrosal and the mtemal carobd nerves The 
factal nerve is apparaitly the only source of intra- 
cranial vasodilator fibers 
The observabons 3ust desenbed are not in- 
compabble mth the concepbon that the quantity 
of blood withm the cranial cavity remains ap- 
proximately constant For, changes m the caLTers 
of the vessels in one area of the brain may comade 
with changes of an opposite character m another,* 


A number of observabons support the idea of re 
poMl vanaUoim in cerebral blood flow in accordanc 
demands For example, Fulton ob 
^r\ed in a patient that the blood flow of a vascula 

(.as indicated by an accentuabon of the bruit hean 
over the ocap.tal bone) when the subjected fim 


and, smee the spmal column does not constitute 
a completely ngid encasement but contains dis- 
tensible structures, small rcaprocal changes m 
cerebro-spinal fluid may allow corresponding ven- 
ations in vascular diameters Dunng sjmipathetic 
sUmiilabon an average reduebon m diameter of 
8 5 per cent occurs and dunng vagal stunulation 
an average mcrease m diameter of 22 per cent The 
dilatation of even a relabtely large number of 
artenolcs to this extent might cause little increase 
in the total quantity of blood contained at any 
instant wnthin the cranium Nevertheless, a verj 
considerable increase in blood flow might result, 
for, according to Poiscuille’s law' (p 140) the flow 
of liquid through a capillary tube (other factors 
remaining constant) is directly proporbonal to 
the fourth power of the diameter of the tube. 
Thus an increase of 22 per cent m \ascular di 
ameters would increase the blood flow 150 per 
cent (Cobb) 

These facts throw a new light upon the ph>si- 
ologv of the cercbnl circulation Thej indicate 
that with a constant s>stcmic artcnal blood pres- 
sure, changes in blood flow not onlj through one 
part of the brain in relation to another part, but 
through the brain as a whole ma> be brought 
about Finesinger and Putnam, for example, per- 
fused the brains of monke>s tlirough the internal 
carotid with hepannixed blood after t\ing the 
vertcbrals and the opposite carobd The minute 
volume of the inflow was reduced when the sjm- 
pathetic was stimulated It was found, however, 
that variations m the perfusion (carotid) pressure 
were more cffectiv c in varj'ing the blood flow than 
was ncrv’c sbmulaUon with a constant pressure 
head The maximum blood flow through the brain 
would of course result from a nse m sjstemic pres- 
sure accompanied by dilatation of the cerebral 
vessels In this connection ma> be cited the obser- 
vations of Heynians and Bouckaert These ob 
serv'crs found that a pressor reflex cliated from the 
carotid sinus did not mv olve the cerebral v csscls 
In this reflex the nse in blood pressure, due to 

print Also, in animals a thermocouple in the optic 
pathwaj records a nse in temperature when the ejes 
are illuminated, on the other hand, when the skm of 
the feet was sbmulated, though there was no indica 
tion of increased flow in the optic pathwajs, a definite 
temperature nse was recorded from nervous tracts 
subserving cutaneous sensations (Gerard and Scrota) 
and, dunng muscular movements, from the motor 
cortex Increased vasculantj, as demonstrated bj m 
travital mjecUons of dje, is found m the olfactorj 
lobes of the cat after the mhalation of a strong smelling 
gas 
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vasoconstriction of tlic sj^temic arterioles, must 
obviously result in a greater flow through the 
ccrcliral vessels than would occur if these shared 
in the vasomotor response In pathological hy- 
pertension however the cerebral blood flow is not 
greater tlian normal, the intracranial vessels shar- 
ing in the general v asoconstnction, and thus raising 
tlie cerebral vascular resistance Nor is it likely 
that in muscular exercise the cerebral blood flow is 
increased 

Alterations in the blood flow through the human 
brain can be determined from compansons of the 
OX} gen (or carbon dioxide) contents of the blood 
entenng and leaving the cranial cavity Blood 
samples are taken from an artery and the jugular 
v’cin An increase in tlie arteno-v'cnous ox} gen (or 
carbon dioxide) difference indicates a reduced 
blood flow, a lowered arterio-venous oxygen (or 
carbon dioxide) difference (i e , jugular blood more 
arterial in character) indicates an increased flow 
Variations in the intracranial blood flow of the 
human subject can also be demonstrated by in- 
serting an electrically heated needle into the jugu- 
lar vein, and mcasunng fluctuations m its tem- 
perature by means of thermocouples connected in 
senes witli a galvanometer The heated clement is 
cooled by the blood flow ing around it, a rise or fall 
in Its temperature, therefore, indicates a reduced 
or an increased blood flow respectively 

Ferns has attempted to measure the total blood 
flow through the human brain by an mgenious 
plethysmographic method (see p 179) A widc- 
borc needle is introduced into the lumbar sub- 
arachnoid space. The cerebral blood flow is esti- 
mated from the displacement of cerebro-spmal 
fluid while the jugular veins are occluded for a 
bncf period by means of a pressure cuff encircling 
the neck Gibbs has adapted the Stewart dye dilu- 
tion method to the cerebral circulation (ch 26) , the 
dye IS mjccted into a carotid artery The total 
cerebral blood flow in man, as measured by the 
former method, is 250 cc per minute during rest 
and 400 cc maximum, or 16 cc and 26 cc per 100 
grams of brain substance Owing to certain sources 
of error in this method (e g , the escape of blood 
from the craniovertebral cavity through unoc- 
cluded veins) this estimate is probably much too 
low' Dumke and Schmidt obtained a higher figure 
for the monkey, namely, 60 and 110 cc per 100 
grams of brain per minute Knbat and his associates 
obtained an average figure of 100 cc per 100 gr 
per mmute for man, or about one third of the car- 


diac output for the entire bram (1300 to 1300 
grams m weight) (see also ch 62) 

The demonstration that the cerebral vessels can vary 
their calibers independently of changes in systemic 
blood pressure also provides a physiological basis upon 
which temporary disturbances m cortical function may 
possibly be explained It has long been suspected, for 
example, that transient hemiplegia, amblyopia, and 
possibly migraine or convulsive seizures, may be due to 
spasm of pial vessels and a consequent anemia of the 
cerebral centers Attempts to gam informabon upon 
this question have been made by stud} ing the effects 
of convulsant poisons m animals Finesmger and Cobb 
observed acute constriction of the pial vessels precedmg 
the convulsions induced by the intravenous injection of 
caffeine, but only vasoconstriction preceded the con- 
vulsions caused by the administration of picrotoxin 
or small doses of absinthe and vasodilatation resulted 
from the administration of a convulsive dose of cam- 
phor or of a large dose of absinthe Nor does it appear 
that the convulsive action even of those drugs which 
cause pial vasoconslnclion is directly due to reduced 
cerebral blood flow Gibbs, for example, found that 
convulsions followed the administration of caffeine 
though the blood flow was increased by mjecUng 
adrenaline (see below) The general belief that cere- 
bral anoxia causes an mitial stimulation of nervous 
tissue with the production of convulsions, has been 
disputed by Schmidt who maintams that oxygen lack 
alwa}s depresses cerebral functions 

THE ACTIONS OF CERTAIN CHEMICAI.S AND DRUGS 
UPON THE CEREBRAL VESSELS 

Htslamtne dilates the pial vessels and raises the 
cerebro spinal fluid pressure Flushing of the cortex 
has been observed in man following its admmistration, 
this IS probably the cause of the mtense but transient 
headache which sometimes follows an mjection of his- 
tamine Weiss and Lennox showed also that the ar- 
teno-venous oxygen difference was reduced, le, the 
mlracramal blood flow was mcreased, by histamine 
Smee the s}'stemic blood pressure remained practically 
unaltered, dilatation of the cerebral vessels must have 
occurred Mcirazol, ether, alcohol and carbon inonoxtde 
are also dilators of the pial vessels Adrenaline apphed 
locally to the surface of the bram causes vasocon- 
stnction Its mjection into the general arculation, 
however, is followed by vasodilatation This is a pas- 
sive effect due to the nse m blood pressure, that is, 
the latter overcomes the local effect of the hormone 
upon the pial vessels The net result of adrenaline 
hberation under physiological conditions is therefore 
an mcrease m cerebral blood flow Benzedrine given by 
intracarotid mjection reduces the blood flow to the 
bram Pttressm has an inconstant effect but in most 
mstances causes cerebral vasoconstnction Acclylcho- 
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line IS vasodilator but, owing to its causing a coina- 
dent fall in blood pressure, Uttle or no inaease m 
blood flow results, it may even cause a reduction 
Most anesthetics, especially ether, cause vasodilatation 
Eyperlomc solutions admmistered intravenously cause 
a bnef penod of vasoconstriction followed by an 
increased blood flow This is apparently due to the 
well known action of such solutions in reduang the 
intracranial pressure and m causing a nse in systemic 
arterial pressure. Calcine m large doses decreases the 
cerehral blood flow Amyl nitrile ddates the cerebral 
arterioles as it does those of the rest of the body 
There are very few agents known which constrict the 
cerebral vessels Among them are banum chloride and, 
as already mentioned, a high tension of oxygen A 
low COi tension, of course, results m vasoconstriction 

THE EEEECT OP INOtEASED INTRACRANIAL PRES- 
SURE UPON THE CEREBRAL CIRCCLATION 

Forbes and WolS studied in cats the eSects upon the 
cerebral arculapon of raising the mtracranial pressure. 
They introduced Ringer’s solution under pressure mto 
the ostema magna and observed the superficial vessels 
through a glass window fixed mto the cranial wall It 
might be thought that any considerable nse m mtra- 
cranial pressure would compress the cerebral veins and 
arrest the circulation No change m the vessels of the 
pia mater could be detected, however, until the cerebro- 
spmal fluid pressure had been mcreased to a value four 
or five times that of the normal With gradual eleva- 
tion of the pressure the sequence of vascular events was, 
— slowing of the blood flow m the veins, then dilatation 
of their lumina, dilatation of the artenes, slowing of the 
arterial blood flow, narrowmg of the artenes, and 


finally, complete obhteration of the vessels with conse- 
quent blanchmg of the cortex. It appears that as the 
cerebro spmal fluid pressure rises, the pressure is trans- 
mitted to the blood in the veins and through these 
vessels to the capiUanes and artenes Thus, though at 
first no change m systemic artenal pressure occurs, a 
higher artenal pressure is estabhshed withm the cra- 
mum and the difierence between artenal and venous 
cerebral pressures is mamtained The cerebral arcula- 
tion, though slowed, is able to contmue despite a high 
cerebro spmal flmd pressure When the cerebro-spinal 
flmd pressure equals the systemic artenal pressure the 
circulation through the cerebral vessels, of course, 
becomes impossible 

The “local” nse in artenal pressure accounts for the 
fact that m chmcal cases m which, though the mtra- 
cramal pressure is considerably elevated and the sys- 
temic artenal pressure unaltered, the arculation 
through the bram is not cut off It has been shoivn by 
Berens and his associates that m subjects of bram 
tumor a nse in the pressure m the retinal artenes may 
occur unaccompanied by any elevation of the systemic 
pressure When the cerebro-spmal pressure continues 
to nse and the pressure m the cerebral artenes ap- 
proaches that in the systemic vessels, the mtracranial 
blood flow must be senously curtailed and finally 
arrested unless further adjustments occur These are 
brought about through the vasomotor center The 
slowmg of the flow through the medulla stimulates the 
center, a nse m systemic blood pressure results to 
force blood through the cerebral vessels threatened 
with obhteration 

The renal circulation is descnbed in chapter 35 
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The term “rcbpiration” refers to the gaseous 
interchange between an organism and its environ- 
ment The more obinous chemical features of this 
process are the absorption of oxj'gen and the 
elimination of carbon dioxide All Innng things, 
excluding certain microorganisms which secure 
cnerg)' from dclij drogenase or similar systems, 
must be supplied with oxj'gcn The oxygen is 
absorbed b> the blood in the lungs for debvery to 
the tissue cells wherem carbon is oxidized to car- 
bon dioxide and hydrogen to water The COj 
IS transported by the blood to the lungs and di- 
minated m the expired air The exchange of the 
respiratory gases betw'ccn the tissue cells and the 
internal en\nronmcnt, which is constituted by the 
fluids bathmg the cells, is called tnlernal respira- 
txon This process is essentially the same as that 
takmg place between unicellular organisms (eg, 
the ameba) or primitive multicellular forms and 
the aqueous environment m which they hve But 
mternal respiration also mdudes dehydrogenations 
through the actmty of vanous enzyme systems m 
the tissues The exchange of oxygen and carbon 
dioxide between the blood m the pulmonary capil- 
laries and the air m the lungs is termed external 
respiration The study of respiration therefore 
involves, principally, (1) the physiological mecha- 
nisms responsible for the body obtaining an ade- 
quate supply of oxygen from the external en- 
vironment, (2) the transport of oxygen from the 
lungs to the tissues and of carbon dioxide to the 
lungs, (3) the exchange of the respiratory gases 
between the cells and the mternal environment, (4) 
the oxidative and other respiratory processes 
ivithin the tissue cells whereby energy is hberated, 
and (5) the control of these mechanisms and their 
correlation wnth one another and with other bodily 
processes 


Physiological anatomy 

Air entering through the nasal openings is wanned, 
and some of the grosser unpunties are retamed by the 
fine hairs around the nostrils and by the mucous secre- 
tion The nasal cavity just wnthin the external nares 
(vestibule) is lined with skm The remammg parts of 
the nasal cavities are bned wnth mucous membrane 
which is covered by a laj er of ciliated columnar epithe- 
hal cells and scattered “goblet” cells, it is contmuous 
with the membrane Immg the accessory nasal smuses 
The nasal bnmg is very vascular, it contams a venous 
plexus whose channels anastomose freely and give the 
mucosa an appearance suggestive of erectile tissue 
(see nasogemtal relationship, chap 61) The vascular 
channels are dilated by several conditions, eg, m- 
fections, local irritants, certain anaphjlactoid states 
and a nse m temperature of the inspired air or of 
the environment, or by local heatmg of the skin, the 
mucosa swells and the airway is narrowed in conse- 
quence Coolmg the inspired air or skm causes vaso- 
constnction, as will also the apphcation of adrenaline 
or ephednne to the mucosa The vasculanty of the 
mucosa is also influenced reflexly by the apphcation of 
heat or cold to the skm of remote regions of the body 
The pharynx is, of course, a common pathway for food 
and air As the food passes the laryngeal opening this is 
closed by reflex action and respiration is inhibited The 
surface epithehum of the nasal part of the pharynx is 
provided mth cilia and goblet cells In the oral part 
of the pharynx the epithelium is of the stratified 
squamous type The epithelium of the bronchial tree 
presents very definite changes as one proceeds from 
the larynx to the termmal bronchioles The stratified 
squamous covermg of the upper part of the larynx 
changes to aliated m the lower part of the vestibule 
of this organ The vocal cords are covered with squa- 
mous epithelium, but abated cells agam Ime the trachea 
The epithelium of the trachea contams also goblet 
cells and mucous and serous glands The large bron- 
chioles are similar to the trachea m this respect, but m 
the bronchioles the goblet cells and deep glands are 
lost 
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CiUA. The nasal secretions are moved toward the 
nostrils largely hy the action of cdia It is perhaps 
not generally appreciated that the smuses are kept 
clear, under normal condibons, by the beating action 
of the aha with which the epithehum is very plenti- 
fully supphed As stated above, ciliated cells are 
found m the nasal part of the pharynx, in the lower 
part of the \estibule of the larynx and m the trachea 
The cilia beat with a motion which propels material 
toward the mouth They become even more abundant 
when the large bronchioles are reached, but are largelj 
replaced bj cuboidal or flattened cells m the respiratory 
bronchioles 

The efliaency of the abated cells of the trachea and 
large bronchioles m propelhng mucus and waste ma 
tenal orally is, under normal conditions, of a high 
order The alia are not influenced by nerve impulses, 
but are very susceptible to chemical changes m the 
blood and to substances apphed locally Certam gen 
eral anesthetics depress their activity and many seda- 
tives exert the same effect. Ciliary action is depressed 
by cold and increased when the temperature of the 
cells IS raised slightly abo\e normal The effiaency of 
the alia depends m part on the viscosity and stickmess 
of the material which is m contact with them Their 
effectiveness may be vaned by changing the properties 
of this material as well as by an increase or decrease in 
the rate or force of their beatmg The motion of the aha 
IS wav e-hke and has been well compared to the undu- 
lation of a field of wmd swept gram. The individual 
ahum moves, in the direction m which its force is 
exerted, with a whip-hke motion and then relatively 
slowly returns to its former position 

E1.ASTIC Tissue. The bronchial tree is neb m 
elastic tissue, most of the fibers bang disposed longi 
tudmally in the tunica propna This elastic membrane, 
which extends throughout the trachea, bronchi and 
bronchioles nght to the alveoh, is responsible for the 
recoil of the bronchial tree during expiration and 
probably m large part for the recoil mechanism of the 
whole lung The importance of this elastic recoil will 
be stressed again later In the larynx, cartilage sup- 
ports the special structures necessary for the attach- 
ment of the vocal cords and the functiomng of the 
glottis The cartilagmous rings m the trachea are m- 
complcte on thar posterior aspect This arrangement 
provides for some contraction of the trachea, but the 
lumen caimot be obhterated as is the case with the small 
bronchioles The tracheal lumen is narrowed somewhat 
when it IS elongated during inspiration 

Muscle. The ends of the cartilaginous rmgs of the 
trachea may be approximated by the action of the 
transverse smooth muscle fibers. In the bronchi the 
bands ot fibers tend to become circular and this is seen 
even more defimtely m the bronchioles The amount 
of muscle is reduced m the respiratory bronchiole and 
docs not extend beyond this subdwiaon of the bron- 
chial tree. 


Blood Supply The bronchial tree, as far as and 
mcludmg the respiratory bronchioles, is supphed by a 
rich plexus of vessels derived from the bronchial artenes 

^branches of the thoraac aorta The blood is collected 

by the bronchial vems which m the case of the nght 
lung empty mto the azygos vein Those from the left 
lung are tnbutaiy to the left supenor intercostal vem 
(or sometunes to the accessory hemiazygos vem), 
but a part of the blood brought to the lungs by the 
bronchial artenes is returned directly to the pulmo- 
nary veins, and some as mentioned below enters the 
pulmonary vascular bed The respiratory part of the 
lung receives its blood from the pulmonary artery , the 
blood being returned vm the pulmonary veins to the 
left side of the heart Anastomoses between the pul 
monaty and systemic systems of vessels occur, how- 
ever, m the walls of the respiratory bronchioles, so 
that the blood from this region of the bronchial tree is 
returned m part to the nght side of the heart and m 
part to the left Such anastomoses are more numerous 
m certam inflammatory pulmonary conditions, and it 
has been thought possible that an abnormal maease in 
the amount of blood entenng the pulmonary vascular 
bed through such channels might raise the pressure m 
the capillanes sufbciently to overbalance the colloid 
osmotic pressure of the plasma and lead to pulroonaiy 
edema It has been suggested that certam ^-pes of 
paroxysmal pulmonary edema may be produced m 
this way, as a result of reflex vasodilation of the anas- 
tomoang channels ol the bronchial artenes However, 
the greatest quantity of bronchial arteiy blood which 
enters the pulmonary sy stem has been calculated to be 
not more than 1 per cent of the total pulmonary arcu 
lation, even with maximal vasodilation It appears 
unlikely that this would be suiEaent to senously alter 
the hy drostaUc-osmotic balance m the pulmonary cap 
lUanes Not quite all the blood of the pulmonary artery 
traverses the capillary bed of human lungs, a portion 
IS shunted through arleno-venous anastomoses, a fact 
which accounts for the passage of relatively' large para- 
sites through the lungs 

Neeve Supply of the Bronchioles Exator 
(broncho-constnetor) fibers to the bronchiolar muscle 
are denved from the vagus, and inhibitor (broncho- 
dilator) fibers from the sympathetia Afferent fibers 
from the lungs run m the vagus The nen c supply to 
the pulmonary vessels is considered on page 333 
The bronchioles are constricted by pilocarpine, his- 
tamine and by certam foreign proteins (anaphylactic 
reactions) They are dilated by adrenahne, ephednne 
and atropme (figs 29 1 and 34.5, p 429) 

The Bronchioles and Air Sacs Mackhn divides 
the bronchial tree mto two parts. The first part which 
extends from the trachea to the terminal bronebtoU 
mclusive, serves simply as an air-conduit and, like the 
branches and twigs of a tree, possesses no respiratory 
function The termmal bronchiole is simplv the last 
of a senes of subdivisions of these non respiratory 
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Fig 29 1 Gumea-pig Showing the broncho-constnctor effect of stimulating the vagus of the same side The 
effect lasts after stimulation has ceased Atropme m moderate dose had a very shght dilator action, adrenalme 
m small quantity caused marked bronchodilatation Dunng this action further stimulation of the vagus had 
an almost neghgible effect (After Thornton ) 


bronchioles The muscle m its wall is more highly 
developed than m any other part of the bronchial 
tree and when fully contracted exerts a sphincter-hke 
action which can completely shut off the air supply to 
the air chambers beyond The structures lying distal to 
the termmal bronchiole are the “leaves" of the bronchial 
tree They are respiratory m function, i e , an mter- 
change of gases between lung aur and blood occurs across 
their walls This part consists of (a) the respiratory 
bronchioles, (b) alveolar duels, (c) alveolar sacs, and (d) 
pulmonary aJveoh The cluster formed of these structures 
together constitutes a hmg-unU or primary lobule (i e , 
the group of structures which like the nephron or renal 
umt carries out the specific function of the organ) It 
IS the distensible or bellows part of the lung 

The respiratory bronclnde has the same diameter as 
the terminal bronchiole, of which it appears as a 
branch or a contmuation The alveolar ducts, five or 
SIX m number, arise from each respiratory bronchiole 
(fig 29 2) Each alveolar duct after a variable number 
of rebranchmgs gives rise to from 3 to 6 dilatations, the 
alveolar sacs The bays m the walls of the latter con- 
stitute the pulmonary alveoli which are fined by a 
smgle layer of flattened epithelial cells cemented to- 
gether The alveolar walls contam elastic fibers and a 
nch network of capillanes Frequently a smgle capil- 
lary channel alone intervenes between the walls of 
adjacent alveoh The blood m the capillaries is there- 
fore separated from the air m the alveoh by two mem- 
branes of the utmost dehcaejr — the alveolar and capil- 


lary walls — so the greatest freedom is afforded for 
the diffusion of gases from the blood to the alveolar 
air and from the alveolar air to the blood (Willson, 
Mackhn) ^ 

The bronchioles, as they are traced toward the 
periphery of the lung, branch and rebranch repeatedly, 
dunmishmg m length with each subdivision The 
first branchings are about 1 5 mm in length and from 
0 3 to 0 4 mm m diameter The termmal and respira- 
tory bronchioles are from 0 2 to 0 5 mm in length, but 
of about the same diameter as the earher subdivisions 
That IS, the bronchioles, though becommg shorter, 
show practically no decrease m diameter as they pass 
toward the periphery The alveolar sacs, however, are 
considerably wider than the respiratory bronchiole or 
than the alveolar duct from which they arise The 
diameter of each pulmonary alveolus which has a 
semiglobular form is from 0 075 to 0 125 mm and the 
total number m the lungs has been estimated by Zuntz 
at 750 rmlhons Wfllson estimates the total epithehal 
surface of the lungs at 70 square meters Of this, 
probably 55 square meters is respiratory, this is over 
25 tunes the surface area of the skin (p 618) 

* The results of Joselyn’s studies on the anatomy 
of the alveoh strongly suggest that the alveolar Immg 
may be a discontmuous membrane and that the capil- 
lanes are uncovered In certam areas, therefore, the 
air m the alveoh would be separated from the blood 
only by the capillary endothehum and a small amount 
of flmd 
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The Expansion of the Lungs at Birte 
Before birth the alveoli contain a small quanUty 
of fluid, the thorax is unexpanded and completely 
filled by the quite airless lungs At this time the 
smaller proportion of the blood of the right heart 
passes through the lungs The remamder passes 
by the ductus arteriosus mto the aorta and via 
the foramen ovale m the mterauncular septum to 
the left heart Respiratory movements are made 
by the fetus tn uiero, a fact clearly demonstrated 
by the work of Barcroft and of Snyder and Rosen- 
feld In man, they can be mduced by suitable 
stimulation after the 17th week India ink in- 
jected mto the amniotic sacs of rabbits was found 
m the alveoh. The significance of the latter ob- 
servation IS debatable Wmdle states that he has 
observed the aspiration of ammotic fluid mto the 
alveoh of experimental animals onlv under as- 
phyxia! conditions Davis and Potter, on the 
contrary, mjected thorotrast (a radio-opaque ma- 
terial) mto the amnioUc sacs of ten women about 
to be delivered by Caesarian section and were able 
to demonstrate the presence of the matenal in 
the lungs of half of the new bom mfants 
The fetal respiratory movements are readily 
mduced by tactile stimulation Either anoxia or 
carbon dioxide excess alone causes strong move- 
ments Asphyxia, caused by clampmg the um- 
bihcal cord, brmgs about gaspmg respirations 
The fetal respirations are depressed by anesthet- 
ics, narcotics, or by carbon dioxide defiat In 
experimental animals the sensitivity to anoxia and 
COi (inhaled by mother) has been observed to 



vary with the age of the fetus ’ Barcroft and 
Karvoncn found that anoxia, induced in sheep 
fetuses by cyanide, had no effect upon the res 
pirations, except between the 58th and 91st days, 
before and after this time, no effect was observed 
They believe that the effects arc brought about 
through the carotid body (ch 33) The commence- 
ment of breathmg at birth they attnbutc to 
cutaneous nerve stimulation, rather than to mild 
asphyxia 

At the moment of birth the respiratory move- 
ments become more forceful, the diaphragm de- 
scends and the external intercostal muscles con- 
tract with the result that the diameters of the 
thoracic cavity are \ery considerably increased 
(p 349) A large proportion of the xenous blood 
is now conve>cd through the lungs The general 
enlargement of the capacity of the thorax — a 
closed cavit> — tends to reduce the pressure on 
the outer (pleural) surfaces of the lungs The 
greater the degree of enlargement of the chest, the 
greater will be the reduction in the pressure upon 
the outer pleural surfaces The intcnor of the lungs, 
however, is in direct communication, through the 
air passages, with the atmosphere The \ isccral and 
parietal pleurae being inseparable the lungs follow 
the thoracic wall as it enlarges, and therefore must 
expand The rarefaction of the pulmonarj' air as a 
result of the expansion results in a flow of atmos- 
pheric air into the lungs Full expansion of the lung 
IS not attained until some few dajs afterbirth The 
lung throughout the indniduaVs life remains m 
the expanded position — pressed as it were against 
the thoracic framework as a result of the greater 
pressure exerted upon the alveolar than upon the 
pleural aspects of the pulmonarj' tissue (p 347) 

Rhythmically alternating mcreases and rcduc 
tions of the expanded state of the lungs initiated 
at birth continue throughout life and constitute 
respectively the vtsptraiory and expiratory phases 
of respiration The alternate inflations and par- 
tial deflations of the lung arc the direct result of 
corresponding changes in the capacity of the tho- 
racic cavitv occasioned bj the movements of the 
diaphragm and other respiratorj' muscles Changes 
m pressure within the lung — the tnirapiilmonary 
pressure and upon its pleural surfaces — the tnira- 

’ Wmdle has drawn attention to the serious effects 
upon the central nervous system of fetal anoxia, even 
of short duration, and suggests that asph>'xia of the 
new-born even though of short duration, ma\ be 
respo^ble in some instances for nervous and mental 
j , ® ® ’ subnormal mentahty, or even feeble- 

mindedness, in after life 
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pleural pressure — occur coincidently vnth the al- 
terations m lung volume 

iNTEAi’UiiiONARV Pressuee In the resting posi- 
tion of the chest the intrapulmonary pressure is at- 
mospheric, but it vanes rhythmically with the phases 
of respuation, rising above atmosphenc pressure dur- 
ing expiration and becommg subatmosphenc dunng 
mspiration These vanations may be demonstrated 
by connecting one nostnl with a manometer and 
breathmg with the mouth closed The pressure will 
be found to be about —2 mm Hg dunng the mspira- 
toiy phase and to nse to 4-3 or -{-4 mm Hg dunng the 
expiratory phase of ordmary quiet respiration ’ The 
variations are accentuated considerably dunng forced 
respiration The maximal negative pressure capable 
of bemg developed within the lungs by a forced mspira- 
tion, as when a strong suclong effort is made, is from 
—40 to —50 mm Hg When expiratorv efforts are 
made against a closed glottis, as m coughmg, durmg 
muscular effort with straimng, or dunng defecation or 
mictuntion the intrapulmonary pressure becomes 
raised by from 10 to 40 mm Hg above the pressure of 
the atmosphere If the free flow of air mto and out of 
the lungs is hindered as a result of some diseased con- 
dition the intrapulmonary pressures will be increased 
beyond the normal range 

The Plegeal Cavities The lungs are in- 
vested by the visceral layer of the pleural mem- 
brane The membrane is reflected from the root of 
each lung on to the inner aspect of the walls of 
the chest and upper surface of the diaphragm — 
this IS the panetal layer of the pleura The two 
layers thus form a closed membranous sac on 
each side of the chest The potential space en- 
closed by the pleural membranes is spoken of as 
the pleural cavity In health no actual space exists, 
ihe two membranes are in apposition except for a 
(bm film of fluid which serves as a lubncant to 
allow the surfaces to ghde over one another dunng 
the respiratory movements This potential cavity 
may, however, as the result of disease become 
an actual one Serous flmd (hydrothorax), pus 
(pyothorax or empyema), blood (hemothorax) or 
air (pneumothorax) may coUect and separate the 
two layers Between the two pleural compart- 
ments hes the mediastinum, a space which is 
subdivided by the heart with* its pericardial m- 
vestment mto an antenor and a postenor part 
the anterior and postenor medtastina 

A simple puncture of the pleural cavity (thora- 

* As a result of the obstruction to breathing offered 
by the apparatus, these values are somewhat greater 
than actually exist dunng normal breathmg 


centesis) is sometimes followed immediately by 
famting or collapse of the subject and may prove 
fata] This so-called pleural shock has been at- 
tnbuted to air embohsm but is most likely due to a 
pleural reflex which bnngs about cardiac slowing 
and a fall m blood pressure, bemg m this respect 
similar m character to the carotid smus reflex 
Intrapletoal Peessuees It has already been 
mentioned that the pressure on the pleural surfaces 
of the lungs is less than that upon them alveolar 
surfaces, i e , the mtrapleural pressure is subat- 
mosphenc We must now consider the maimer m 
which this "negative” pressure is produced As 
stated above (p 346) when the chest cavity is first 
expanded, the lungs are earned outwards by the 
inflow of au to fill the enlarged space If this were 
all that occurred, the pressure withm the lung and 
m the pleural cavity would be equalized and 
m the expanded position of the thorax after birth, 
as m the unexpanded state m the unborn animal, 
the pressure m the pleural cavity would not be sub- 
atmospheric. The expansion of the thorax, how- 
ever, and the consequent inflation of the lungs puts 
the pulmonary tissue upon the stretch In other 
words, the closed thoraac box, as a result of the 
first breath, becomes too large for the lungs to fill 
by a simple unfoldmg and distention of the walls 
of the air spaces The elastic tissue of the bronchial 
tree, blood vessels and of the au sacs themselves 
IS put under stress and is constantly puUmg 
agamst the stretchmg force This pull or recoil of 
the elastic lung amounts, m the adult when the 
chest IS about midway between inspiration and 
expuation, to a pressure of from —4 to —5 mm of 
mercury The existence of such a pressure can be 
demonstrated mduectly by connectmg a man- 
ometer with the trachea of a dead subject and 
pimcturmg the chest wall Thus the negative 
pressure in the pleural cavity is abolished and the 
lungs are permitted to recoil, i e , to collapse Air 
is expelled from the alveoh and the manometer 
registers a pressure of -f 4 mm Hg This represents 
the pull which had been exerted before the punc- 
ture was made and is just equal m amount to the 
negative (suction) pressure m the pleural cavity 
In the new-born the lungs fill the thoraac cavity 
with comparatively httle stretdimg The dis- 
tension of the lungs mcreases, however, m later 
years smee the thoraac cage grows more rapidly 
than the lungs, the elastic puU m consequence 
also maeases and with it the mtrapleural negative 
pressure If, m the foregomg experiment, the 
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lungs are distended maamallj before the thoracic 
puncture is made, i e , if they are fully stretched, 
then the pulmonary recoil causes a nse of 30 
mm Hg or so m the manometer column The 
mtrapleural pressure may be demonstrated di- 
rectlj b> plungmg a cannula connected with a 
manometer mto the pleural camtj m such a way 
as to prevent leakage between it and the margms 
of the puncture The manometer registers a nega- 
tive pressure equivalent m amount to the positive 
pressure recorded m the prevuous expenmenL In 
other words, the mercury is “sucked” toward the 
pleural cavuty until the pressure withm the latter 
just equalizes that of the atmosphere 
Another and apparently a more important fac- 
tor m preventmg the separation of the pleural sur- 
faces, and mamtainmg the lungs normally m the 
expanded state against then own elastic pull, is 
the “hydrauhc traction” (IVest) exerted by the 
film of fluid between the lajers of the pleura 
This so-called hydrauhc traction depends upon 
the tensile strength of water (as is exhibited when 
an attempt is made to pull apart two wet, smooth 
surfaces, e g , two apposed moist glass slides) 
A film of water is capable of withstandmg a pull 
of 3600 mm. Hg per square centimeter The m- 
troduction of air mto the pleural cavit>' permits 
shear to take place, just as the two glass slides 
can be easily separated if a small quantitj' of an 
IS allowed to enter between them That inequahty 
of pressure on the two sides of the two aspects of 
the lung IS not the sole, nor perhaps the most 
important, factor holdmg the pleural layers m 
close apposition is evudent from the fact, pomted 
out by Bums, that the intrapuhnonary pressure 
can be reduced far below the mtrapleural pres- 
sure without the lungs collapsmg 
The intrapleural pressure (and the pressure 
throu^out the thoraac cavutj' generally) is aluaj's 
subatmospheric under ordinary circumstances,* 
even after death This “negative” pressure is m- 
creased dunng inspiration — smee then the disten- 
tion of the elastic lungs is greater— and reduced 
dunng e.xpiration Dunng the former phase of 
quiet respuation (human) it amounts to about —6 
mm Hg, during an ordmary expiration is about 
—2 5 mm Hg In the midposition as stated above 
it IS about —4 5 mm Hg IITien the movements are 


Kn pressure maj be measured in 

nC^l “sertmg a boUow needle into 

pei^ cavitj, injecting a small quantity (40 cc 
^of M and connecting the needle with a wa to man 
eto and a recording system. 


forced it may be very greatly mcreased or di- 
minished m the respective respiratory phase Dur- 
mg a strong inspiratory effort with the closed 
glottis It may amount to —40 mm Hg and m 
forced expiration under the same circumstances it 
is abolished and a positive pressure of 50 mm Hg or 
so substituted These changes m mtrathoracic 
pressure exert an influence upon other thoracic 
structures An mcrease m the "negative” pressure 
causes the thin-walled v'ems and auricles to expand 
and fill with blood drawn from extrathoraac 
regions (fig 29 3) On the other hand, in forced ex- 
piration agamst the dosed air passages the thoracic 
walls press powerfully upon the air-filled lungs The 
nse in pressure which results is transmitted to 
structures lymg in the mediastinum Blood is thus 
expelled from the large mtrathoraac veins and 
auncies into the vems of the abdomen and neck 

The RESPIRATORy hlOV'ESIENTS 
BTiat has been said m the foregoing paragraphs 
should have made it dear that the flow of air into 
and from the lungs depends entirely upon changes 
m the capaaty of the thoraac cavutj The lungs 
plaj a purdy passive r61e The air is not drawn 
m and eqielled by active dilatation and contrac- 
tion of the pulmonary passages, as was the bebef 
at one time Air is drawn m or forced out stnctlj 
in accordance wuth the pressure differences be- 
tween the atmosphere and the lung air caused by 
the expansion or contraction of the thoraac bound- 
anes, i e , as air is drawTi mto and expelled from a 
bellows The pnnaples are well illustrated by the 
modd shown m figure 27 10 We w'fll now consider 
how these changes are brought about 
The respiratory movements of an adult person 
occur normally at the rate of from 16 to 18 double 
excursions (inspiration and expuation) per mmute 
In the new-born infant dunng quiet breathing 
the rate is between 30 and 40 per mmute 
Dunng mspuation the thoraac cavutj is en- 
larged m all diameters, vertical, anteropostenor 
and transv erse The enlargement, how ever, is not 
equal in all directions The upper part of the 
thorax maeases much less in capaat> than 
does the lower part, and smee the position of the 
spmal column remains relatively fixed the mcrease 
in the anteropostenor diameter of the thorax is due 
mainly to an expansion forwards The increase in 
the vertical diameter is due, not to an upward 
expansion of the chest cavity but to the down- 
ward elongation resulting from the descent of the 
diaphragm 
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Fig 29 3 Model to illustrate the manner bv which 
changes in thoraac capaatv cause corresponding 
changes m the volume of air m the lungs and affect 
the return of blood to the heart The large glass cham- 
ber represents the thorax, it is hermePcally sealed 
and has a flexible bottom or diaphragm The Y-tube, 
which IS m communication with the atmosphere, repre- 
sents the trachea and bronchi, the lungs are repre- 
sented by the attached balloons composed of thin 
rubber The pressure withm the chamber, i e , sur- 
rounding the balloons, is subatmosphenc to start with, 
the balloons are therefore parbally expanded When 
the diaphragm is drawn doun (as indicated by the 
dotted hnes) the pressure withm the chamber is further 
reduced The rubber balloons are distended to a cor- 
responding extent by atmosphenc air entenng through 
the Y-tube As the diaphragm is allowed to nse agam, 
the “negative” pressure within the chamber returns 
to Its previous value and the elasPc balloons recoil to 
their ongmal dimensions 

The bottle shown m the lower left-hand part of the 
dravmg contains fluid upon which pressure can be 
exerted to cause a steady flow up the tubmg mto the 
small oval chamber withm the larger one The oval 
chamber may be taken to represent the heart, the 
tubing connecPng it with the pressure bottle repre- 
sents the large vems, and the tubmg leadmg from its 
right side the artenes If the tubmg on the left, as 
well as the upper part of the oval chamber (which 
corresponds to the auncles) be composed of some 
thin resilient material, then during the inspiratory 
reduction m intrathoraac pressure they wll undergo 
expansion (dotted Imes) A greater body of fluid mil 


Unequal enlargement of the thoraac box en- 
tails unequal expansion of the lungs The lung 
IS not distended equally from a center as m the 
inflation of an elastic-walled globe Keith dis- 
tmguished three zones m the expandmg lung 

(a) A non-expansile root zone contaimng the 
bronchus, pulmonary vessels and lymphatics and 
their mam divisions 

(b) An nitermediale zone m which the vascular 
and bronchial branches radiate outwards toward 
the lung surface Between these rays lies expansile 
pulmonary tissue This zone therefore consists 
of tissue of vaiymg degrees of expansibihty, that 
lymg near the penphery of the rays bemg more 
expansile than that situated more centrally 

(c) An Diiter or snbpleiiral zone, from 1 to IJ 
mches deep, of maximal distensibility 

Those regions of the lung lymg m relation to the 
relatively immobile regions of the thoraac walls, 
namely (a) the dorsal surface of the limg apex, 
(b) the postenor surfaces of the lungs m contact 
with the spmal column and attached segments of 
the ribs, and (c) the mediastmal surface lymg m 
relation to the pencardium and other structures 
of the mediastmum, are expanded tndtrectly The 
parts of the lung which are directly expanded dur- 
mg mspiration are those lymg m contact with 
the freely movable boundaries of the thorax, 
namely (a) the sternum and nbs and (b) the dia- 
phragm 

It is evident that those portions of lung m 
contact with practically stationary regions of the 
thoraac walls can only be expanded mdirectly, 
that IS, when other parts of the lung move out of 
the way This could not occur did the root of the 
lung remam fixed As a matter of fact the lung 
root moves downwards, forwards and laterally 
during mspiration (fig 29 4) and, as shown by 
MacLlm by X-ray studies upon human subjects, 
the bronchial tree becomes elongated (stretched) 
dunng the inspiratory phase The trachea be- 
comes stretched and the apex of the lung actually 
descends as it expands Dunng expu-ation the 
highly elastic bronchial tree recoils to its previous 
length and the lung root ascends (fig 29 5) If 
the root of the lung were fixed, little expansion of 
a region such as the apex or of other regions classed 

in consequence be transferred from the bottle to the 
small chamber representing the heart (see p 168) 

The manometer inserted into the wall of the large 
chamber registers the pressure changes (indicated bj 
dotted Imes) occurring dunng the descent and ascent 
of the flexible diaphragm 
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as expanding indirectly could result Nor could 
anything but a very moderate expansion of other 
regions (e g , costostemal and diaphragmatic, 
etc.) occur if the bronchial tree were unable to 
lengthen It is the dongalioii of the rays as de- 
scribed above rather than the widemng of the 
spaces between them at their onginal lengths, 
like the separation of the sticks of a fan, that is of 
importance m permittmg the expansion of the 
interv enin g pulmonary tissue 

The effect of the enlargement of the thorax is 
exerted first and to the greatest extent upon the 
lung tissue m relation to the movable parts of the 
chest walls The inspiratory decrease of mtra- 
pleural pressure m the diaphragmatic regions of 
the thorax is considerably greater than that m 
the region of the apex or m other parts of the 
lung which are expanded indirectly As a result of 
the greater negative pressure m the lower part of 
the thorax a horizontal groove is sometimes de- 
veloped here (Harrison’s sulcus) when the frame- 
work, as m nckets, is soft and yieldmg The 
restricted expansion of the air sacs of the apex and 
other regions of the lung which are expanded 
mdirecdy has been held responsible for their 



11,^^ ^ Mediastinal aspect of the right 
movement of the lung n 
crus of the diaphragm is also indicated ancfiti 
ment to the root of the lung through th^pem 
The arrows mdicate the direcUon^of therms 
mov^ent of the vanous parts of the lung 


bemg so commonly the primary site of tubercu- 
lous infection 

nrE EhTLAECEMENT OF THE THORACIC CAVITY 
DURING INSPIRATION 

This IS effected, accordmg to keith, by four 
distmct mechamsms which consist of the move- 
ments of 

(a) The thoracic ltd or operculum (1st rib and 
manubnum stemi) 

(b) The upper costal senes (2nd to 5th nbs in- 
clusive) 

(c) The lower costal series (6 th to 10th ribs m- 
dusive) and the diaphragm 

(d) The floating nb senes and the muscles of 
the abdominal wall 

(a) The thoracic lid or operculum 

The thoracic lid or operculum is formed by the 
first pair of nbs and the manubnum stemi It is 




A o 


hTonchiuU^^r^ ^ P^iotographs (retouched) of the 

B in full men ^ ■"Oman A in full expiration, 
m lull mspiration (After MneUin ) 
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]omted behind to the spinal column and in front 
to the sternum by the manubno-stemal jomt 
Dunng the elevation of the thorax m inspiration 
the thoraac lid moves as a single piece upon the 
body of the sternum, assuming a more horizontal 
position (by from 1'’ to 16°) That is, the manu- 
brium IS pushed upward and forward (fig 29 6) 
Thus, the upper part of the thorax is mcreased m 
its anteropostenor diameter The anterior por- 
tion of the lung apex is directly expanded to some 
extent by this mechanism The extent of the 
movement of the thoraac lid vanes considerably 
in different mdmduals and with the depth of m- 
spiration It is very shght m quiet breathing The 
manubno-stemal jomt becomes ahkylosed m later 
life but rarely before the 60th year 

(b) The upper costal senes 

The 2nd, 3rd, 4th, 5th and 6th nbs slope ob- 
liquely from behind downwards and forwards 
Each nb is longer, its durection more oblique and 
it makes a fuller sweep outwards than its neighbor 
immediately above Dunng mspiration these nbs 
(with the exception of the 2nd) assume a more 
horizontal position, their antenor portions moving 
upward and forward That is, each nb rotates 
around an obhque honzontal axis parallel to its 
neck (fig 29 8CD) The sternum is thrust for- 
ward and upward, executmg a movement at the 
manubno-stemal jomt These movements mcrease 
the anteropostenor diameter of the thorax The 
elevation of the nbs is effected by the external 
mtercostal musdes The musde fibers pass ob- 
liquely downwards and forwards from the lower 
border of one nb to the upper border of the nb 
below When the musde contracts it exerts a pull 
upon these attachments which tends to depress 
the upper nb of the pair and to raise the lower 
The first nb, however, acts through the contrac- 
tion of the scalene musdes, as a fixed point above, 
so that contraction of the external mtercostals 
can only result m an elevation of the nbs Owing 
also to the obbqmty of the fibers which are at- 
tached below to the antenor end of the long arm 
of a lever and above to the postenor end of the 
long arm, a distmct mechanical advantage is 
given to the upward movement (fig 29 7) The 
mtemal mtercostal musdes are, m the cat at any 
rate, as shown by Bronk and Ferguson, expiratory 
m function The mtemal and external mtercostals 
receive impulses alternately along the mtercostal 
nerves 
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Fig 29 6 Diagram to show the respiratory move- 
ments of the first pair of nbs and manubnum sterm, 
and the effect of these movements of the expansion of 
the apex of the lung (After Keith ) 


The strongly bowed rmd-portion of the body of 
each nb from the 2nd to the 6th also becomes 
elevated, m relation to its two ends, rotatmg 
around an oblique anteropostenor axis This 
movement, which is compared to the raismg of a 
bucket-handle to a more honzontal position, in- 
creases the transverse thoraac diameter (fig 
29 SAB) 

(c) The lower costal senes and the diaphragm 

The nbs from the 7th to the 10th also swmg 
outwards and upwards (bucket-handle movement) 
dunng mspiration, rotatmg around an obhque 
anteroposterior axis which passes through the 
mid-hne m front and the necks of the nbs behmd 
The subcostal angle is widened by this movement 
and the transverse diameter of the lower part of 



Fig 29 7 Diagram to illustrate the action of the 
external mtercostal muscles (El) durmg mspiration, 
JSXjP , expiration, IXSF , inspiration 
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Fig 29 S a diagram showmg the ans of mo\ ement 
(AB and CD) of the nbs from the 2nd to the 6th 
The nbs from the 7th to the 10th also make a move- 
ment around an antero-postenor axis but not around 
the ams CD The mtemipted hnes mdicate the po- 
sition of the rib m inspiration (After Gra> ) 

the thorax increased, the antero-postenor diameter 
isslightlj reduced 

The diaphragm is the chief musde of respiration, 
its movements being responsible durmg deep 
breathmg for 60 per cent of the total amount of 
air breathed It consists of a musculo-tendmous 
sheet arched toward the thoraac cavity The 
tendinous piortion is centrally placed (central ten- 
don) and IS adherent to the pencardium The mus- 
cular tisrae is placed orcumferentiaUj The dia- 
phragm consists of two parts which differ from one 
another m their actions 

(a) The ccstosicmal part arises from the back of the 
uphold and the cartflages and adjacent portions of the 
SIX lower pans of ribs. It is attached to the antenor edge 
of the central tendon. 

(b) The Itwhar or crta-al part arises from the fibrous 
arches over the qnadiatus himbomm and psoas muscles 
and b> two fleshy bundles (the crura of the diaphragm) 
from the bodies of the upper lumbar v ertebrae. These 
fibers are inserted mto the postenor margm of the 
central tendon 

Action op the Diapheagh. The diaphragm 
descends during inspiration and ascends durmg 
expiration In fuU expiration its upper hmit lies 
at a level situated between the costal cartilages of 


the 4th and Sth ribs In quiet breathmg the range 
of its movement is about 1.2 cm and in forced 
breathing about 3 0 cm The total diaphrag- 
matic surface IS about 270 sq cm. A descent of 
1 0 cm therefore (assuming that aU regions de- 
scend practicallj to the same extent) will mcrease 
the thoraac capaatj by 270 cn cm and cause a 
correspondmg volume of air to enter the lungs 
As the diaphragm descends its domed shape 
alters v ery little, it may be seen b}' means of the 
fluoroscope to move up and down like a piston 
(fig 29 9) At the end of expiration a considerable 
proportion of the diaphragmatic surface is m con- 
tact with the chest wall as high as the 6th or 
7th rib, but durmg inspiration it is "peeled off” 
the thoraac boundary, while the base of the lung 
expands to fiU the space (pleural sinus) As a 
result of the shght mdrawing of the mtercostal 
spaces caused bj this movement, a famt shadow 
may be seen to move down the side of the chest 
wall m most normal persons This is known as 
Litten’s sign The costosiernal part of the dia- 
phragm, (using the lower nbs, which through the 
action of the external intercostals, serve as fiLxed 
pomts) moves downward and forward, depressmg 
the abdominal vnscera Thus, the capaaty of the 
lower part of the thorax is increased The abdomi- 
nal wall distends but when, as a result of the re- 
sistance offered by the abdominal muscles, the 
downward mov'ement of the vnscera becomes ar- 
rested, the latter act as a fixed pomt for the con- 
tmumg contraction of this part of the diaphragm, 
its force is now spent m raismg the lower ribs to 
which it IS attached Through tbi<; action the ster- 
num IS thrust forward and upward The spinal or 
crural part m its descent acts solely m increasing 
the vertical diameter of the thorax. 

The excursions of the diaphragm and conse- 
quentlv its mid-position as well are influenced by 
(a) the upward puU of the subatmosphenc mtra- 
thoiaac pressure, and (b) the abdominal vnscera 
In the standmg position the weight of the latter 
exerts a downward pull and so aids the descent 
of the diaphragm but hinders its ascent, the mean 
or mid position of thediaphragm isthereforetaken 
up at a lower level than m recumbency when the 
vTscera exert an upward pressure (c) The ab- 
dominal muscles these, when lax and the body 
in the standing position, allow the vnscera to sub- 
side to a lower level and so to mcrease the down- 
ward pull upon the diaphragm In persons vvnth 
extremely weak abdommal muscles, such as sub- 
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Fig 29 9 Upper, radiogram showing the position of the diaphram during expiration and inspiration Note 
the effect upon the position and shape of the heart (After Norris and Landis ) Lower, diagram showing the ex- 
piratory and inspiratory positions or the diaphram 


]ects of visceroptosis, the downward pull upon the 
diaphragm greatly mterferes with its movements 
The breathing is then largely costal 

(d) The floahng nbs (Jllh and 12th) and the ab- 
domtnal muscles 

Functionally the floatmg nbs must be con- 
sidered with the abdommal muscles which are the 
antagonists of the diaphragm The recti and ob- 
hque muscles relax as the diaphragm descends, 
they contract with its ascent 

EXPIRATION 

r 

Expiration is to a large extent a passive move- 
ment, m qmet breathmg it is probably entirely so 
That IS, the contraction of the msprratory muscles 
ceases, the thoraac framework tends through its 
own weight and inherent elastiaty to resume its 
former position, the elastic lungs recoil and the 
relaxed diaphragm is drawn upwards toward the 
thoracic cavity by the “negative” intrathoracic 
pressure which is greatest at the end of insniratiou 


There is, however, also a definitely active element 
m a forced expiratory movement As mentioned 
above, the abdommal muscles contract and by 
pressmg upon the viscera aid the ascent of the 
diaphragm, i e , the diaphragm is “pushed” up by 
the increased mtra-abdommal pressure resultmg 
from the contraction of the abdominal muscles, 
as weU as “sucked” up by the subatmosphenc 
pressure withm the thorax 

Dunng forced expiration the mtemal mter- 
costals whose fibers, like those of the external 
mtercostals, course obhquely but m the opposite 
durection (downwards and backwards) contract 
and so aid m the depression of the nbs The 
restoration of the thorax to its previous diameters 
IS, of course, accompamed by a correspondmg 
reduction in the capaaty of the lungs and the 
expulsion of air from its aur spaces 
Movements of the Bronchiai. Tree During 
Respiration In addition to the mspiratory elon- 
gation of the bronchial tree mentioned above, 
the bronchioles and smaller bronchi dilate durmg 
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inspiration and constnct durmg expiration These 
rhythmical bronchial movements appear, from the 
studies of Elhs and of Nicholson, to be purely 
passive in nature and not mtegrated through 
reflex mechanisms vith inflation and deflation of 
the lungs The bronchioles also exhibit a peristal- 
tic movement which can be detected by X-ray 
photographs of the bronchioles after the m]ection 
of hpiodoP or other matenal which is opaque to 
the X-ra\ It is not thought that the peristaltic 
movement plavs any' part m the movement of air, 
but it appears to assist m the mov ement of foreign 
matenal towards the larger au tubes This bron- 
chiolar peristalsis is said to be mcreased m lung 
abscess and diminished m bronchiectasis It is de- 
creased by morphine. 

PrmiONic Acveoiae Vests The existence of cer- 
t?in pores in the alveoh (pores of Kohn) have long 
been recognized, but the difficulty of bemg certain that 
they are not artefacts produced by the method of pre- 
panng the sections has prevented their wide accept- 
ance as normal structures MacUin, however, has 
been able to demonstrate the presence of such vents 
m thicl. sections prepared from the lungs of many 
speaes mcludmg man. Emrmnafaon of the sections 
justifies the belief that they are normal communica 
bons between the alveoh. While the function of the 
vents is not as yet completely understood, it appears 
probable that they play a significant part in the 
equalization of pressures m groups of the alveoh, 
particularly perhaps durmg forced inspiration The 
vents arc opened wide durmg inspiration and may be 
entirely closed m expiration 

CoixAiEKAL Respieaiios This phenomenon (Vzn 
Allen, Lmdskog and Richter) depends on the fact that 
the lobular divisions of the bronchial tree of any one 
pulmonary lobe are mterconnectcd Air may pass 
from one alveolus to an adjoinmg one presumably 
through the alv eolar v ents but possibly also by rapid 
diffusion This communication may be demonstrated 
when a bronchus supplying one lobule is obstructed, 
for It is then found that the alveoh of the obstructed 
lobule may be well ventilated for prolonged periods 
Coffateral respiration is prevented by inflammatory 
exudates or secrehons or m circumstances m which the 
alveolar walls are not adequately distended In this 
l^tler case the vents may not be open In species in 
which the interlobular septa are complete as m man 
there is no provision for collateral respiration between 
different lobules Experimental evidence has been ob- 
tained which mdicates that atelectasis of a lobule 
does not develop after obstruction of its bronchus 
Conversely, reaerabon of an ate lectatic lobule may. 

‘ A preparation of iodized off. 


take place by this collateral route. It would thus 
appear that considerable anatomical and physiological 
evidence has been obtained for a pcnpheral mechanism 
which has as Its objecUve the adequate and uniform 
but not excessive distension of the pulmonary alveoh 

Expcision or Foreign ^Iaterial — The Act 
OF Coughing Phagocvtosis There are three 
mechanisnis for the expulsion of foreign matenal 
from the larynx, trachea and loner air passages 
as far as the termmal bronchioles First, the ac- 
tion of the ciba, second, the penslaltic motion 
of the bronchioles, and third, the cough reflex 
The peristaltic movement has been referred to 
above The cough reflex is most commonlv mi- 
tiated by the stimulation of afferent nerve end- 
ings m the region of the tracheal bifurcation, 
the most sensitive area, or in the laryngeal mu- 
cosa It may also be initiated from the exata- 
tion of vagal afferents m the lungs, or from nerve 
endings in the pleura Ear disease, through the 
stimulation of terminals of the auricular branch 
of the vagus (Arnold’s nerve), may also cause 
coughing The act itself consists of a short in- 
spiration foUoned immediately by closure of the 
glottis and a forcible expiratory eflort, A con- 
siderable degree of pressure is thereby developed 
within the lung The glottis then opens suddenly 
and offending matenal is moved a vanable dis- 
tance along the air passage If it reaches an in- 
sensitive area the coughing ceases During the 
subsequent inspiration the irritating particle, if 
not large enough to scnouslv obstruct the air pas- 
sage, remams during the subsccpicnt inspiration 
in Its new position, from which it is earned forward 
agam during succeeding expulsive efforts until it 
is swept away Irom sensitive areas 
Inert, non-imtating foreign matter of a particu- 
late nature, e g , dust or carbon particles, which 
has entered the alveoh, is removed by large 
ameboid cells — the alv eolar macrophages, or “dust 
cells" Normally , a few of these cells ate to he seen 
m the alveoh, but they are attracted in large 
number by the presence of foreign particles The 
ongin of these cells is a controversial question 
Some are thought to onginatc from the monoev tes 
of the reticulo-endothehal system, others from cells 
in the alveolar septa (septal cells) The foreign 
matenal is conv ey'cd by the macrophages into the 
lymph channels draining the alv eoh In atv da oil- 
ers or those who work m dust laden atmospheres, 
e.g , coal miners, the lyTnph nodes are dark with 
the scavenged matenal Imtating matter, espe- 
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aally pathogenic bactena, are attacked as m other 
situations by the neutrophilic phagocytes of the 
blood 

Hiccup or smguUus is a spasmodic and purpose' 
less contraction of the diaphragm which results 
from many causes or may occur without known 
cause, it occurs rarely in epidemic form It is 
usually reflex m nature bemg mitiated by some 
abnormal stimulation of the afferent nerve tenU' 
inals m the diaphragm The fibers of the phremc 
nerve constitute the efferent limb of the reflex 
In some mstances, hiccup may be due to stimula- 
tion of the respiratory center itself by some agent 
m the blood Hiccup foUowmg abdommal opera- 
tions may be most mtractable and endanger the 
life of the patient The inhalation of an air mix- 
ture contammg 6 or 7 per cent of carbon dioxide 
(or simply breathmg and rebreathing from a bag 
for a number of respirations) has been reported 
to be a valuable means of terminating an attack 

Artificial respiration 

Schafer’s prone pressure method is the most 
widely practised means of artifiaally ventilating 
the lungs when spontaneous respiration has failed, 
and, all things considered, is probably the most 
valuable It has the advantage that it requires 
no speaal equipment and can be undertaken by 
one person, artificial respiration can, therefore, 
be started immediately, which is of the utmost 
importance * The operator kneels astride the sub- 
]ect stretched prone beneath him and with the 
p alm s of his hands upon the subject’s lower nbs 
leans forward and exerts gentle but firm pressure 
for 2 seconds He then straightens up and re- 
leases the pressure for 2 seconds These altemat- 
mg movements are repeated at the rate of normal 
respiration The downward and forward move- 
ment compresses the thorax and pushes the dia- 
phragm upward, thus expelhng air from the lungs 
The recoil of the thorax to the restmg position 
follows the release of the pressure, and thus m- 
duces artificial inspiration In a normal apneic 
subject the volume of tidal air, when this method 
IS used, IS about the same as or a Uttle below that 
of the subject breathmg naturally, the pulmonary 
ventilation appears to depend upon the tonus of 
the respiratory muscles, so long as the nerve 

‘ Ross, after a review of the literature of r^usata- 
tion, states that no instance of revival was found m 
which more than 15 minutes had elapsed between the 
cessation of breathmg and the commencement of ar- 
tificiai respiration 


centers which govern it are viable, rather than 
upon the degree of force exerted by the operator 
(Henderson) In other words, the che^t after 
compression expands agam to a certam volume 
determmed by the tone of the diaphragm and 
mtercostal muscles It has been found m expen- 
ments upon ammals that artifiaal respiration, by 
compression and decompression of the chest, im- 
mediately and for some mmutes after death m- 
duces a degree of pulmonary ventilation equal to 
that durmg normal breathing But after the lapse 
of 10 mmutes or so the volume of tidal air is re- 
duced to zero Meltzer has also shown that the 
pulmonary ventilation effected by this method of 
resusatation is much reduced m animak m which 
the respiratory muscles have been paralyzed by 
curare Greater ventilation of the lungs than m 
Schafer’s method has been claimed for the Netlson- 
Schqfer method as modified by Drinker, and for 
Eve’s rocking method'^ In the Neilson-Schafer- 
Dnnker procedure the extended arms of the subject 
are raised above his head by a second operator 
durmg the inspiratory phase of “Schafer respira- 
tion’’ This helps to expand the chest The arms are 
returned to the ground durmg the expuratory phase 
In the rockmg method the inspiratory and expira- 
tory movements of the diaphragm are brought 
about by the weight of the abdommal \Tscera, the 
subject is placed prone upon a stretcher which is 
then rocked on a trestle around a transverse axis 
The tilt of the body both m the head-down and 
feet-down positions is from 45 to 50 degrees Ten 
double movements are made per mmute This 
method has been shown to mcrease the cardiac 
output, and thus to secure a better blood supply to 
the coronary and cerebral vessels, and to mcrease 
the oxygen uptake from the lungs The volume of 
tidal air, durmg the rockmg of a normal person 
durmg a penod of apnea (mduced by forced 
breathmg), is claimed to be greater than that of 
the same subject breathmg naturally at rest A 
machme-motored rockmg bed has been designed 
to carry out prolonged artificial respiration as re- 
quired m cases of paralysis of the respuatory 
muscles 

The possibility of supplying oxygen mtravenously 

’’ A physiologically admirable means of resusatation, 
which has been used for centuries and goes back to 
Bibhcal times, is that which is now called the mouth to 
mouth insufflation method The operator apphes his 
bps to the mouth of the apneic subject, and endeavours 
with his own breath (containing a high percentage of 
ilhrbon dioxide), to indate the patient’s lungs 
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^•>1; cisa. isvtstiratea scrtrsl ■n}d;e.=, and tae ci- 
jKnraents o' Xejo-^rr indicate tnat tie transfcs'^ 
of artcnal bi»arco=in;rf -viji gatccee and adrena- 
Ece and viga-ons aitincal resnnaticn, is the cost 
eSneat means of -cnrctatmg anneals He fonnd that 
the heart ceases to teat abont the same time as ihe 
last natmal resonato-y mo emenn ann that tv las 
impoEsib’-e to remre the anmai n mo-c vhan 6 o- S 
mmntcs had e_a3sed alter th-S time, lo* creparao e 
camane to nemrns ceavers had teen cccur*Ed 

Dnnag the last fe-v vests sea eral me Jitxis ha’-e 
been cevdoped fo* the long contnnted appLcavion 
o' artmcal re^mation bv vanons meccantcal 
devices. Tins vro-n vms begttn di Thnnbeig mi 
T rmn 'T-jjQ (Jevirsd an aopaiatcs cafled the baros- 
pmatoT The subject v-as placed ms'de a metal 
chamber m mhicn the DTESsnre v-as raised and 
IcT’ered ravthm-cailv means o» the stroke Oi a 
large pston. The interchange o air mittiin the 
longs mas caused by a “Ore and laH Ov p'cssure 
o: the air in the external atmosphere. Tens ap- 
paratus "as enective and a model vms ba3t 
large enough to acciniinoaate patient, nurse and 
docto* \11 three -vere leatilaiea vnlhout tno.e- 
ment of the chest. \ certa.n amount o; oiscom- 
fo*t vms apersneed tn tms cabinet cue to tie 
change m p-essure on the two roes o tne ear- 
drum durmg tee mcrease and decrease o' am 
p-essure. \ mo*e genemHy appheab'e model "as 
p-odeesd bv Dnnhe- at Harvard. In this type 
the patient’s head remam- cutsiGe the cabmet 
(fig 29 10) The chest is expanded b\ reaueng the 
p-essure "-trun tne cabinet and as the p-esmire is 
lai^ agam, the natural elasbaty o* the lung 
causs eronation- Fo-ced expnation however, 
mav be pronuceu b\ raising the p-essure aboie 
atmospheric. Patients have been adequatdi \ea- 


tflated with this apparatus for manj months 
Scene di£cnlt\ is occasionalli encountered m the 
regulation of the rate and depth of respuabon, 
but bv deverrmning the oxjgen saturation o. the 
artenal b’ood o- watching for signs o' cj-ano?s an 
obiter can usualli regulate the xentdatica 
cjcite satisfactorily Artificial resprabon for p-o- 
longed psrioGs bv E\e’s method has been men- 
boned 

Two oher tvpcs o anparalus should be menbonto, 
(1) the iccle mwie’ o' Sah5n "h ch opcruvcs lie the 
TVr-.-r- mach>ce b_l is applied o-'' to tic cies and 
(Z) the B-am: Paul p-ba c- which co-wjtc of a no -o— 
elasbc barcage pnced around the ches The bard- 
ace, —hen mSa ed by an c'cctrcallv d-ivcn bellows, 
comp-esses the ccesb wh ch re ums vO the r- d pen 
non bv \-ir*ue o its o-n clasbci \ during vhe in e-vab 
bef-eea the comp-tss-ons, 

Tre polmo'or ard Ovhe- rmTariy devised re- 
susctato-s which fo-cc a - into the chest ard 
suciv it out again as though vh, lu’-cs were rubbe- 
bags, though so appwd rg in d-iir mechanical 
tfiicencv are phvuio’ogicalU unyoa^d Thev are 
no* only less cfiectne than olhc' nethod* but 
mar be actually ha*rnfiil One ill effect is the 
tendero to reduce the carton d onde ters on o' 
the bleed ana thus rcmo\o the natural stimulus to 
b’-eathmg and to dep-ess the crculabon as wdL 
Tnch,e machines whidi inCatc the lungs with ar 
on ger -carbon c oxide mixture, and perm t ci- 
prabon to take place sinrply b mte-rupbrg tne 
air current and thus pe-mitti-g colbpyo of the 
tho-ai, arc much sourdcr in p—’cp^e 

The object ol artifiaal resp ration is ro' o-U 
to aerate tee lungs but al-o 'o yUr-ulate the re- 
sp ravow oente- Due largely to me insistence o' 
Aanudl Henderson, carbon dionde u now added, 
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whenever possible, to the respired air which 
should contain from 40 to SO per cent of oxygen 
The carbon dioxide percentage of the air mixture 
IS from 5 to 10 per cent The high tension of this 
gas combined with the rhythmical inflation and 
deflation of the lungs, which presumably cause 
the discharge of afferent impulses, encourages the 
return of spontaneous breathing 

Resuscitation of the new-born Asphjona m the 
ncu-bom infant is usually due to the failure of 
the lungs to expand fully, alveoli m areas of the 
pulmonary' tissue remaining m the fetal state 
(atelectasis) The methods of resuscitation which 
may be effective in the adult are likely to fail 
Cutaneous stimulation, e g , slapping, hot or cold 
uatcr, are time honored devices which arc usually 
unsuccessful The object aimed at should be the 
expansion of the collapsed alveoli, and when the 
infant makes no respiratory effort this is best 
accomplished by the insuflBation of the lungs with 
a carbon dioxide-oxygen mixture, carried out by 
the passage down the trachea of a tube, to the 
outer end of which a rubber bag filled with the 
gas mixture is attached \\Tien the breathing is 
not completely suspended but is weak, and the 
infant cyanosed, inhalations of a carbon dioxide- 
Oxygen muxture are employed 

Pneumothorax 

Air may enter the pleural _cavitv through a 
penetrating woun d of the chest (open ptieu tiio- 
tTioraxh^^resvIt of the rupt ure of an emphyse^ 
matous vesidiTon the surface of the lung or from 
t he extension through the pleura of a lesion of thi 
pulmonary Xc g , tuberculous) or of some. 

other air-containing organ such as the esophagi^ 
or stomac h When the intrapleural sp ace contains. 
air but communication wnth the_atniosphere has 
become occluded the pneumothorax is said to be 
ctosci 

OPEN PNEUMOTHORAX 

If the opening through the thoracic wall were 
large and the mediastinum acted as a more or less 
ngid partition the pleural cavity of the affected 
side could be considered quite separate from that 
of the sound side The lung on the open side would 
exhibit Its elastic properties and recoil, the re- 
serve and residual airs (p 360) would be expelled 
and the lung would be in the collapsed state The 
opposite lung would be unaffected Actually , the 
mediastinum, as a rule, offers little resistance, so 


the two pleural cavities, though anatomically 
separate, act so far as the distnbution of pressure 
IS concerned, almost as if they were a single cav- 
ity Consequently when an opening exists m the 
thoraac wall the yielding mediastinum with its 
contents — heart and great vessels — moves toward 
the sound side and the mcreased mtrapleural 
pressure is transmitted to that side The nega- 
tive pressure on both sides of the chest is therefore 
reduced and both lungs tend toward collapse, but, 
the pressure on the sound side is always altered 
less than the pressure on the side of the opening 
Graham and his associates found m experiments 
upon the human cadaver and upon the hving dog 
that an air pressure of -f 10 cm of water created 
in one pleural cavity, caused the pressure m the 
opposite pleural cavity to nse to between -f7 
and -f8 cm With the mtroduction of higher 
pressure a greater difference was found between 
the two sides For example, when a pressure of 
48 cm of water was created m one pleural cavity 
the pressure on the opposite side was less than 
21 cm 

Other things being equal the size of the open- 
ing m the chest determmes the extent to which the 
negative pressure becomes reduced If the chest 
were immobfle and the mediastinum qmte unre- 
sistmg this factor would exert no mfluence upon 
the pressure ultunately attained withm the thorax 
The pressure would finally become atmospbenc 
throughout and complete collapse of both lungs 
would result But in the hving body the response 
to pneumothorax is to deepen the respirations 
That is, the thorax enlarges and the lungs expand 
to a greater degree to maintain the negative pres- 
sure despite the communication between the chest 
cavity and the atmosphere It therefore becomes 
a matter of competition between the amount of 
air entenng the lungs through the trachea and that 
entenng through the openmg in the chest durmg 
inspiration The chest may be compared to a 
bellows with a hole m its wall, when the bellows is 
opened (inspiration) the volume of air entenng 
through the leak and that through the nozzle 
(which is analogous to the trachea) will depend 
upon the sizes of the respective openmgs From 
this it wfll be realized that with quite a small 
opemng an intrapleural pressure of practically 
normal value could be maintained Even with a 
very large opening — one exceedmg in extent by 
several inches the cross area of the trachea — 
though the intrapleural pressure could not be 
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maintained at its normal value and partial col- 
lapse of the lungs would result, nevertheless, a 
normal volume of air could be drawn m dunng 
inspiraUon The reason for this is, of course, that 
the amount of air required for ordmary existence 

tidal air — is only a small fraction of the vital 

capaaty In other words a partially collapsed 
lung IS adequate for ordinary needs When, how- 
ever, the opemng is so large that the thorax, even 
when maximally enlarged, cannot expand the 
lung sufl6ciently to maintam the tidal air at its 
normal value, dyspnea and cyanosis will result. 
It also follows that a patient whose vital capacity 
IS already reduced by disease cannot survive with 
an openmg as large as that which can be tolerated 
by a person possessmg a larger vital capaaty As a 
result of the work of Graham and his assoaates 
the following summary may be made 

(a) Both lungs are affected m a pneumothorax. If 
the opening is small or if m a closed pneumothorax the 
pressure is low, the effect upon the two lungs is nearly 
equal 

(h) A bilateral open pneumothorax is not fatal unless 
the openings are large. 

(c) The Eire of the openmg compatible with life bears 
a relation to the vital capaaty of the subject Any 
pneumothorax, unless the opemng is very small, would 
be fatal to a person who before the pneumothorax oc 
curred had possessed a vital capaaty httle greater than 
his tidal air It is therefore possible to perform an intra 
thoracic operation upon a subject possessmg a high vital 
capaaty without distending the lungs by the delivery 
of air under pressure through the trachea 

(d) The reduction m the mtrathoraac “negative” 
pressure caused by a pneumothorax tends to impede 
the filhng of the nght heart and to produce stasis m the 
venous system (p 168) 

(e) Open pneumothorax mcreases the heat loss of 
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the body In dogs the body temperature may fall 2°C 
half an hour after an opemng has been made m the 
chest. After closure the temperature rises again and 
withm an hour has nearly reached the normal level 

When the mediastmum has been rendered stiS 
and resistant by previous disease some of the fore- 
going statements obviously will not apply Also, 
if the pleural surfaces on the side of the openmg 
are adherent and so hold the lung out against the 
thoraac ivall a pneumothorax will not result Or 
if, as a result of such adhesions the pneumothorax 
13 lunited in extent, only a part of the lung is 
aSected 

Collapse of the Lung, Artificially Induced 
Pulmonary collapse is mduced as a therapeutic meas- 
ure m certam pulmonary lesions, especially tuberculo- 
sis m which the disease is mainly confined to one lung 
The operations employed are (a) pneumolliorax, (b) 
phrernc avulsion, (c) thoracoplasly The aim is to render 
the lung functionless and so to place it at rest. Heabng 
IS thereby promoted Benefits also result from the ob- 
hteraUon of the vessels of the diseased lung The blood 
IS diverted from the poorly aerated tissue to the healthy 
lung, whose capillary bed becomes enlarged for the 
accommodation of the blood Anoxia and its effects are 
thereby reheved (see p 426) (a) PncumotJiorax The 
pneumothorax is of the closed type, i e , air is mtro 
duced mto the pleural cavity under pressure The 
mjected air after a time becomes absorbed (see atclec 
tasis, p 431) and the operation must be repeated m 
order to maintam the lung m the collapsed state. 
This operation or phrenic avulsion (below) is employed 
m the comparatively early stages of pulmonary' tuber- 
culosis (b) Phrenic avulsion One or other phremc 
nerve is exposed m the neck and sectioned The lower 
segment is then seized with forceps and pulled until 
It gives way, a considerable section of the nerve bang 
removed The corresponding half of the diaphragm is 
paralj'zed The latter ascends mto the thoraac cavity 
where it remains fixed at a high level The capacity of 
that side of the thorax is reduced and the lung col- 
lapsed to a corresponding degree Mere section of the 
phrenic in the neck is ineffective as a means of paralyz 
mg the diaphragm since fibers of the 5th cervical 
nerve (accessory phremc) join the mam trunk of the 
nerve withm the thorax, (c) Paravertebral thoracoplasty 
This opieration is performed m advanced cases with 
cavity formation and when the pleurae are adherent 
and consequently an artifiaal pneumothorax is not 
feasible From 1 to 6 mches of the upper nme or ten 
ribs are removed from the back of the thorax The 
chest wall thus rendered plasUc smks mwards and com- 
presses the correspondmg lung 

Pleueal Shock Marked slowing of the pulse and a 
profound fall m blood pressure, which may lead to 
fatal syncope, sometimes foUow puncture of the chest 
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wall for the withdrawal of fluid or dunng the produc- 
tion of pneumothorax The cardio-vascular reaction 
IS apparently due to a pleural reflex smce a smular 
effect upon heart rate and blood pressure can be in- 
duced in animals by stimulatmg the pleura It is 
more commonly seen when the chest is punctured for 
the withdrawal of fluid than dunng the injection of air 
m the production of pneumothorax, a fact among 
others which argues against its being due to air em- 
bolism (footnote, p 173) Injury to the visceral pleura 
or to the underlying layer of pulmonary tissue appears 
to be a factor essential for the production of this type 
of circulatory collapse 

BRONCHIECTASrS 

This is the term applied to an abnormal dilata- 
tion of the bronchi or bronchioles The dilata- 
tion may be localized or widespread, fusiform, 
saccular, beaded or uniform in distribution The 
contour of the bronchial tubes is readily demon- 
strated by X-rajf after the injection of lipiodol 
(fig 29 1 1) Secretion may collect within the dilated 
lumina and be expectorated at intervals as large 
quantities of a foul-smellmg sputum This classi- 
cal sign of the condition is only seen m its ad- 
vanced stages More commonly the sputum is 
small in amount and in the form of yellow 
“chunky” pieces (Warner) 

Causahon 

Bronchiectasis is practically always secondary 
to some other affection of the lungs The primary 
change leading to the condition is weakenmg of 
the bronchial w'all as a result of infective processes 
The clastic and muscular tissues are atrophic. As 
we have seen (p 353) the bronchial tree dilates 
during inspiration and constricts durmg expira- 
tion The latter movement is, in part at least, an 
elastic recoil With the gradual deterioration of 
the elastic tissue of the bronchial wall, the latter s 
resiliency becomes progressively less The lumen 


of the tube does not regam its normal cahber 
after mspiration but remams more or less dilated 
Accordmg to the most widely held view, further 
dilation IS mduced because the pressure withm the 
bronchial lumen during mspiration is higher than 
the pressure m the surroundmg pulmonary tissue 
and m the pleural space Durmg expiration, how- 
ever, the mtrabronchial pressure cannot rise above 
the pressure in the surrounding tissue, the bron- 
chial walls are supported Coughing or other con- 
ditions causmg a general nse m mtrapleural pres- 
sure cannot, therefore, mduce bronchiectasis On 
the other hand conditions which increase the nega- 
tive pressure withm the thorax, such as the col- 
lapse of an area of lung (atelectasis), of a lobe or of 
entire lung (massive atelectasis), 'will ob'viously 
increase the tendency to bronchiectasis Incom- 
plete obstruction of a bronchus especially if it 
exerts a valve-like action, by permittmg mspira- 
tion but hmdenng expiration, favors the develop- 
ment of bronchiectasis (see also p 432) The latter 
IS therefore not an uncommon result of the lodg- 
ment of a foreign body m a bronchus On the other 
hand, it is thought by some (Roberts and Blair) 
that retention of secretions, as ongmaJly suggested 
by Laennec, combined •with inflammatory weaken- 
mg of the bronchial wall are the important causa- 
tive factors, and deny the significance of atelectasis 
and an mcrease m pleural negative pressure Whit- 
well, in an examination of 200 limgs removed at 
operation, found atelectasis m only 10 per cent 

Ftbrosts of a lung or portion of lung is considered by 
some as a potent cause of bronchial dilatation It is 
thought that the fibrosing lung as it shrinks makes 
equal circumferential traction upon the bronchi or 
bronchioles and thus leads to their dilatation It is 
probable that even in these instances previous weaken- 
ing of the bronchial wall is the primary fault smce 
bronchiectasis commonly occurs m the absence of 
fibrosis 


Chapter 30 

THE AIR OF THE LUNGS 


The quanbty of air drawn into and expelled 
from the lungs in quiet respiration is only a frac- 
tion (I or so) of that which can be inhaled and ex- 
haled during deep breathing The air vhich passes 
m and out of the lungs dunng ordinary respiration 
IS spoken of as the tidal air It amounts on an 
average to 500 cc The aieragc man after he has 
completed an ordmarj expirabon, can inhale, bv 
makmg the deepest inspiration of which he is 
capable about 3000 cc. This is termed the compk 
mental an ' If, starbng agam from a position of 
rest, 1 e , at the end of an ordinary expiration, a 
forcible expiratory effort is made, about 1000 cc 
can be expelled This is called the supplcmailal air 
Since m ordinary breathing the lungs must hold 
this extra quantity of air which can be expelled 
upon demand it was called the reserve an b> 
Hutchinson The volumes of thecomplcmcntal and 
supplemental airs, i e,, the total amount of nir 
which can be exhaled after a maximal inspiration, 
IS called the vital capacity Thus, in round figures. 

Tidal air 500 cc 

Complemental air (including bdal 
air) 3000 cc 

Supplemental (resen e) air 1000 cc 

Vital capaaty 4000 cc ’ 


remains cnlrappcrl v ithin the air sacs and cannot 
be expelled b> ordinary means is 1 nown as the 
mtnmal air The minimal air is rcspon-^iblc for 
the diaractcristic buoaancy of pulmonary tissue 
The lungs of a dead animal fioat in v atcr and for 
this reason arc popularly Inown as the “lights” 
The fact is important in mcdico-lcgal practice and 
IS applicrl as a test to determine whether an m 
fant a.as still bom or had died after having once 
breathed 

Further partitions of the lung arc distinguished 
bv cliniaans Thus Intal /img capacity is the vital 
capaaty plus the residual air, that is, the total 
volume of air \ hicli the lung can hold after a 
maximal insjiiration It amounts to about 5CXX) 
cc The minute volume is the total volume of 
air breathed per minute, le, the volume of the 
tidal air multilplicd by the number of respirations 
per minute 

The Junctional residual on or normal capacity is 
the amount of air remaining in the lungs at the 
end of a normal expiration, that is, the supple 
mental or reserve air plus tlic residual air It 
avenges 2500 cc. 

The Vital CArACrrv (V C ) and its k'ARiATioss 


(see fig 30 1) 

Even after the most strenuous expiratory effort 
a large quanbty of air sbll remains in the lungs, 
smee collapse of the air cells cannot occur so long 
as the mtrathoraac pressure remains negative 
(subatmosphenc) This is termed the residual an 
It IS present m the lungs after death but is ex- 
pelled m large part when the pleural cavaty is 
opened and the pressure upon the two sides of the 
lung becomes equahzed The residual air amounts 
to from 1000 to 1500 cc. but it shows considerable 
mdividual vanabon 

men the lungs collapse as a result of opening 
the chest, the small amount of air which still 


of course includes the Udal air Some tat 
the volume wluch can be mspired after a normal ii 
spiraUon as the complemental air It then does m 
the volume of the tidal oir 
TLr!?' “"S'derably between individual 

^^ge biSd ' 


A relationship between certain bodv measure 
ments and vita! capacilv has been shown bv sev 
cral investigators Hutchinson, a pioneer in the 
field, invented the sjnromctcr and studied the 
vital capaaty in a large number of indivuduals, 
normal and disc-ascd He demonstrated a relation 
of vutal capacity to height and v eight * 

* Drever invcsUgalcrl the vital capaaty in a niimlicr 
of hcalthv individuals and demonstrated a relationship 
between it and "stem length” (height of liody from 
chair in sitting position) weight, and body surface 
rcspcctivclv 

ror the average healthy person the relationship lie 
tween vatal capaaty and weight is shown in the 
formula 


C = K 

men W = weight of body in grams, power n •> 0 72, 
V L = vatal capaaty in cubic cenbmeters, K a 
constant havang a vailue of 0 690 The normal stand- 
ard for a given waght is calculated ns follows 

W“ ”/0 690 = V C in cubic centimeters 
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Fig 30 1 Showing subdi\TSions of lung air (Modified from Chrisbe.) 


Pappenheuner and asso- 
ciates (Fed Proc 1950, 9, 
602), for the sake of uni- 
formity m nomenclature, 
have recommended the use 
of new terms for the subdi- 
visions of the lung volume 
These are as follows (the 
estabhshed correspondmg 
terms are m parentheses) 
Ittsptralorv reserve volume 
(complemental air, not m- 
cludmg the tidal air) , expir- 
atory r^erve volume (supple- 
mental air), ltdal volume 
(tidal air), residual volume 
(residual air) , vnial capacity 
(vital capacity), inspiratory 
capacity (complemental air) , 
Junctional residual capacity 
(functional residual air) 


The most consistent relationship, as shown by 
Dreyer and bj'' West, exists between vital capaaty 
and surface area (see table below) 

A fairly dose relationship between total height 
and vital capacity it as also found, the latter ex- 
pressed as cubic centimeters bemg 25 times the 
height in centimeters for men, 20 times for women 
and 29 tunes for athletes For example, an aver- 
age adult male 170 cm tall would have a ^^t■al 
capaaty of (170 X 25 =) 4250 cc. The surface 
area of the same individual assummg an average 
weight for his height, namely, 70 kg , would be 
1 80 square meters Therefore his vital capaaty 
should be (1 80 X 2500 ■=) 4500 cc The differ- 
ence m the results of the two methods of calcula- 
tion of the normal standard is therefore around 5 
per cent 

The ratios of vital capaaty to height and sur- 
face area respectively, as found by West, are 
shown m the following table 

Jfen R omen Athletes 

Vital capaaty, cc per cm height 25 0 20 0 29 0 
Vital capacity, cc per square 
meter of body surface 2500 2000 2800 

Occupation as shown by Dreyer and others 
exerts a potent influence upon the vital capaaty, 
the normal standard of persons employed m 
sedentary work bemg considerably lower than 

The subject’s vital capaaty as directly measured 
by the spirometer is expressed as a percentage of the 
normal standard for age, sex and occupabon 


those pursmng more arduous occupations Dreyer 
divided his subjects mto three classes A, B and C 
Class A are those with the maximum vital ca- 
pacities Classes B and C have values 90 per 
cent and 85 per cent respectively of those of Class 
A He considers a reduction of 15 per cent below 
the standard of the class to w'hich the subject 
belongs as an almost certam mdication of some 
abnormality It should be mentioned that meas- 
urements of chest expansion, as by means of a 
tape measure may bear httle relation to the vital 
capaaty A subject with pow'erful muscles can 
enlarge his thoracic cage to a capaaty greater 
than his lungs are able to fill His diaphragm 
mstead of taking a full downward stroke is drawn 
upwards while the viscera are forced mto the extra- 
thoraac space by a strong contraction of the 
abdommal muscles 

The vital capaaty is reduced m many diseased 
conditions espeaally those mvolvmg the respira- 
tory and cardio-vascular systems Among these are 

(a) Conditions which directly involve the lungs, 
e g , pneumonia, pulmonary tuberculosis, emphysema, 
eta 

(b) Mechamcal interference wnth the enlargement 
of the thoraac cavity, e g , as by abdommal conditions 
impeding the movements of the diaphragm or abnor- 
mahbes of the thoraac walls The movements of the 
thoracic walls may be seriously restncted by abdom- 
inal or pleunbc pam 

(c) Ihtrathoraac conditions which encroach upon 
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AtVEOLAR Air 

This IS the air contained m the air sacs and al 
ITS cases come into equilibrium ^Mth those 
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^ (d) Heart disease being conimu^ — ^ 

r/'^so^e ducrtheir capacit> Pulmonary fro effect of the respiratory mot ements 
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mv, vntal canacitt the functional residual air nation the air of the upper respiratory passages 
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Lg capacity are reduced m the recumbent 

posture 

Methods oe Measueeuent 

It must be emphasized that any reduction of the 
Mtal capaaty of an mdmdual is of much greater 
significance than an apparently abnon^ value 
encountered at the first ezamination The vital 
capaaty, the complemental air, or the reserve 
air can be readily measured m a simple spirome- 
ter For the determination of residual air or the 
volume of the lung at any phase of respiraUon 
the modification of Humphrey Davy s dilution 
method described by' Van Slyke and Binger is 
recommended Oxygen to nhich a known volume 
of hydrogen has been added is breathed in and 
out from a spirometer The carbon dioxide is 
absorbed by sodium hydroxide A sample of the 
mixture is analysed and the ratio of Nj to Hi 
determined, since, 


Ni m sample 
Hi m sample 


Total volume Ni 
Total volume Hi 


and (2) the total volume of Hi being known, the 
total volume of Ni m the lungs can be calculated, 
then m as much as mtrogen forms 79 per cent 
of the lung air, (vol Ni/79) X 100 •=■ l«Hg wliime 




Fig 30 2 Description in text. 


IS nrsr exiiein-u, in,— • 

the bronchial tree At the end 
which has been m the distended ah cob, since 
these ha%c been reduced m capaaU, now o^cr- 
flows into the bronchioles and brondii At the next 
inspiration this air is swept back again into the air 
sacs. Its place being taken bi fre^sb atmoTbenc 
air The latter as compared with the ahcolar air 
has a high oxygen pressure and a lov pressure of 
carbon dioxide Oxygen therefore diffuses from 
the inspired to the ahcolar air and carbon dioxide 
from the ahcolar air to the inspired air Tlic me 
chanical mexmg of the inspired air with the air 
already m the lungs occurs, chicfl\, at the begin- 
ning of inspiration and the end of expintion 
Mixing IS also brought about through the con- 
vection currents set up b\ the entrance of the 
cooler atmospheric air 

The process by which the air m the akcoU is rc 
newed may be made dear by the illustration in figure 
30 2 A IS a glass tube to which is attached a com 
picssiblc bulb B If the bulb be filled with smoke and 
then compressed, the smoke will not be completely 
expelled by a single compression A portion onh will 
issue from the end of the tubing The rest will fill 
^ the compressed bulb and tubing \\ hen the bulb is 
, released again smoke will be drawn back into the cas- 
t ity and the tubing mil be filled with fresh air The 
; smoke in the bulb wall be diluted through mechanical 
mixing and diffusion After a senes of compressions the 
smoke would be completely cleared away It the bulb 
were supplied steadily mth smoke through the bulb 
end and rhy thmical compressions and decompressions 
of the bulb maintained at a definite rate, a certain 
constant dilution of the smoke, but not complete clear- 
ance, would result The smoke entenng the bulb may 
be taken to represent the carbon dioxide passing from 
the blood into the alveolar spaces Henderson and his 
assoaates have showoi that when one gas displaces 
another from a cyhndncal tube the interface between 



Chapter 30 


THE AIR OF THE LUNGS 


363 


the two IS not a plane surface On the contrary, the dis- 
placing gas advances in the form of a cone or spike 
leaving a layer of the gas which is bemg displaced chng- 
ing to the tube’s walls This fact may be demonstrated 
by displacmg the air from a glass tube by a puff of smoke 
(fig 30 3) When the current of smoke ceases mixing 
occurs 


Oblatmng a sample of alveolar atr 

It IS dear from the foregoing illustration that m 
order to obtain a sample of pure smoke as it issues 
from the end of the tubing all the air must first 
have been swept out Similarly m order to obtain 
pure alveolar air a forced expuration must be made 
and a sample collected as dose as possible to the 
subject’s mouth This is accomplished through the 
use of the Haldane tube, which consists of a 
length of hose-pipe 1 inch in diameter and 3 feet 
long and provided with a mouth piece and sampl- 
ing bulb as shown in figure 30 4 The subject after a 
normal expiration makes a forced breath down 
the tube Toward the end of this act the sampling 
bulb, which has been previously evacuated, is 
opened for a moment in order to permit the ex- 
pired air to be drawn m, and then dosed An all 
glass air-tight syringe may be used instead of the 
samplmg tube The exact techmque used in re- 
search is somewhat more complicated than that 
described above 

The following are the average compositions of 
dry inspired, expired and alveolar airs reduced to 
standard temperature and pressure (S T P ) 


Volumes per cent 



Inspired 

{almosphertc) Expired 
air otr 

Alveolar 

air 

Oxygen 

20 94 

16 3 

14 2 

Carbon dioxide 

0 04 

4 0 

5 5 

Nitrogen (including 

argon 



0 94 per cent and 

other 


80 3 

rare gases) 

79 02 

79 7 


The atmosphenc air contams an average of less 
than 1 per cent water vapor The lung air con- 
tains about 6 2 per cent 

The Dead Space Air 

The respiratory passages extendmg from the 
nostrils to and mduding the termmal bronchioles 
(p 344) constitute what is known as the aiiaiomtcal 
dead space The walls of these passages are rela- 
tively thick and no gaseous mterchange between 
blood and air can occur across them The capacity 



Fig 30 3 a shows a ‘spike’ of smoke moving through 
a glass tube B shows the condition when the current 
is suddenly stopped and mmng occurs mstantane- 
ously C shows clear air drawn m through a glass tube 
D shows how a column of smoke crosses a bulb wuth 
httle mixmg or sweeping out of the air witbm it 
(After Yandell Henderson and assoaates ) 

of the anatomical dead space, which was first 
estimated by Loewy from a cast of the respiratory 
passages of a dead subject, is about 150 cc and 
though vanable between mdividuals is relatively 
constant for the same person Dunng an ordi- 
nary insptralton about 500 cc of air (tidal air) 
are inhaled A proportion of this fresh air (150 
cc) IS used to fill the dead space, the air previ- 
ously m the dead space bemg, as mentioned above, 
drawn mto the alveoli together with the remainder 
(350 cc ) of the inspired air This 350 cc is added 
to a large volume of air (residual and supple- 
mental airs amountmg to about 2000 cc ) which 
remams m the lungs after the previous expiration 
Dunng expiration alveolar air high in carbon 
dioxide and low m oxygen is forced from the air 
sacs Part of this is exhaled to the outside and 
part remains within the dead space from which it 
has displaced the fresh air of the previous inspira- 
tion The expired air is therefore a mixture of 
alveolar and mspured airs 

The physiological dead space and lis estimation 

The anatomical dead space as descnbed m the pre- 
cedmg section vanes relatively httle in capaaty 
though a moderate increase or decrease may occur as a 
result of bronchiolar dilatation or constncUon The 
physiological, virtual or effective dead space are terms 
apphed to the total space withm the lung which just 
poor to expiration contams perfectly fresh air, that is, 
au- which has not diluted the alveolar air or come mto 
contact with the respiratory epithehum The volume 
of the physiological dead space varies with the depth 



Fig 30 4 Haldane tube and sampling bulb 
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Chapter 31 


THE PHYSICAL PRINCIPLES GOVERNING THE RESPIRATORY 

EXCHANGES 


The interchange of gases which occurs between 
the atmosphere and the air m the lungs and be- 
tween the latter and the pulmonary capillanes is 
termed external respiration Carbon dioxide dif- 
fuses from the blood to the au m the au sacs which 
m turn is freshened by mspued air (p 367) 
Oxygen diffuses from the mspued au to the 
alveolar air and from this mto the blood The gase- 
ous exchange between the systemic blood and 
the tissues is reversed — oxygen passmg from the 
blood to the tissues and carbon dioxide from the 
tissues to the blood This is called internal respira- 
tion The gaseous exchanges are governed by 
physical laws — upon differences m pressures (ten- 
sion) between the blood plasma on the one hand 
and the au or tissue fluids on the other 

Hemoglobm serves for the storage and transport 
of oxj'gen, sodium bicarbonate serves corre- 
spondmg purposes for carbon dioxide (see p 
395) The actual mterchange of these gases de- 
pends, however, upon theu relative tensions m 
the different media, i e , m the lung au, and m 
simple solution m the plasma and tissue fluids 

The Kinetic Theory oe Gases — Dhtusion, 
Partial Pressures, Absorption Coef- 

FICIENrS 

Any quantity of a gas when placed m a con- 
tainer of whatever size expands its volume imtil 
limited by the boundanes of the confinmg vessel 
This fact is explamed upon the theory that the gas 
molecules are m contmuous motion, movmg 
through space at high vdoaty and bemg deflected 
from theu course only upon commg mto coUision 
vnth other gas molecules or with the boundaries 
of the space itself which they strike and from which 
they rebound repeatedly Such movements consti- 
tute a bombardment upon the confining walls 
which IS responsible for what is called the pressure 
or tension of the gas The greater the number of 
molecules m any given space the more frequent, 
obviously, will be the bombardments So, if the ca- 
paaty of the space is reduced the molecules are 
brought doser together The rate of bombardment 
upon a unit of surface wfll increase and the pres- 
sure of the gas wfll nse (see Boyle's Law below) A 


nse m temperature mcreases the veloaty of the 
molecular movements, mcreases the rate of bom- 
bardment and the force of the unpacts The pres- 
sure m consequence mcreases {Charles’ Law) 

In all arcumstances, the gas molecules as a 
result of theu movements wfll m time distnbute 
themselves evenly throughout the space in which 
they are confined and consequently the pressure 
will be the same upon all parts of the hmitmg 
surface In other words, although at the start the 
molecules may be m greater numbers (concen- 
tration) m one part of the space than in another, 
even distribution is soon brought about and the 
pressure throughout all parts of the space be- 
comes equal This behavior of a gas whereby the 
equalization of its molecular concentration occurs 
IS spoken of as diffusion If we should deal with a 
mixture of two or more different gases instead of 
with a single gas it would be found that each 
component m the mixture behaved as though 
present alone Its molecules would become dis- 
tnbuted evenly throughout the mixture and its 
pressure would depend upon its concentration 
without regard to the concentrations of the other 
component gases {Law oj partial pressures) 

If two samples of a gas, of different concentra- 
tions, be placed one on each side of a membrane 
permeable to that gas, diffusion also occurs until 
the tensions on the two sides of the membrane are 
equal, as m the case of a gas mixture each gas 
behaves as though present alone 
WTien a gas or a mixture of gases lies in contact 
with the surface of a liquid, the molecules of each 
gas penetrate the hquid and become dissolved 
m it until the tensions of that particular gas 
withm and without the liquid are equal The gas is 
then said to be equilibrated with the hquid {Law 
of solubility of gases) On the other hand, if the 
hquid be now exposed to a lower pressure of the 
gas the molecules which had undergone solution 
at the higher pressure escape until equflibnum is 
restored at the lower level Soda water, for ex- 
ample, IS water which has been eqmlibrated with 
carbon dioxide at a high pressure tVhen the 
cork IS removed from the bottle containing the 
surcharged hqmd, effervescence occurs Mole- 
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cules oS carbon dio-ode are gwtn o5 until the pres- 
sure oi the dissolved gas equals that of the carbon 
diovide (0 3 mm Hg) m the atmosphere A gas 
at difierent tensions m tivo hquids also comes into 
equilibnum whether the hquids are in direct con- 
tact or are separated b> a membrane permeable 
to the gas Also the actual amoiwi of gas uhich 
\rill undergo soluUon at a giien pressure \ancs 
with the particular gas and mth the liquid If 
distilled water for example be exposed to ox\gen 
at a pressure of 760 mm and a temperature of 
O^C each 100 cc. will take up 4 0 cc. of the gas 
OH, on the other hand, under the same conditions 
of pressure and temperature nill absorb a great 
deal more Therefore if samples of water and oil 
are expiosed to the atmosphere though the gas 
pressures m the three media are identical, the 
\olumes of the atmo^henc gases in 100 cc. 
(x olumes per cent) of each medium will be widely 
different 

The quantitj of a gas (measured at standard 
temperature and pressure) uhich can be absorbed 
bi 1 cc. of a hquid at 760 mm Hg is called the 
absorphon cocjiacnl of the gas for that particular 
hquid Thus the absorption coeffiaent of oxigen 
in water at O^C is 0 049 and of carbon dioxide 171, 
the coeffiaent xanes m\ersel\ mth the tem- 
perature (see table 26) The presence of dissohcd 
sohd substances m the water mil reduce the ab- 
sorption coeffiaent of these gases The xalucs for 
the bodx flmds are therefore slightlv less than 
those gix en abo\ e Thus the coeffiaent of absorpi- 
tion of oxjgen m plasma at bod> temperature 
(37°C ) IS 0 024 and of carbon dioxide 0.510 
The rate of diffusion of a gas through a liquid is 
m direct proportion to the absorption coeffiaent 
of the gas m that hqmd and inx erseh proportional 
to the square root of its molecular n eight The 
diffusion rate of carbon dionde through a wet 
membrane is about 30 times greater than that of 
oxxgen uhen the tno gases are under identical 
conditions For general ph> siological uork the 
dif vision cecjiacnl of oxxgen has been defined b> 


table 26 

Ahsorpiwn coefiaents of Tarwus garej t„ dtslilled mUct 
oC di^ereni iemperatures 


TQXPEEA 

Tutr 

OXYGtS 

CAXBO'; 

DIOXIDE 

CAXBON 

MONOXIDE 

vrraocEN 

0 

0 019 

1 71 

0 035 

0 024 

20 

0 031 

0 87 

0 023 

0 016 

40 

0 023 

0 53 

0 OIS 

0 012 


Krogh as the number of cubic centimeters of the 
gas which will diffuse 0 001 mm distance oxer a 
square centimeter of surface, per minute, at a 
pressure of 1 atmosphere It xancs for different 
tissues and bod> fluids and inacascs 1 per cent 
per degree Centigrade 


The diffusion cocfliacnls for oijgcn 

through the 

following matcnals at bodj temperature 

were found 

Water 

0 51 

Gelatin 15 per cent 

0 45 

Muscle 

0 31 

Conncctixe tissue 

0 18 


The diffusion coeffiaent of oijgcn through the pul 
monarx epithelium of the intact animal is defined as the 
number of cubic centimeters xvhich are ab^orlicd per 
mmute per millimeter of mean pressure difference 
between tbc blood and aKeolar air The coeffiaent 
x-ancs m different individuals from 23 to 45 during 
rest and from 37 to 56 during cxerasc If, for ex- 
ample, the mean difference betneen the oijgen ten 
sions of tbc blood and alx eo,ar air should be 10 mm 
Hg and the coeffiaent 25 mm , then (10 y 25 «=«) 250 
cc. of oxx gen mil be absorbed per minute The incrca'c 
m the coeffiaent dunng exercise is ascniicd to the open 
mg up of more capillaries The differences observed 
between individuals arc probablj dependent upon the 
sizes of the alveoli, the thicl ness of the alveolar cpi 
ihebum and the mean capaal> of the lungs The 
diffusion coeffiaent of carbon dioxide through the 
alveolar epithelium is around 500 during rest and SOO 
during excrose 

SuMMATlX or THE GaS LaxVS 

(1) Boole's Lmr WTicn the volume ot a gas is al- 
tered, the temperature remaining constant, the pres- 
sure vanes inv erscl> , ue , the product of the pressure 
and the volume remains constant If the sjwcc wherein 
a certam gas is confined be reduced bj half, the gas 
pressure is doubled and vice x ersa 

(2) Lao: of Charltz (or Caj Lussac) For each nsc 
in temperature of 1°C a gas kept at constant pres 
sure expands b} .Ij of its volume at O’C The volume 
of a gas at constant pressure is therefore proportional 
to Its absolute temperature (— 273°C ) 

(3) The Lav: of Parital Pressure {Dalton's Lav) 
The pressure exerted bj a gas in a mixture of gases is 
equal to the pressure which the same quanUty of that 
gas would exert were no other gases presenL It follows 
that the total pressure of a mixture of gases is equal 
to the sum of the pressures of its component gases 
For example, the atmosphere (dry) exerts a pressure 
of 760 mm Hg The gases of which it is composed— 
oijgen, nitrogen and carbon dioxide are present in 
ffie proportions of 20 96 per cent, 79 per cent and 
004 per cent respecUxcl> The partial pressure ex- 
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erted by oxjgcn i& therefore (20 96/100) X 760 «= 
159 2 mm Hg and of carbon dioxide (0 04/100) X 760 
= 0 30 mm Hg 

Air in contact wath water is continually receiving 
water molecules from the surface of the liquid This 
water vapor follows Dalton’s Law exerting a pressure 
independently of the other gases, and proportional to 
the quantity present in the air The higher the tem- 
perature the greater is the quantity of w ater which the 
air w ill hold before becoming saturated and the greater 
consequcntlj will be the tension of aqueous vapor 
The air in the lungs has a temperature of about 
37°C and is usuallj stated to be fully saturated with 
water vapor, the latter, therefore, exerts a pressure 
of 47 mm Hg ' The air after leaving the lungs falls in 
temperature, some of the water vapor condenses and 
the latter in consequence is much less The tension of 
water vapor m room air (18°C ) would be no more 
than 15 5 mm Hg, even though the air were fully 
saturated, and is usualh around 4 or 5 mm Hg The 
aqueous tensions of air (saturated) at various tem- 
peratures arc given in table 27 

In the measurement of the respiratoiy gases the 
volurnes arc expressed dry (i e , less the aqueous vapor, 
though actually no correction for this is required) and 
at standard temperature and pressure (S T P ) — 
760 mm Hg and O^C The individual gases, carbon 
dioxide or oxy'gen, are then expressed as percentages of 
this dry volume 

In order to arrive at the tension of one or other gas 
from Its percentage in dry' air, the figure for the baro- 
metne pressure less the aqueous tension must of course 
be used as the basis for calculation For example, if 
the Carbon dioxide percentage m a sample of alveolar 
air (dryO is 5 6 per cent and the barometric pressure, 
(and so of course the total gas pressure of the alveolar 
air) is 760 mm Hg, then the tension of carbon dioxide 
in the alveolar air must be 

(5 6/100) X (760 - 47) = 39 9 mm Hg 

Similarly' when the 0: percentage in dry' alveolar air is 
14 2 the oxy'gen tension is 

(14 2/100) X (760 - 47) = 101 2 mm Hg 

(4) Uenry's Law of the Solution of Gases If the 
temperature remains constant then the quantity of a 
gas which goes into solution in any given hquid is 
proportional to the partial pressure of the gas 

* Chnstie and Loomis from direct measurements 
have obtained a lower value for the aqueous tension 
of alveolar air than the usually' accepted one of 47 
mm Hg, (namely' 45 mm Hg) They claim that the 
alveolar air is not fully' saturated and that the tem- 
perature of the lung is lower than has been assumed 
Hy [jerpnea they found reduced the aqueous tension 
by as much as 7 mm Hg Holding the breath increased 
it by 0 5 mm Hg 


TABLE 27 


Tension of aqueous vapor and water in grams in mois- 
ture-saturated air at different temperatures ^ 


TEUPERATTOE 

TENSION or AQUEOUS^ 
VAPOR ^ J 

f 

^ATER PER CUBIC 
' UETER^OF AIR v 

•c 

mm b{ 

grams , 

0 

4 

^49 

5 

6 5 

6 8 ' 

10 

9 1 

9 4 

15 

12 7 j 

12 8 

20 

17 4 

17 2 

30 

31 6 

30 1 

37 

47 1 



TABLE 28 


BASOinrTEE 760 UM Hg 

1 PARTIAI, PSESSURE’ 

Gas 

Inspired 
air 1 

Expired 

air 

Alveolar 

air 


mm Bt 

mm Ilg 

mm Dg 

Oxy'gen 

158 25 

116 

100 

Carbon dioxide 

0 30 

28 

40 

Nitrogen 

596 45 

569 

573 

Aqueous vapor 

5 00 j 

47 

47 

Totals 

760 00 

760 

760 


The Exchange of Gases in the Lungs 

THE PARTUL PRESSURES OF THE GASES IN THE 
LUNG AIR 

In table 28 are given average figures for the 
partial pressures of oxygen, carbon dioxide and 
nitrogen in inspired, expired and alveolar airs 
The fall in oxygen pressure from mspired to al- 
veolar air and m the reverse direction for carbon 
dioxide will quite evidently promote the free mter- 
change of these gases across the pulmonary epi- 
thelium The interchange of gases between inspired 
and alveolar airs is reflected m the intermediate 
values shown for the gas pressures m the expired 
air 

The alveolar oxygen and carbon dioxide ten- 
sions tend to vary with the mmute volume (p 360) 
Durmg voluntary hyperpnea the CO 2 tension 

* These are general figures There is considerable 
variation between individuals and under different 
conditions The range of gas pressures in the alveolar 
air for man at rest is from 97 to 108 mm Hg of oxygen, 
and from 35 to 45 mm Hg for carbon dioxide 

Minute amounts of argon, helium, neon and other 
rare gases, are present in the atmosphere and are in- 
cluded m the figure given for nitrogen They are inert 
in so far as respiration is concerned, nor do they appear 
to be essential for any physiological process 
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TABLE 29 

Gas tensions in arlerutl and in venous blood 



TEKSJQ't 

Venolu blood 

Artmil blood 

Oxygen 1 

Carbon dioxide 

Nitrogen 

Water vapor 

mm I?x 

37 1 

46 

573 

47 

j fftm. Ht 

too’ 

40 

573 

47 

Totals 

703 

j 760 


falls and the Oj tension nses WTien the breath is 
held or during periods of apnea changes of a 
reverse order occur 

Nitrogen, so far as respiration is concerned is 
inert- A smali but constant amount (about 0 83 
volume per cent) of the gas is taken up and dis- 
sohed m the plasma but it is neither used nor 
produced mthm the body, the quantities m ar- 
tenal and m venous blood beuig identical It will 
be noted, however, that the percentage of this 
gas IS higher m al% eolar and expired airs than m 
inspired air (p 363) This is due not to any abso- 
lute mcrease m the quantity of nitrogen but to the 
reduction of the total volume of the respiratory 
gases resultmg from the greater quantity of oxy- 
gen absorbed than of carbon dioxide put out 

THE PASTIAX PRESSURES OF OWGEN AND CARBOV 
DIOXIDE IN BLOOD 

In table 29 are given the tensions of oxygen and 
carbon dioxide m arterial and m venous blood 
The venous blood, it will be seen, has a lower 
tension of ox) gen (by 60 mm ) than the alveolar 
air but a higher tension of carbon dioxide (by 
6 mm) It IS to be remembered that the pul- 
monary capfllarjes and the air in the alveoh are 
separated by delicate membranes freely permeable 
to these gases The pressure gradients are fav- 
orable to a rapid mw ard diSusion of oxj^gen (from 
ah eolar air to blood) and an outward diffusion of 
carbon dioxide (from blood to alveolar air) 
Equilfbnum is qmcUy established between the 
respiratory gases m the alveolar air and m the 
blood of the pulmonary capiUanes Smce the 
diffusion coeffiaent of carbon dioxide through the 


pulmonary membrane is much higher than that 
of oxj'geni pressure gradient of the former gas 
need not be so high for this to occur It i/ill be 
seen from tables 28 and 29 that the tension of 
carbon dioxide m the blood leaving the lungs, 

1 e , m the mixed artcnal blood, is the same as 
that in the alveolar air Indeed, it is the usual 
practice, when one mshes to know the artcnal 
CO; tension, to determine that of the alveolar air 
and assume that the tno arc identical It has been 
shown, however, by Bock and associates that a 
slight difference (0 5 mm Hg) does exist 
The ox>gcn tension of the mixed artcnal blood 
returned from the lungs of man is only slightly 
lower than that of the alveolar air Comroc and 
Dnpps, m a senes of normal human subjects, ob- 
tained a value of 97 4 Hg for the ah eolar air and 
9/ 1 Hg for the arterial blood* — an al-colar air- 
arlcrtal diJfcTcncc of onl> 0 3 Hg Comparable v alucs 
for man were obtained bj Lilicnthal and associates 
Gaseous cquihbnum is attained not instantanc- 
ouslj but progressiv civ along the course of the 
pulroonaiy capillan Diffusion is rapid at the 
venous end but as blood and alveolar air approach 
equilibnum the diffusion process neccssarilj be- 
comes slower The length of the capiJlaiy and the 
rate of the blood flow through it arc factors which 
must determine the extent to which cquihbnum 
occurs Roughton obtained a figure of 0 75 sec- 
onds for the Umc of passage of the blood through 
the pulmonary capillancs for normal men at 
rest, this was shortened to 034 seconds dunng 
heavy work The total volume of blood m the 
pulmonary’ capillancs at any moment is also, 
owing to their distension, much greater than 
durmg rest (p 332), dunng arduous exercise the 
quantity of blood m the lungs may be double that 
dunng rest. 

The tensions of oxygen and carbon dioxide in 
human artcnal blood may’ be determined by 
bnngmg a small bubble of air into contact with a 
sample of the blood obtained by artcnal puncture 
The method employed for the purpose is an 
adaptation to man (Baraoft and Nagabashi) of 
a method ongmally mvented by Krogh for ani- 
mals (see fig 31 1) After the gases in the air 
have come into equilibnum mth those dissolv’cd 
m the blood the small bubble is analy zed and its 


IS of artenal^ tensions for man at rest 


j.u oTivgen IS released irom the blood 
mil if ortenal syst^, a sample talen from an artery 
mn have the same 0, tension as that in a pulmonary 
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composition determined The gas tensions are 
then calculated from their percentages (p 367) 
Smce no gaseous exchanges occur across the walls 
of the artenes, the tensions so determmed are 
those of the mixed artenal blood of the pulmonary 
capiUanes It has already been mentioned that 
the artenal carbon dioiade tension is usually ob- 
tained from an analysis of alveolar air The gas 
tensions of the blood coming to the lungs — the 
mixed venous blood — may be determmed m man 
by direct or indirect methods (ch 26) In animals 
mixed venous blood may be obtained from the 
nght ventnde by punctunng the chest wall 
with a hollow needle attached to a syringe 

The Volumes of Oxygen and Carbon Dioxide 
IN Blood 

Knowmg the respective absorption coeffiaents 
for oxygen and carbon dioxide m plasma, and the 
gas pressures, the volume of each gas m simple 
solution m 100 cc of plasma can be readily cal- 
culated (table 30) For example, the absorption 
coeffiaent of oxygen m plasma is 0 023 at body 
temperature and at a pressure of 760 mm Hg 
At the partial pressure of oxygen m artenal blood 

100 

the plasma should hold m solution “ X 0 023 = 

0 003 cc of oxygen per cubic centimeter or 0 3 
volume per cent The absorption coefficient of car- 
bon dioxide m plasma (0 51) or of whole blood 
(0 48) is higher than that of oxygen but the partial 
pressure of carbon dioxide to which artenal blood 
IS exposed m the lung is lower (40 mm Hg) than 
that of oxygen The quantity of the former gas in 

40 

simple solution in whole blood is therefore X 

48 = 2 5 volumes per cent 

About 19 5 volumes per cent of oxygen and 
from 40 to 50 volumes per cent of carbon dioxide 
can be removed from artenal blood The propor- 
tions of these gases present m simple solution 
must, therefore, be only a small fraction of the 
quantities held m the blood m other ways They 
are present m chemical combmation — oxygen with 
hemoglobin and carbon dioxide mainly as bicar- 
bonate (see chap 33) 

Blood normally contams about 15 grams of 
hemoglobin per 100 cc Since 1 gram of hemo- 
globm cames a maximum of 1 34 cc. of oxygen, 
artenal blood would, therefore, when saturated 
to Its f ull capaaty, contam about 20 cc. of oxygen 
Blood as It leaves the lungs is about 97 5 per cent 


B 



Fig 31 1 Krogh’s microtonometer A is an enlarged 
view of an equilibration chamber constituting the 
lower part of B(l) but which is shown only m part m 
the latter drawmg A is filled with saline solution 
through the side tube 1, a narrow tube into w'hich the 
specimen of blood is mtroduced, 2, an air bubble Hie 
lower end of 1 is connected by rubber tubing to a 
cannula inserted mto a blood vessel, the blood issues 
from a narrow opening at the upper end of the tube 1 
m a fine jet and plays upon the bubble After the gases 
in blood and bubble have come into equihbnum the 
latter is drawm mto the graduated capillarj^ tube show n 
in B, by means of the screw'-piunger (4), and analjzed 
according to the followang procedure The volume of 
the bubble is first measured, it is next drawn mto a 
solution of KOH which absorbs the COj, then re- 
turned to the graduated tube and measured again, 
the difference between the two measurements gives the 
amount of CO" which it contained The bubble is then 
passed through a solution of potassium pyrogalhte, 
to absorb the O 2 , and its volume measured a third 
time C is a model with an attached cannula which 
can be inserted directly into a blood vessel 

TABLE 30 

Volumes per cent (cubic cent t meters of gas per 100 cc 
blood) of oxygen and carbon dioxide in artenal and 
m venous blood 



VENOUS BLOOD 

ASTEBLAL BLOOD 

CAS 

1 , 

In 1 


1 7a 


Total ' 

j 

simple 

solution 

1 

Total 

simple 

solution 

Oxygen 

12-14 

i 0 1 

19 5 

1 0 3 

Carbon dioxide 

58 

1 3 0 

1 

48 

2 5 
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saturated with oxygen so that the hemoglobin 
holds at this degree of saturation about 19 5 cc of 
oxygen per 100 cc. of blood ^ 


The phato-decirtcal delermtnatton oj the oxygen salura- 
Ijon In man, the oxygen saturation can be determined 
m the blood as it circulates through a translucent 
part such as the pmna of the ear, by means of the 
oxtmeler This instrument, ongmally suggested by the 
work of Squires, has been developed by Goldie and by 
MiUikin The method is based upon the fact that red 
light (wave length 600 to 7500 millimicrons) is trans- 
mitted readily by oxyhemoglobin, hut only slightly by 
reduced hemoglobin The apparatus consists of an 
electnc hght bulb and a photo-electnc cell placed, 
respectively, at the front and back of the pinna The 
beat of the bulb dilates the vessels so that the oxygen 
saturation of the blood m the capiUanes becomes that 
of the artenal blood, the light transiUuimnates the 
tissue and, after passmg through siutable filters, is 
received by the photo-electnc cell The electnc current 
set up IS measured galvanometncally, and the actual 


‘ Since the blood in passing through the capillaries 
of an air sec comes into equilibnum with the air of 
that air sac as desenbed on page 310 the statement 
that the artenal blood has a tension less than that of 
the alveolar air and is only from 94 to 96 per cent 
saturated, requires enplanaUon The discrepancy is 
explained as follows The air sacs are not all ventilated 
to the same extent, m some the Oj tension is higher, m 
some lower than that of the alveolar air as determined 
upon a sample In other words the Ot tension ol a 
sample of alveolar ^ir is an average of the Oi tensions 
of the air m all t^e air sacs But when we come to 
consider the blood coming, not from a smgle air sac, 
but from the lung as a whole — i e , the mixed artenal 
blood — It becomes evident that while an under ven 
tilated air sac mil low er the oxygen tension and so the 
oxygen saturation of the hemoglobm, an over venti 
lated one cannot compensate this effect to any sig 
mficant extent The Oj m solution (upon which the 
Oj tension directly depends) is m equihbnum with 
that combmed m hemoglobin and it is evident from 
the shape of the Oj dissoaation curve of hemoglobin 
that a nse in oxy^ tension above 100 mm Hg will 
raturale the blood very httle more whereas a fall of 
20 nM Hg or so will reduce the saturation very ma- 
terially 

The vanation between individuals in the Oj satura 
tion of the artenal blood is attributed to the different 
degrees to which uneven ventilation of the air sacs 
Kcurs and also to shght differences m the shapes of the 

by Barcroft 

ttet the O, dissonation curve is not precisely the same 
dissimilarities are due apparently 
iKp^i^k^ diSwencw m the chemical consUtution of 
the globm part of the hemoglobm molecule 


per cent of oxygen saturation is calculated b> means of 
the cahbrations of the instrument wnth values cstah- 
hshed by the Van Slyke method This method has 
proved of great value m determining the oxygen salun- 
tion of the blood drawn b> catheter from the right 
auricle, ventricle and pulmonary artco m the diagnosis 
of congenital cardiac defects (p 433) Groomc and his 
assoaates have devised a more convenient apparatus 
for this purpose The blood is transilluminatcd b> 
passing It through a tube composed of poly ihcne at- 
tached to the catheter, on the opposite side the trans 
milted light is registered by photo-electnc cells, placed, 
respectively, behind red and near infra red (wave length 
750-900 millimicrons) filters The oxyhemoglobin con 
centration is calculated from the value registered by 
the first cell, the total hemoglobin from that giv en by 
the second cell Trom the ratio of these values the 
oxygen saturation is estimated 

The quantity of oxygen or of carbon dioxide 
contained in a given sample of blood (orygni or 
carbon dwxidc coiUatt) is determined by transfer- 
ring the sample to a blood-gas apparatus (Haldane 
or Van Slyke) and then freeing all the oxygen from 
the hemoglobm by the addition of potassium 
femeyamde, or all carbon dioxide from combina- 
tion by the addition of aad Precaution must be 
taken not to permit the sample to come in con- 
tact with air Since the cell wall is not freely 
permeable to K»Fc(CN)e the corpuscles should be 
first laked by ammonia or saponin solution Hal- 
dane showed that all the oxvgen m blood is liber- 
ated by this procedure and the oxyhemoglobin is 
turned mto mcthcmoglobin (p 58) The oxygen ca- 
pacity of a sample of blood is calculated by expos- 
ing It to air or oxvgen and determining the amount 
which It then contains, that is, when the hemo- 
globin is completely saturated The ratio of 
oxygen content to oxygen capacity X 100 gives 
the percentage saturation of the blood w ith oxy- 
gen Smee the quantity of oxvgen (1 34 cc.) which 
will combine with 1 gram of hemoglobm is known, 
the hemoglobin content of a specimen of blood 
may be calculated from the quantity of Oj in the 
blood when fully saturated, ic, from its oxygen 
capacity For example, if a sample of blood has an 
oxygen capacity of 10 volumes per cent its hemo- 
globm content is (10/1 J4 =) 7 5 grams per cent 
or about 50 pet cent of the normal 



Chapter 32 


THE TRANSPORT AND DELIVERY OF OXYGEN TO THE TISSUES, 
INTRACELLULAR OXIDATIONS AND ENERGY TRANSFER, 
THE CARRIAGE OF CARBON DIOXIDE 


Hemoglobin serves for the storage and trans- 
port of oxygen The small amount of oxygen m 
simple solution (about 1 per cent of the total) is 
negligible when one considers the oxygen require- 
ments of the tissues even during rest (250 cc per 
mmute) If the blood could hold no more than this 
it would be necessary for some 120 liters to circu- 
late through the tissues each minute, even assum- 
ing that all the oxygen were given up durmg each 
arculation Nevertheless, the gas m simple solution 
IS of the utmost importance since it is m equilib- 
rium with the alveolar air on the one hand and on 
the other determmes the quantity of oxygen which 
shall be held in combmation with the hemoglobm 
This wiU be made clear from a study of the oxygen 
dissociation curve for hemoglobm 

The Dissociation Cdeve of Hemoglobin 

Oxygen enters mto chemical combmation with 
the iron of the hemoglobin molecule (see p 57) to 
form oxyhemoglobin Each atom of the metal 
umtes with two atoms of oxygen The remarkable 
feature of the union of oxygen with hemoglobm 
is the readiness with which the gas is released from 
combmation when its tension m the surroundmg 
medium is reduced Hemoglobm from which the 
oxygen has dissoaated is called reduced hemoglobin 
The relationship between the partial pressure of 
oxygen and the percentage saturation of the hemo- 
globm with the gas — i e , the proportion of oxy- 
hemoglobin to reduced hemoglobm — can be shown 
m the form of a curve — the oxygen dissociation 
curve of hemoglobin The curve for a solution of 
hemoglobm m distilled water is obtamed in the 
foUowmg manner Several samples of the hemo- 
globm solution are placed each m a separate closed 
vessel known as a tonometer (fig 32 1) The re- 
spective samples are then exposed to known oxygen 
tensions 0, 10, 20, 40 and 100 mm Hg The 
tonometers are rotated continuously m a water 
bath at body temperature The solution is thus 
spread out as a thm film over the mtenor surface 
of the vessel After equfiibnum has been attamed, 
the proportion of oxy- to reduced hemoglobm is 

371 


determmed When 100 per cent saturated — that 
is, when the hemoglobm has taken up oxygen to its 
full capacity — the solution contams about 20 
volumes per cent of oxygen When a quarter or 
half saturated it therefore contains 5 or 10 volumes 
respectively The results are plotted on a chart 
with the oxygen tensions along the abscissae and 
the percentage saturation along the ordmates as 
shown m figure 32 2 The curve is a rectangular 
hyperbola Huffner obtained such a curve for 
hemoglobm from calculations based upon the law 
of mass action (see below) 

If the foregomg procedures are carried out with 
blood instead of with a hemoglobm solution a 
different type of curve is obtamed as shown m 
figure 32 3 It is doubly mflected or S-shaped 
The dependence of the oxygen saturation of 
hemoglobm m an aqueous solution upon the par- 
tial pressure of the gas is m accordance with the 
law of mass action which states that “ the velocity 
of chemical cha nge is propor tional to the product 
of the concentrations ot the re acting substances ” 
In this case the reacting substances are reduced 
hemoglobin and oxygen The reaction is reversible 
and is represented thus 

Hb -1- Oj HbOz 

Reduced Oxyhemoglobin 

Oxyhemoglobin 

It IS evident that m the foregomg procedures the 
tension of oxygen m the hemoglobin solution, or 
m the plasma m the case of whole blood, came into 
equflibnum with the oxygen pressure of the at- 
mosphere mtroduced mto the tonometer Then, 
the concentration of the dissolved oxygen must 
be proportional to the partial pressure of the gas 
to which the solution was exposed (p 367) So, 
if Co = concentration of O 2 , Cr = concentration 
of reduced hemoglobm and Ch = concentration 
of oxyhemoglobm, then the veloaty of the reaction 
of Efb with Oi to form HbOj wiU be proportional 
to the product of Co and Cr multiphed by a con- 
stant k, and the reverse reaction, the dissoaation 
of oxyhemoglobm (HbOi) to reduced hemoglobm 
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Fig 32 I Senes of tonometers The numbers denote 
the pressure of oxygen in mm (After Bnrcroft.) 


(Hb) and oxygen, will be proportional to Cb 
multiplied by another constant ki Thus 

k(Co X Cn) k,(CH) 

At any given tension of oxygen m the opposed 
reactions, the formation of oxyhemoglobin and its 
dissoaation proceed simultaneously until eqm- 
libnum becomes established A simple reaction 
of this nature niU explain the dissociation curve of 
a hemoglobm solution but the S-shaped curve of 
blood IS thought to be due to a senes of reactions 
It uill be recalled that natural hemoglobm (p 57) 
has a molecular weight (68,000) four times greater 
than uas previously supposed It may therefore 
be given the symbol Hbi It is thought that each 
molecule of hemoglobin combines with four mole- 
cules of oxygen, Hb< + 40i Hb,0» The oxvgen 

dissociation curve calculated by the application 
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Fig 32 3 Composite curve to shou the degree of 
variation in the oxygen dissociation curx’e of human 
blood as determined upon a number of persons In each 
case the blood was exposed to an atmosphere containing 
the same percentage of CO as that of the alveolar air 
of the indmdual examined Ordinates, percentage satu- 
rauon, abscissae, oxygen pressure (After Barcroft) 


of the law of mass action to this equation has a 
more pronounced S shape than any actually ob 
served for blood On the other hand, the curve 
calculated from the equation Hbi -f Oj is hyper- 
bolic (fig 322) It is believed, therefore, that in 
the combination of oxygen w ith hemoglobin under 
physiological conditions, four separate but simul- 
taneous reactions take place 

Hb* + Oi ° Hb*0- 
Hb, + 20j = mi.O, 

Hb, + 30j = Hb,0. 

Hb, -h 40j = Hb.O, 

The combination of all these reactions, it has been 
suggested, is responsible for the speaal S-shape 
of the oxygen dissoaation cunm (figs 32 3 and 
324) 

Certam features associated with the shape of the 
dissociation curve of whole blood as shown in figure 
32 3 are of the utmost physiological importance 
It _>ill be seen that with the partial pressur e of 
oiq'gen~iD~arten^bIood (97 mm Hg) the hemo- 
globin is already nearly ~(98 per cent) saturated 
v^ithjUie_g ^ Exposing the hemoglobm. toll higher 
oxygen tension, tberelore, will cau se but a small 
increas e in the total quantitv nf tal gn up by 

tfeeJ dood, andlo~gain even the u T timatp 7. 
per ce nt the oxygen pressure would require to b e 
raised to over 300 nun Hg The flattening out of 
the upper p a^t of the curve means that relatively 
bttle red uction m the piercentage saturation of the 
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hemoglobin occurs until the oxygen pressure falls 
to about half its normal value At pressures above 
60 mm Hg, relatively wide vanations m alveolar 
oxygen pressure can occur with mmrmal changes 
m the total oxygen load of the blood At an oxygen 
tension of 70 mm Hg the hemoglobin is still about 
90 per cent saturated The slope of the lower part 
of the curve is such that a given fall in oxygen 
pressure causes a much greater desaturation of the 
hemoglobm The behavior of hemoglobm as mdi- 
cated by the shape of the curve therefore favors a 
nearly maximum uptake of ox^'g en m the lung s so 
long as the oxygen pressure is above 80 mm Hg 
^d a rapid rel ease of the gas at the lower oxygen 
pressures which prevail m the tissues (1 mm or 
le^to_60 mm Hg) It will be realized from a 
glance at the hyperbolic curve shown m figure 29 9 
how unsuitable hemoglobm would be as a earner 
of oxygen if it behaved m the manner mdicated by 
such a curve The hemoglobm would show a great 
avidity for oxygen m the lungs but would not yield 
up its oxygen load until the partial pressure in the 
tissues had fallen to a very low level At the pres- 
sures which exist m the tissues the rate of dissocia- 
tion of oxyhemoglobin would be many times slower 
than the rate of its formation Hemoglobm would 
thus be worthless as an oxygen carrier As it is, 
the oxygenation of hemoglobin in the lungs and 
its reduction m the tissues proceed at practi- 
cally equal rates 

THE EFEECTS OE REACTION AND OF TEMPERATURE 
UPON THE SHAPE OF THE OXYGEN DIS- 
SOCIATION CURVE 

The effect of dissolved inorganic salts upon the 
shape of the dissoaation curve appears to be of 
less importance than was previously supposed 
Hemoglobm solutions free from salts give the S- 
shaped curve when special precautions are taken 
to prevent a change (denaturation) occurring m 
the natural constitution of the hemoglobm com- 
plex Denaturation may result from bacterial ac- 
tion, “aging” or other agenaes 
‘ A change m the reaction of the blood toward the 

acid side causes the curve to flatten toward the 
[ right, 1 e , the affinity of hemoglobm for oxygen 

I IS reduced Carbon dioxide and lactic acid liber- 

i ated dunng tissue activity will exert this effect 

t The influence exerted by COi was discovered by 

il Bohr and is usually referred to as the Bohr effect* 

I * The oxygen dissociation curve of hemoglobin is so 

i( sensitive to aad that it has been used by Barcroft and 



Fig 32 4 Dissociation curves of human blood, ex- 
posed to 0, 3, 20, 40 and 90 mm COj Ordmates. per- 
centage saturation Abscissae, oxygen pressure (After 
Barcroft.) 

(see figure 32 4) Temperature exerts a similar 
effect upon the dissociation curve These agen- 
aes, therefore, cause the hemoglobm to hberate 
its oxygen more readily at the lower oxygen ten- 
sions but exert httle effect upon the uptake of oxy- 
gen at the higher tensions They cause the reactions 
mvolved m the breakdown of oxyhemoglobin to be 
speeded up, the equihbna shown on page 372 
bemg shifted to the left Alkalis and a fall m 
temperature will of course have the reverse effect 

The Unloading of Oxygen in the Tissues 

It is now possible to give a summary of the 
manner in which oxygen is taken up from the lungs 
by the blood and supplied to the tissues The ab- 
sorption of oxygen from the alveolar air is the result 
simply of diffusion (pp 365 and 369) The oxygen 
■fSsion m the arterial Wood is lower (never higher) 
than that of the alveolar air This is so, even at 
high altidudes where the alveolar oxygen tension 
IS greatly reduced (p 424) There is no reason, 
therefore, to beheve that the pWmoiiaiy_eBithehum 
actually seaetes oxygen mtp the blood ^ The per- 

his associates as a basis of a method for measuring 
changes m blood reaction A shift of the curve to the 
nght, 1 e , when the blood absorbs less oxygen at a given 
Oj pressure, would indicate an increase in H ion concen- 
tration, and a shift to the left the reverse change 

* The view that the pulmonary epithehum does not 
always play the r6le of a passive membrane but is 
capable of actively secreting oxygen mto the artenal 
blood was advanced by Bohr and later elaborated by 
Haldane 
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centage saturatio^f Ae hemoglobin is depmdent 
thr^gen tension of the blood, 
amount of the gas m sunple solution, which, as just 
mentioned, is governed m turn by the oxygen pres- 
sure m the alveolar air We have seen that the- 
hemoglobm m the blood leavmg the lungs is about 
98 per cent m the form of oxyhemoglobm (i e , it 
IS 98 per cent saturated with oxygen) 

Practically no oxygen is lost from the artenal 
blMd until fte capillaries have been reached, so 
the blood reaches the periphery with a high pres- 
sure head of oxygen The oxygen tension oL the 
tissue flmds and cells is relatively low, but vanes 
mth the functional activity at the moment be- 
tween 1 and 60 mm Hg, a flow of oxygen from the 
plasma across the capillary membrane results 
This, of course, will tend to lower the oxygen 
tension of the capillary blood plasma and upset the 
equilibnum between it and the oxyhemoglobin 
Dissociation of the latter occurs to sustam the 
partial pressure of the plasma oxygen In other 
words a steady flow of oxygen from red cell to 
tissue cell is mamtamed as a result of the slope m 
partial pressure of the gas The rise m tempera- 
ture and hberation of carbon dioxide and lactic 
aad m the tissues, as we have seen, shifts the 
oxygen dissoaation curve to the nght and so ac- 
celerates the decomposition of the oxyhemoglobin 

COEmCIENT OF OXYGEN UTILIZATION 

Dependmg upion the particular tissue and its 
activity at the moment, the blood m its passage 
through the capillanes loses from a fifth to nearly 
all of Its oxygen load The quantity of oxygen 
given up to most tissues dunng rest is about one 
quarter of that with which it leaves the lungs 
That IS, the venous blood commg from a tissue 
such as muscle dunng rest has an oxygen satura- 
tion of around 75 per cent, the eqmvalent of an 
oxygen partial pressure of about 40 mm Hg 
Dunng very heavy work the hemoglobm may give 
up nearly all its oxygen store to the contracting 
muscles The mixed blood commg to the lungs, 
1 e , blood from all organs of the body, dunng rest 
IS somewhat more than 75 per cent saturated with 
oxygen, contauung about 45 volumes per cent less 
than does the arterial blood The figure used to 
egress the proporPonpfthe^ total oxygen content 
given up to the tissue is called 
the coeffictmH of ^oxygen ulthxalton Thus, if the 
oxygen content of the arterial blood is 19 5 volumes 
per cent and that of the venous blood 15 volumes 


per cent (i e , an arteno-venous oxygen difference 

(45) 

of 4 4 volumes per cent) the coefficient is = 

0 22 As mdicated above, the coefficient vanes 
considerably for different tissues and for the same 
tissue in accordance with the degree of its activity 

THE RESPIRATORY QUOTIENT 

The ratio of the volume of carbon dioxide pro- 
duced by a tissue to the volume of oxygen ab- 
sorbed 

Volumes CO produced 
Volumes 0. absorbed 

is called the respiratory quotient of that particular 
tissue The ratio of these volumes as determmed 
from the expired air will be the respiratory quo- 
tient of the body as a whole 

THE MANNER IN WHICH THE CALL OF THE TISSUES 
FOR OXYGEN IS MET 

Inaeased activity of any tissue always entails 
an mcreased oxygen consumption which may be 
several times the resting value Increase m the 
oxygen supply to the tissue above its requirement 
on the other hand does not increase the oxygen 
usage The tissue takes what oxygen its activity 
at the moment demands but no more 

There are two w ays m which a greater demand 
of the tissues for oxygen may be met By (1) 
mcreasmg the total blood flow through the tissue 
and mamtammg a high mtracapiUary oxygen pres- 
sure, and (2) raismg the coeffiaent of oxygen 
utilization, 1 e , mcreasmg the quantity of oxygen 
abstracted from a given volume of blood 

Both these factors come mto play but the extent 
to which each operates is not the same for different 
tissues The coefficient of oxygen utilization is 
mcreased by establishing a steep oxygen pres- 
sure gradient between the plasma withm the capil- 
lanes and the tissue cells That is, the quantity 
of oxygen used (Q) will, other things being equal, 
be proportional to the difference in mtracapillary 
and mtracellular pressures (Pc and Pt respec- 
tively), thus 

Q Pc - Pt 

The pressure gradient of oxygen from blood to 
tissue cells acts m a sense as a force to drive oxygen 
through the tissues The farther the cells are from 
the source of supply— the blood— the lower the 
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oxj-'gcn pressure will be and the less oxygen will 
they receive During activity or any pronounced 
fall in oxj'gen tension of the blood, the cells most 
distant from the source of supply may suffer 
anoxia unless more capillaries open up, and thus 
reduce the radius along which oxygen diffuses 
(fig 32 5) Some tissues, however, such as cardiac 
muscle, take up ox^'■gen at a pressure as low as 5 
mm Hg (Keilin) An increase in the pressure gra- 
dient is brought about, (a) by the action of acids 
(carbonic and lactic) and a rise in temperature 
both of which accelerate the decomposition of 
ox> hemoglobin and so maintain a high intracapil- 
lary oxjgen pressure, (b) by lowering the oxj'gen 
tension within the tissue cells, and (c) by shorten- 
ing the distance through which the oxj'gen must 
diffuse, I e , by opening up more capillaries and so 
reducing the radius of the cylinder of tissue sup- 
plied by each capillarj' (fig 32 5) 




B 


Fig 32 5 The pressure of oxygen in the tissues The 
dot in the center of each senes of concentric arcles repre- 
sents a capillary containing blood with an oxygen pres- 
sure of 30 mm Hg Between each circle and the next 
larger one there is a fall of 5 mm Hg in oxygen pressure 
At the points marked X (in A) the oxygen pressure is 
therefore zero, and the tissue is asphyxiated In B, 
extra capillanes have opened up and there is a finite oxy- 
gen pressure throughout the tissue (After Barcroft.) 


Durmg activity more oxygen is consumed and 
the oxygen tension m the tissues tends to fall, thus 
mcreasing the pressure gradient from blood to tis- 
sue cells 

As mentioned above, dunng arduous work the 
coefficient of oxygen utilization is much increased, 
and, since the blood flow through the muscles is 
greatly mcreased, as well, the oxygen supply to 
the contractmg muscles is augmented several fold 
If, for example, a two-fold increase in the coefficient 
of oxj'gen utilization occurred together with a four- 
fold increase in blood flow the actual amount of 
oxygen delivered to the contracting muscles would 
be mcreased (2 X 4 =) 8 times In man the oxygen 
consumption of the muscles may actually be 
increased by from tw’enty to thirty times or m an 
athlete even fifty times It has been found that 
the resting gastrocnemius of the cat consumes on 
the average 0 003 cc of oxygen per gram of muscle 
per minute Dunng actmty the blood flow in- 
creases some 6 times, and the oxygen consumption 
over seven-fold The increase m oxygen consump- 
tion must be brought about m part by the removal 
of more oxygen from each unit of blood 

The circulation rate (ch 26) in man may in 
crease ten-fold or more durmg muscular exercise 
It IS certain, however, that there is also a redis- 
tribution of the blood, that is, a greater proportion 
of the total blood volume is dnven through the 
muscles than durmg rest The actual blood flow 
through the active muscles maj', for this reason, be 
twenty times or more greater than the flow' during 
rest Nevertheless, though the red cell has a shorter 
stay m the capillary it unloads more of its oxygen, 
as indicated by the increase in the coefficient of 
oxygen utilization The actual speed of the red cell 
through the capillary is not, however, as great as 
might be thought from the mcreased volume of 
blood flowing through the muscles, for the opening 
up of more capillary channels and the consequent 
increase m the total cross section of the blood 
stream (pp 140 and 178) tends to prevent any 
excessive acceleration of the red cell’s passage 

BIOLOGICAL OXIDATION 
By A M Wynne 
Introduction 

Living cells and the complex organisms built up by 
the association of cells display charactenstics of orderh- 
ness and integration, and of stability of structure com- 
bmed with constant metabohe activity, of a type un- 
matched by any manimate structure The structure of 
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the cell, -with its multipliaty of surfaces, makes possible 
a constant and orderly mterplay and progression of a 
great vanety of enzymatically catalyzed chemical reac 
bons of a highly special kind which take plate within 
the boundaries of the cell and are coordmated with reac- 
bons m neighbormg cells and fluids At ordmary tem 
peratures and m media that are nearly neutral, hvmg 
organisms can catalyze the transfonnabon of chemical 
compounds in such a manner that their potential energy 
IS made available to the cells for the performance of 
work of different kinds mcludmg the sjnlhesis of spe- 
cific cellular consbtuents, of w idely varying complexity, 
from unspecific and relabvely simple materials These 
matenals are taken from the environment and are trans- 
formed mto a complex structure having a pattern and 
composibon so charactensbc of the speaes to which the 
organism belongs that not only are they regularl) re- 
peated in smgle mdividuals hut they also emerge in an 
■jssenbally unchanged form m many successive genera 
bons This apparent constancy and stabditj of struc 
hire IS not, however, to be regarded as a manifestation 
of a stabc condibon, for we know that many of the 
actual material substances m the complex structure are 
In a state of constant metabohc flux, undergomg con 
tmuous degradabon and resynthesis 

While this stabihty of structure is very great it is, 
however, not absolute, as evolubon shows, and though 
the structural pattern and chemical composibon are 
essentially the same m individuals of the same speaes 
there is evidence that m their fundamental chemical 
composibon these individuals mav difier shghtly but 
agnificantly from one another (c/ Leo Ineb, 1945) 

It is through the ordered and mtegrated acbvity of 
the many enzytnabc catalysts of the cell that the exist- 
ence of the hvmg state is maintained, and the highly 
organized heterogeneous structure of the cell is undoubt- 
edly concerned pre-eminently with the perfect coordma- 
bon of the myriads of chemical reacUons which con 
statute the total metabolism of the organism After the 
death of the organism enzymahe acbvity contmues for 
a while and chemical reacbons stall take place, but 
they ate predommantly dismtegrabve m nature. The 
abihty to sjmthesize specific cellular substances includ 
mg protems is lost, and the mtegrated acbvibes of the 
living organism give way to processes of degradabon 
The mam purpose of this seebon of the chapter is to 
inquire mto the nature and mode of acbon of some of 
the enzymes concerned with intracellular ondabon 
These enzymes are components of the catalybe systems 
that exercise conbol over the oxidabve reacbons which 
provide the organism with a large proportion of the 
energj which it uses Another important result of the 
acbon of these enzymes is, of course, the formation of 
numerous mtermediary compounds which may serve 
as starting points for a great vanety of metabohc 
simtheses In the first part of the discussion an attempt 
will be Mde to describe m rather broad outhne the 
pnnapal types of ondizmg enzymes and their mode of 


acbon m relabon to the ondabon reduebon systems 
of the cell which are responsible for the transport of 
hydrogen and of electrons from the metabohtes to 
molecular oxjgen Later in the chapter reference will 
be made to studies of oxidative condensabon reactions, 
the over all effect of which may be regarded as a 
"coupbng" of an oxidabve process with a condensation 
The best known example of such a coupled reaction is 
oxidabve phosphor) labon, which results in the forma- 
bon of adenosine tnphosphatc ( \TP) This compound 
plays an important role in the metabolic acbvit) of the 
hvmg organism and is known to tal c part in reactions 
leading to the synthesis of a great \ancty of cellu- 
lar substances 

In trying to understand the complex intermcdiar) 
changes which matter undergoes m passing through 
hvmg organisms the biochemist has found it expedient, 
as a part of his work, to adopt the pracbcc of “pulhng 
the orgamsm to pieces” and of studying the cataly be 
acbvity of bssue slices and of cell fragments (in the 
form of enzymie preparabons of varying degrees of 
‘punty’) in promobng chemical Iransformabons in 
vtiro The value and the defects of this general method 
of invesbgabon arc easily recognized on the one hand 
It has advanced our knowledge of the cataly be poten- 
balibcs of the organism as a whole and has enabled 
us to leam something about the nature of many 
speafic catalybe sy'stcms concerned with individual 
phases of intcnncdiaTy mctaliohsm, but on the other 
hand it is open to the general cntiasm that results of 
studies earned out in ri/ro may not ncccssanly serve 
as a true reficebon of the integrated metabolism of the 
hvmg organism itself in which surface-cirecu, diffu 
sion phenomena, ionic balance and other factors exer- 
cise such a dominant influence Since much of our 
knowledge of the catalybe systems controlling the 
transfonnabon of energy in biological matenals has 
been gamed in studies of the acbvity of isolated 'frag 
ments’ of the cell, it can be argued that attempts to 
translate the results of these studies into generalized 
uiterpretabons of the dynamic behavior of the organ- 
ism as a whole may be premature To a very con 
siderable extent this enbasm is jusbfied, for there are 
still wide gaps in our knowledge of the cell intcnor and, 
espeaally, of the relabonship between intracellular 
metabolic reacbons and the physicochemical properties 
of the cell It should be emphasized, therefore, that 
although considerable progess has been made in out- 
lining the general pattern of the cataly tic sv stems that 
control processes of oxidabon m biological materials 
much still remains to be learned concerning the opera- 
tion of these sy'stems in the integrated metabohsm of 
the orgamsm as a whole 

General Principles of Biological Ovidation 

Ondabons m general can be accomplished bv the 

dibon of oxygen, by the removal of hydrogen or by 
the withdrawal of elecbons All three methods are 
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fundamentally similar m pnnaple, for, m each case, 
there is a loss of one or more electrons from the sub- 
stance undergomg oxidation Reduction, on the other 
hand, means, primarily, a gam of electrons, though the 
actual mechamsm of reduction may mvolve the ad- 
dition of hydrogen or the loss of oxygen In biologi- 
cal systems the direct umon of molecular oxygen mth 
cellular metabohtes has never been satisfactorily 
demonstrated although oxygen is, of course, the ul- 
timate oxidizing agent in aU aerobic organisms While 
it IS true that oxygen may be added to the molecule, 
as m the oxidation of an aldehyde to an acid, it is 
not molecular oxj'gen that is added, but, rather, 
oxygen that has its ongin m some other source such as 
water or phosphate In the case of the majonty of the 
metabohtes concemmg whose phjrsiological oxidation 
anythmg definite is known, the pnmary oxidation is 
effected by the removal of two hydrogen atoms (or two 
hydrogen ions and two electrons) through the agency 
of a specific dehydrogenase It is with this hydrogen 
that oxygen eventually reacts, to form either water or 
hydrogen peroxide The imion of the hberated hy- 
drogen with oxygen may be a direct one m the case 
of a relatively few dehydrogenases, such as certain 
fiavoprotems whose activity leads to the formation of 
HiOj In other cases the hberated hydrogen atoms, 
or hydrogen ions and electrons denved from them, are 
beheved to be transported to molecular oxygen by a 
senes of reversible oxidation-reduction systems The 
hydrogen is oxidized to water, and free energy is 
hberated The molecular oxygen which takes part 
in oxidative reactions finally appears, therefore, only 
m the form of water, as the result of oxidation of 
hydrogen No molecular oxygen enters directly mto 
the formafaon of COj, the oxygen contained in this 
product of respiration was either present ongmally m 
the compound oxidized or was added to it in the form 
of water or of phosphate, at some mtermediary stage of 
oxidabon 


dependent upon the nature of the substances concerned 
The mtensity factor is the charactensbc oxidation- 
reduction potential of the system and is represented 
by the symbol Eo m the standard equation 


Eh 


E -f In 
° nF [Reductant] 


where Eh is the potential (m volts) of an mert metalhc 
electrode measured m a system of arbitrarily chosen 
rabo of [Oxidant] to [Reductant], and referred to the 
normal hydrogen electrode, at absolute temperature T 
R IS the gas constant, expressed m electncal units, n is 
the number of electrons transferred, and F is the fara- 
day Eo is the standard potential of the system at 
pH = 0, referred to the normal hydrogen electrode, 
when [Ox] = [Red] When the concentrations of 
oxidant and reductant are equal the ratio is imity and 
the logarithm zero, then Eh = Eo. The normal hydrogen 
electrode (pH = 0) has been arbitrarily assigned 
a potential of zero On mcreasmg the pH, at con- 
stant temperature, the potential of the H-electrode 
decreases by approximately 0 06 volt for each umt 
of pH, at pH 7 0 its potential is —0 421 v Similarly, 
the potential of other systems mav be affected by 
changes m pH if, for example, the ionization of the 
reactants is influenced by pH-changes And smce the 
determmation of the 0-R potentials of biological sys- 
tems IS usually made at pH levels other than pH >= 0, 
it IS necessary to modify the term Eo m the above 
equation m conformity with this practice and with the 
effect of pH-changes The observed 0-R potential of a 
given system depends, therefore, not only on the innate 
tendency of the system to yield or accept electrons 
and on the ratio of the concentration of the oxidant to 
that of the reductant, but also, qmte frequently, on the 
pH In the equation 


Eh 


RT [Oxidant] 

Eo-t In , 1 

nF [Reductant] 


OXIDATION-EEDtrcnON POTENTIAL 

An oxidabon-reducbon (0-R) system contams two 
chemically related components which are capable of 
reversible transformabon by the transfer of one or more 
elecbons (or of H-ions and electrons) The relabonship 
between the reduced and oxidized components (fre- 
quently called the 'reductant* and 'oxidant* respec- 
bvely) may be represented by the equabon 

reduced component oxidized component -[- n e 

where n represents the number of elecbons (e) trans- 
ferred The oxidizmg or reducmg power of such a 
reversible system m relabon to that of other similar 
systems depends on two mam factors (1) a capaaty 
factor which is governed by the concentrabon or, more 
accurately, the 'activity* of the reactants, and (2) an 
mtensity factor which is a fundamental property 


the term E^ represents the charactensbc potential of 
the syrstem at the designated pH and its value is equal 
to that of the observed potenbal (Eh) at this pH when 
[Oxidant] = [Reducant] Values of EJ, measured at 
pH levels close to neutrahty, have been determmed 
for a considerable number of reversible biological 
systems, they vary from very negabve values (eg 
—0 371 v for the system, hypoxanthme xanthme 
at pH 7 0) to quite posibve values (e g -]-0 254 v 
for the system, ferrous cytochrome C feme cyto- 
chrome C at pH 1 7-7 7) Lists of such values are re- 
corded by Fischer (1939), by Oppenheimer and Stem 
(1939) and by Barron (1943b) Syrstems with more 
negabve potenbals are more reduang than those with 
more posibve potenbals The H-elecbode with a po- 
tenbal of —0 421 V at pH 7 0 represents a system of 
great reduang mtensity, at the opposite exbeme is the 
oxygen-elecbode havmg a potenbal of -4-0 810 v at 



378 


respiration 


Scctton III 


pH 70, representing a system of great ondizmg 
intensity 

It should be emphasized that m order that an 
oiadizmg or a reducing solution may give a definite, 
stable potential two important conditions must be 
satisfied In the first place, the ondized and reduced 
forms must both be present in defimte amounts, the 
potenbal of a pure osdant or of a pure reductant is 
meaningless Secondly, each of the two components 
must be capable of coni'crsion mto the other as the 
result of an mfimtesimally small change m the eqm 
hbnum or static potential m one direcUon or the other 
This means that the sj'stem must be thermodjmamically 
reversible, only the potentials measured m such s>'3tem3 
have any fundamental significance and only such sys- 
tems play any sigmficant role m the phj'siological 
transport of hydrogen and electrons Reference to the 
chemical nature of some of the physiologically im 
portant transpiort systems will be made later Mean- 
while it may be stated that of the 8e\eral systems 
concerned some are most easily recognized as earners 
of H-atoms or of H+ ions and electrons, whereas others 
such as cytochrome transport elections only In all 
cases, however, the catalytic role of the earner sj’stems 
m the respiratory process depends on the exchange of 
electrons 

The significance of 0-R potentials m studies of the 
mechanisms of biological ondahon is twofold In the 
first place, knowledge of the characteristic potentials 
of the several sj'stems which take part m the transfer of 
electrons from the metabohtes to molecular oxygen 
permits an evaluation of the possibility of reaction 
between two given s)’stems and provides information 
as to the sequence in which the several systems may 
co-operate m electron transfer Under suitable condi- 
tions It IS possible that a system with a more negative 
potential will reduce a system havmg a more positive 
or higher potential The sequence of the interaction 
of the several 0 R systems which constitute the 
respiratorj mechanisms of hvmg orvamsms is probably 
determined by many factors, one ol which — obviously 
an important one — is the relationship enstmg be- 
tween the characteristic potenPals of the different 
reversible sjatems But the fact that two 0 R sys- 
tems react with each other in vitro does not necessarily 
mean that they will also react tit vivo Considerations 
of this kmd may impose senous hrmtabons on the mter- 
pretaPon of the results of in vitro experiments m 
terms of mtracehular reactions Knowledge of the 
potenPals of rcactmg systems has also been used m 
caloilatmg the amount of free energy hberated at 
mc^ive stages of the respiratory process Suppose 
tot a sj-stem of higher potential is reduced tn vitro 
^ one of lower potenPal, and that the difference 
tetween their charactensUc potentials (R,), referred 
to the normal hjdrogen electrode, is E (expressed m 
when each system is half reduced (m oxidized) 
The free energy change (-AG) is calculated from the 


equation — AG «= nEF, where n is the number of 
electrons transferred and F is the faraday (i e approx. 
23060 calones) 


DEHTDKOGENASES 

A dehydrogenase catalyzes the oxidaPon of a specific 
metabohte (AH,) by causmg it to give up hydrogen 
(or H+ ions and elecUons) to a suitable H acceptor 
(B) which, thereby, becomes reduced AH, -f B -♦ A -f 
B H, Many dehydrogenases have been shown to cat- 
aljcte reactions which are thennodynaimcaU> reversible 
and which, as isolated reactions, can be represented 
by the (oUowmg equihbnum 

reduced substrate ^ oxidized substrate -f- 2H+ + 2e. 

The enzyme not only activates the reduced form (A H-) 
of the substrate as a H-donator, but it also acPvates 
the oxidized form (A) as a H acceptor A deh> dro- 
genase-system represented by the equihbnum above 
IS an oxidation reduction system characterized by a 
defimte 0 R potential (£«'), measurable, n vitro, which 
depends upon the chemical nature of the two com- 
ponents and upon other factors such as pH But the 
equilibnum is stable only if the ratio of the two com 
ponents remains unchanged It is unlikely that such 
an equihbnum can enst in the hvmg cell because 
of the presence of other 0 R systems, of lower or higher 
potential, which tend continuously to disturb the equi- 
hbnum by donatmg or accepting electrons. 

Deh> drogenation of the reduced component (A H.) 
of a reversible dehydrogenase system can take place 
only if there is also present another 0-R system of 
higher, more positive, potential, so that its oxidized 
component (B) can accept hydrogen or electrons from 
the reduced form of the first sj’stem The reaction of 
the two systems vnth each other is rev ersible and, in the 
absence of disturbmg factors, will reach a dynamic equi- 
bbnum AHj-l-Bi=tA-f-B H., with the result that 
the oxidation of A H, may be far from complete. The 
process of dehydrogenation of A H, can go to comple- 
tion only if B H, can become a H-donator for another 
acceptor which is the oxidized component of an 0 R 
system whose potential is higher ibaw that of system B 
In this way, through the mediation (as H+ ion- and 
electron-earners) of a senes of 0 R S3Stems of gradually 
mcreasing potential (i e havmg mcreasmg oxidizing 
mteoaties], the equdibnum, above, is constantly 
shifted to the nght and the dehj'drogenation of A H, 
progresses Eventually the system represented by 
molecular oxygen, havmg a very high potenbal, comes 
into plaj and the transfer of hydrogen ions and elec- 
trons from the metabohte to 0. is completed by a 
virtuallj irreversible senes of reacbons m which all of 
the free energy of the hj drogen is released 
In such a senes of reacbons this energy is hberated in a 
step-wise manner and energj is made available to the 
cell at each step m an amount which depends on the 
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difference of potential between the two systems which 
react with each other at that step The total energy 
released in the several steps is equivalent to the energy 
liberated by the direct ondation of the hydrogen to 
water by molecular oxj'gcn 

Classrficaiton of dehydrogenases On the basis of pres- 
ent knowledge of their acti\nties most of the known 
dehydrogenases can be classified tentatively according 
to the method of disposal of the hydrogen ahich is 
liberated from the substrate as the result of the cat- 
alytic action Several such methods are now recog- 
nized 

(1) The by drogen is transferred directly to molecular 
oxy gen, to form H-O-, by a prosthetic group attached 
to the enzymic protein, as m the case of certain fla\o- 
protems such as D-ammo aad oxidase The peroxide 
formed in the reaction is subsequently removed by 
catalase or, possibly, by peroxidase. Water is the final 
product 

(2) The hydrogen is oxidized to water through the 
direct mediation of the cytochrome system between 
the dch% drogenase system on the one hand and molecu- 
lar oxygen on the other It has been customary to 
include among the dehydrogenases reacting m this 
manner a few enzymes such as sucanic dehy drogenase, 
lactic dehy drogenase of y east, a-1 (-l-)-glycerophosphate 
dehydrogenase of muscle, and two or three others 
But in the case of sucanic dehydrogenase it now ap- 
pears that an additional mediator is necessary' (Sec 
Kahn and Hartree, 1949, and Slater, 1953 ) 

(3) The hydrogen is transferred to molecular oxygen, 
to form water, through the mediation of a more 
complex senes of oxidabon-reduction sy'stems, in- 
cluding one of the tw o co-dehydrogenascs (coenzymes, 
pyndinc nucleotides), a fla\ oprotein, cy'tochrome, and 
cytochrome oxidase, functiomng in the order named 
Dehydrogenases reacting in this manner are more 
numerous than all other ty'pes and are further differ- 
entiated, according to the nature of the necessary 
pyridme nucleotide, into three groups (a) those which 
require diphosphopyndine nucleotide, (b) those which 
require tnphosphopyndine nucleotide, (c) one or two 
dehy drogenases which exhibit no specificity with respect 
to the pyndine nucleotide Members of group (a) arc 
considerably' more numerous than those of the other 
groups 

Coenzyme-Unked dehydrogenases In aerobic (respira- 
tory) sy'stems the hydrogen hberated from certam 
metabohtes can be regarded as bemg transported in one 
direction to molecular oxygen by one or other of the 
above methods or by some similar method. The results 
arc (1) the metabohte is oxidized by the removal of hy- 
drogen, and (2) the hydrogen is oxidized by union wath 
oxygen In glycolytic systems where anaerobic condi- 
tions prevail or where the supply of oxygen is insuffiaent 
to enable the respiratory processes to meet the demands 
of the cell for energy, the hydrogen released from the 
metabolite is not oxidized by molecular oxygen but may. 


instead, be taken up by another, different, metabohte 
which IS activated as a hydrogen-acceptor by its owm 
specific dehydrogenase and thus becomes reduced. 
This means that two different dehydrogenase systems, 
each contaming an enzy'me and its specific substrate, 
react with each other m such a manner that the reduced 
component (A Hi, below) of one system is oxidized by 
the oxidized component (B) of the other, while the 
latter is, of course, reduced to B Hj Several linked reac- 
tions of this kind have been demonstrated in vitro m the 
presence of one of the pyndine nucleotides (Co) which 
functions in the transfer of hydrogen, as illustrated m 
the followmg equations 

A H, -f Co ;=i A -1- Co H. 

(catalyzed by dehydrogenase A) 
Co Hj -f- B Co -f- B Ht 

(catalyzed by dehydrogenase B) 

The net result is expressed as follows 
AH, -fB;=iA-l-BHi 

In glycolysis, and in fermentations m general, the 
oxidation of one compound is always accompanied by 
the reduebon of another Molecular oxygen does not, 
of course, take part m the reacUons 

An important example of a coenzy'me-linked reacbon 
is the reduebon of pyruvic aad by phosphoglyceralde- 
hyde to form laebe aad, the end product of gly coly'sis in 
muscle. 

A 3-phospho-d glyceraldchy de -f DPN'*’ 3- 
phospho-d-gly cenc aad DPNH H"*" 

B DPNH -p H"*" -p py ruvic aad DPN+ -p lac- 
bc aad 

C 3-phospho d-glyceraldehy'de -p pyTUvic aad 
3-phospho-d-gly'cenc aad -p laebe aad 

Reacbon C is a summabon of reacbons A and B but it is 
enabled to proceed only through the mediabon of the 
coenzyme which functions as an oxidabon-reducbon 
system in the transfer of hydrogen It should be stated 
that reacbon A, as wntten above, is a simphficabon 
of the following reacbons, D and E, m which 1,3- 
diphospho-d gly'cenc aad is first formed and is later 
dcphosporylated enzymabcally in the presence rf'" 
adenosine diphosphate (ADP), to yield 3-phospho-d 
glycenc aad and adenosme tnphosphate (ATP) 

D 3-phosphoglyceraldehyde -p HjPOi -p DEN"*" 
1,3-diphospho-d-glycenc acid -p DPNH -p H'*' 

E 1,3-diphospho-d-glycenc aad -p ADP 3-phos- 
pho-d-gly'cenc aad -p ATP 

Reaction D would seem to be a good example of an 
oxidabon coupled with phosphorylabon, for the alde- 
hyde IS oxidized (by DPN) to an acid, and at the same 
time phosphorylabon of the carboxyl group appears to 
result from the uptake of inorgamc phosphate It w ill 
be shown later that this oxidabve phosphorylabon re 
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action IS somewhat more compler than is represented 
above, bnt the reaction illustrated is suffiaent for our 
present purposes (See Racker, 1955 ) 

CYTOCHBOlIE ANT) CYTOCHROME OXIDASE 
Let us turn now from the dchpcirogenases, which can 
be regarded as functioning at one end of the respirator 3 
chain, to the 0 R sj-slems at the other end which are 
concerned with making molecular, inactive, oijgen 
available to the cell for the ondaUon of hi drogen hber- 
ated from cellular metabohtes These latter Si-stems 
constitute the cvtochrome svstem consistmg of the 
enziTue ciTochrome ondase and three hemochromogen 
hke pigments, cj^ochromes a, b, and c. Each of these 
four compounds is beheied to be a reieisfbli on- 
dinable protein-complei containing an iron-porphyrm 
as Its prosthetic group, ondabon and reducbon bemg 
effected m each case, bj the exchange of an electron 
of the iron atom (Fe*^ Fe+++ + e) The discoierj 

of the tetrapjTrol groupmg m the structures of these 
compounds has served further to emphasize its special 
biological importance, for it is present also m chloro- 
phvll (in which magnesium replaces iron), m hemo- 
globm, m catalase, m perondase and m other com 
pounds of phj-siological significance. The tetrapj-rrol 
structure appears, therefore, to be necessarj not onlv 
to enable green plants to utilize solar energy m photo- 
svnihebc reacbons and for transporting molecular 
oxv gen from the lungs to the tissues of higher animals, 
but also for its utihzabon m energj -liberabng reacbons 
within the tissues themselves The reader is referred 
to two extensive reviews one b> Theorell (19-17) on 
hemoproteins and the other b> Granick and Gilder 
(1947) on the tetrapvrroles 

arburg was the first to realize the importance of 
the iron porphj-rm structure m mtracellular oadabon. 


Smce a large proporbon, sometimes 90 per cent or 
more, of the normal oivgen-consumpbon of cells of 
manv tj-pes can be blocked bj small amounts of 
cvanide, arburg was led, sev eral j cars ago, to suspect 
that the enzyme chiefl> responsible for the catalvsis 
of oivgen-consumpbon m aerobic cells is a compound 
contaimng a heavj metal such as iron. Later, when 
he ob'erved that the oivgen-consumpbon of the cells 
was greatlv diminished in the presence of carbon 
mononde if the svstem was kept m the dark, but that 
respirabon was not affected bj CO when the ceff 
suspension was eipo>ed to hght, he suggested that the 


enzvme is a conjugated protem who<« prosthebc grou 
IS an iron porphvnn. Stm later, bj means of an n 
gemous photochemical method, Warburg was able I 
obtain, as he beheved, an accurate picture of the a1 
sorpbon spectrum of the CO-compound of the cnzym 
without even attempting to remove the enzyme fro 
the cells The spectrum so obtamed resembled vo 
clo<eU the spectra of the CO<ompounds of .ever 
heme-containmg substances such as pj-ndme at 
nicotine hemochromogens, these latter spectra we 


detcmnned not only bj the convenbonal methods but 
also by the same photocheimcal procedure as had been 
emplojed with cell suspensions (See W^arburg, 1949) 
It IS not possible, m this short secbon, to mclude a 
descnpbon of Warburg's experimental procedures and 
observabons, nor is it necessary to consider the the- 
orebcal aspects of his mterpretabons He was, however, 
led to the defimte conclusion that the enzj-me concerned 
with c>-amde sensibv e respirabon m hvmg cells is an 
iron porphjun protem complex, m spite of subsequent 
cnbcistn of his methods and mterpretabons, his con- 
clusion as to the chemical nature of the enzyme has 
never been senouslj challenged 
To this enzjTne Warburg gave the name “the oiygen- 
transfemng enzyme”, and, m the earlv formulabons 
of his ideas as to its mode of acbon, he attributed to it 
the funcbon of "oxjgen-acbvafaon”, as a result of which 
oxygen is enabled to ondize directlj the metabohtes 
of the cell This concepbon differed fundamentaHj 
from that of 'R’leland which emphasized the dominant 
idle of the dehj drogenases as the acbvatmg agents 
responsible for the consumpbon of oxygen. TOeland 
regarded the hberated, “acbvated” hj-drogen as under- 
gomg direct oxidabon by molecular oxygen. 

As a result of experiments mibated some thirty 
years ago by Keilm, it became clear that neither the 
dehydrogenase systems, alone, nor an agent of the 
type of Warburg’s enzyme, alone, can catalyze the 
ondabon of ceUular metabohtes by molecular oxygen 
Reilm showed that both types of catalyst are essenbal 
components of a more complex oxidabve system than 
that postulated either by Warburg or by Wieland, In 
1886 MatMurm had observed m muscle and other 
tissues certam pigments which he named myo- and 
histo-hemabn, unbl 1925, however, they had failed to 
arouse any widespread mterest. In that year Keilm 
announced the discovery of three heme-containmg 
pigments, m aerobic cells and bssues of manv kmds, 
to which he gave the names cytochrome a, b, and c, 
the c-component appeared to correspond, spectro- 
scopicall) , to the modified pigment of ilacAIunn. 

pigments were later diown by Keilm to funcbon 
as mediators h nking the dehydrogenase systems of the 
cell With the system composed of molecular oxvgen 
(O ) and an enzyme, formerly known as mdophenol 
ondase but now generally recognized as tydochrome 
ondase. This enzyme resembles very closely War- 
burg’s oxygen transfenmg enzyme” and is probably 
idcnbcal with it, but, instead of ondizmg directly a 
large number of cellular compounds m tbe manner sug- 
gested by Warburg, it is restneted m its acbon to the 
ondabon of the ferrous iron of one of the cvtochromes 
u» the presence of molecular oxygen. 

The three pigments together vnth cytochrome oxidase 
conshhite a system which transports electrons to O , 
^d, by domg so, makes possible tbe ondabon of the 
y drogen liberated from cellular compounds which 


Chapter 32 


DELIVERY OF OXYGEN TO TISSUES 


381 


arc acU\ated by speafic dehydrogenases Though all 
four components of the crtochrome sj'stcm are behev ed 
to be iron-porphjTin protein compounds, the oxidase 
differs from the cjtochromes in se\eral respects For 
example, though the oxidase reacts dircctlj inth oxjgen 
in the presence of cj’tochrome in the normal physiologi- 
cal pH-range, cj’tochrome c itself is autoxidizable only 
if the pH IS below 4 or above 13 Cj’tochrome b can 
react sluggishlj mth oxjgen under phraological condi- 
tions and to some extent, therefore, maj be independent 
of the oxidase Cjtochromc a does not seem to be 
autoxidizable At phj-siological pH-levcls cjtochromc 
oxidase in its ferrous form can combine mth carbon 
monoxide to form a Iight-dissoaable compound, and 
in Its feme form mth cjanide, as a result of either 
combination the acU\’itj of the cnzjme is inhibited, 
apparcntlj by interference wth the transfer of elec- 
trons The reaction of cj'tochrome itself with CO is 
much less significant. Indeed, Kcihn and Hartree (1939) 
could find no evidence of combination of cj’tochrome c 
with either CO or ejamde Thcorell (1947) has stated, 
however, that if the pH of the medium is suffiaently 
low (pH 2) or lugh (pH 13) the absorption bands of 
ferrous cv tochromc c at 550 m/i and 520 m^ arc shifted 
m the presence of CO to new positions at 563 m^ and 
530 mp, respectiv elj At pH 1 or pH 14 the appearance 
of the new bands is much more rapid, but between pH 3 
and pH 12 there is no evidence of the formabon of a 
compound of CO with cytochrome C 

Though ferrous cj'tochrome oxidase in the tissues 
could be expected to combine w ith anj CO that might 
reach the tissues it is unlikclj that this reaction Is 
ordmanlj responsible for the toxic action of this gas 
Instead, the toxic effect is mainly due to the fact that 
CO forms a difScultlj dissoaable compound with hemo- 
globin in the blood with the result that its Oi-carrj-mg 
capaatj is greatly diminished In the case of cjmnide 
poisonmg, however, it is the feme form of cj'tochrome 
oxidase in the tissues that combmes with cyanide, and 
the oxidase is thereby immobilized as an electron- 
transporter Hemoglobin, normallj present in the blood 
almost entirely in the ferrous form, does not combine 
\ ith cjanide It is onlj the feme form, mcthemoglobm, 
that reacts with cyanide 

Though previously thought to be incapable of union 
with cyanide, feme cytochrome c has recently been 
shown to form with cj’amde in vitro a complex whose 
absorption spectrum differs from that of cj’tochrome c 
itself (see Horecker and Komberg, 1946) Smee com- 
plex-formation can take place at pH 7 4 one might 
suspiect that this reaction would contribute to the toxic 
effect of cyamde on respiration tn vivo, if it were not for 
the fact that the reacbon of ejamde with cj’tochrome c 
tn vitro IS so very much slower than with cytochrome 
oxidase The rapid immobihzabon of the oxidase by 
ejamde would have the effect, tn vivo, of mamtainmg 
the cytochrome m the ferrous form after reduction by 


the dehydrogenase systems of the cells, m this form 
cjtochrome cannot combme with cyanide 

Several other cj'tochromes have been described m 
the biochemical hterature as consbtuents of hvmg 
organisms of different kinds, their idenbficabon have 
been based mamly on their spectral properbes These 
cjtochromes with one excepbon, namely cji;ochrome 
ai, do not, however, concern us here This compound, 
called ai by Keilm to disbnguish it from aj and aj which 
arc said to occur in certam bactena, possesses spectral 
and other properbes closely similar to those of War- 
burg’s “oxj gen-transfemng enzyme” (cytochromf 
oxidase), and for this reason cj’tochrome aj has been 
assumed to be idenbcal with cj’tochrome oxidase Not 
only are the spectral charactensbes of the two sub- 
stances V erj similar, but both compounds are thermo- 
labile and autoxiduiable, and both combme with the 
commonly used respiratory inhibitors including carbon 
monoxide But difficultj’ has been expenenced m dem- 
onstrating the oxidabon of reduced cjtochrome c by 
oxidized cj’tochrome aj, and it has not j et been possible 
to cause dissociation of the CO cj’tochrome aj complex 
bj exposure to strong light For these reasons there 
may still be some doubt as to the complete idenbty of 
the two compounds cjtochrome oxidase and cyto- 
chrome aj 

In his early studies of cjtochrome Keilin demon- 
strated that substances such as narcotics which were 
known to inhibit the acbvity of cellular dehj drogenases 
inhibit also the reduebon of oxidized cj’tochrome as 
revealed bj spectroscopic observabon Other inhibitors 
of cellular oxidabon, such as cyanide, which in very 
low concentrabons speafically inhibit cytochrome oxi- 
dase (but in these concentrabons hav e Uttle or no effect 
on dchj drogenase acbvitj), were found to inhibit also 
the oxidabon of reduced cj’tochrome Keilm concluded 
therefore that the primary funebon of cj’tochrome m 
cellular oxidabons is the transport of electrons from the. 
dehj drogenase sj-stems of the cell to cj’tochrome oxi 
dase which, in turn, reacts with molecular oxj’gen It 
became ev’ident from these and similar mvesbgabons 
that the cjtochrome sjstem as a whole consbtutes a 
terminal mechanism which in many organisms reacts 
directlj’ with molecular oxygen and in this way makes 
available to these organisms a large proporbon of the 
oxygen which they consume 

Upon thar release from the metabohtes, or more 
usually from a flavoprotein which has served as an 
intermediary hj’drogen-camer, the “metabohe” hydro- 
gen-atoms are ionized and jneld H-ions The electrot 
lost by each H-atom is believed to be taken up m 
succession by the tnvalent iron of the components of 
the cj’tochrome sj’stem, m other words by four iron- 
poipfij-nn compounds, reducing each m turn (Fe+++ 4- 
e re"*^) Each cytochrome on j’leldmg an electron 
to the feme iron of the adjacent member of the chain 
becomes reoxidized and is then m a position to accept 
another electron Fmally, the divalent iron of the 
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ondase itseli, the last member of the senes, is ondized 
to the tnvalent state by 0, The mechanism of this 
oxidation IS still only imperfectly understood, vnthout 
attemptmg to discuss the theoretical aspects of the 
problem, it is suffioent to state that the mteracUon of 
Oj and the ferrous form of cytochrome oxidase m an 
aqueous medium faahtates the transport of electrons 
by the cytochrome system as a rrhole and mahes 
possible the oxidation of metabolic hydrogen to ivater 
It IS unlikely that all four compounds necessarily 
function m the cyamde-sensitive respiration of aerobic 
cells of all types, smce some types of cells are known to 
lack one or other of the three cytochromes. The se 
quence in which the four compounds parbapate m 
the transfer of electrons to Oi is beheved to be as 
follows cytochrome b — ♦ cytochrome c -+ cydochrome 
a — ► cytochrome oxidase This conclusion is based 
upon considerations of the 0 R potentials of the 
several systems, E'o (pH 7 0) being — 0 04 v, + 0 254 v 
and +0,290 v for cytochromes b, c, and a, respec- 
tively 

Only one of the pigments, namely cytochrome c, 
has been obtamed m soluble form, the others are so 
mhmately bound to the insoluble material of the cells 
that they have resisted all attempts to separate them 
from this matenak The c-component has, however, 
been highly purified The purest preparabon obtamed 
by Theorell had an iron content of 0 43 per cent and 
molecular weight of 13000 The structure and properbes 
of this product have been descnbed by Theor^ and 
Ahcsson (1941) and by Theorell (1947) It is of consider- 
able mterest that approximately 30 per cent of the total 
mtrogen (mdudmg the porphynn mbogen) of cyto- 
chrome c 15 represented by the essential ammo aad 
lysme, a compound which has not yet been identified 
with any specific reacbon or funebon m hvmg opgan 
isms No other protem is known to contam such a 
large proporbon of lysme The distnbubon and certam 
metabohe aspects of hemoprotems, mdudmg cydo- 
chrome c, have been discussed by Drabkm (1948) 

Very httle is known about the chemical nature of 
cytochrome oxidase other than the well established fact 


that It contains an iron^rphyrm as its prosthe 
group The details of the structure of the iron porphyi 
(or “heme”) are, however, not known There is soi 
evndence, based on considerabons of the posibons a 
mtensiUes of the ahsorpbon bands identified by pho: 
chemical methods, that the heme present m the cy 
c^me ondase of yeast difiets spectroscopically fn 
tlmt m a similar enzyme m rat heart, suggesbng p 
siWe structural differences, for example, m the sii 
chains attached to the porphme nng The heme of I 
ye^t enzyme seems to fall m the class of the "mu 
colod hemes or “pheohemes” which m theu spect 
properb« are mtermediate between the ted and gn 
^es. Nothing « known regardmg the nature of 1 
which B attached to the won porphynn 
^^me ondas^ Warbuig has recently 
the molecular weight of the enzvme to be 75,m , 


mole of heme, a figure which is roughly six times the 
molecular weight of cytochrome c (13,000) 

TTTF. PYEIDINE NUCXEOnDES Al^D ELAVOPROXEINS 

Reference has been made to the fact that many dehy- 
drogenases depend for their acbvity upon the co-opera- 
bon of a coenzyme which is either diphosphopyndme 
nudeobde (Co I, DPN) or tnphosphopyndine nucle- 
oUde (Co n, TPN) The coenzvme is regarded by some 
workers as a prosthebc group bound to a sjiecific 
acbvabng protem or “apodehydrogenase”, the two 
components together fomung a “pyndmoprotein” hav- 
ing the properbes of a speafic dehydrogenase. Others 
prefer to look upon the acbvabng protem itself as the 
dehydrogenase and the coenzyme as one of its sub- 
strates At the moment of catalysis the metabohte and 
the coenzyme are both bound to the acbvabng protein, 
and hydrogen is transferred from the metabohte to the 
coenzyme, with the result that the former is oxidized 
and the latter reduced Unless, however, the reduced 
coenzyme can be reoxidized, the extent of oxidabon of 
the metabohte is neghgible since it is hmited by the 
small amount of coenzyme present 

The coenzyunes themselves do not react directly with 
molecular oxygen Until a few years ago the only known 
physiological agents which could he shown to effect 
their ondabon at adequate speeds tn rilro were two 
specific flavoproteins One of these, called cydochrorae 
c-reductase and found m yeast, catalyzes specifically 
the oxidabon of reduced coenzyune 11 (TPNH) by cy to- 
chrome c and m this way may link the cytochrome 
system with the dehydrogenase systems of j east which 
dqiend upon TPN The other flavoprotein, named di 
aphorase or coenzyme-factor, has been extracted from 
animal tissues, yeast and bacteria and has been shown 
to catalyze the oxidabon of DPNH (and possibly 
TPNH) by' methy lene blue iii vttro In an aerobic sys- 
tem the resultant leucomethylene blue is reondized by 
0-, so that a relabv ely small amount of the dy e enables 
the physiological earners to transport relabv ely large 
amounts of metabolic hydrogen to O- The direct reac- 
bon of diaphorase with the cytochrome system bns not 
been satisfactorily demonstrated, however, the facts 
that diaphorase can oxidize DPNH and that the onda- 
bon, m tissue shces, of the substrates of sev eral dehy - 
drogenases which require DPN is sensiUv e to cyamde, 
suggest that diaphorase or some closely related fiavo- 
protem mtervenes between DPNH and the cy'tochrome 
system Straub m 1939 obtamed from pig heart a solu- 
ble flav'oprotein havmg all the catalybe properbes of 
the coenzy'me-factor, the acbvity of which h^d hitherto 
been associated with insoluble parbdes in the tissue 
extracts The acbvity of Straub’s flavoprotem was such 
that under optimum condibons each molecule of the 
enzyme catalyzed the aerobic oxidabon of co 8000 
molecules of DPNH per nunute by earners such as 
methylene blue 

Two other enzymes m animal tissues have been 
shown recently to catalyze the reduebon of cytochrome 



Chapter 32 


DELIVERY OF OXYGEN TO TISSUES 


383 


c by DPNH and TPNH respectively The first of these 
■was found by Hogeboom (1949) in the mitochondna 
and submicroscopic particles of rat hver homogenates, 
and has been named DPN-cvtochrome c reductase 
since It enables cytochrome c to oxidize reduced coen- 
zj me I The second enzyme, TPN cytochrome c re- 
ductase, prepared by Horccker (1949) in the form of a 
pale } cllow solution by treatment of hver extracts and 
shown to be present in the mitochondnal fraction, is 
similar in its action to c}'tochrome c reductase of yeast 
since It reacts specifically with TPNH but not -wath 
DPNH 

Onl\ a bncf reference to the chemical nature of the 
coenzjmcs and fla\ oproteins is possible here Both 
pyndine nucleotides (coenzymes) arc, in reality, di- 
nuclcotides containing two mononucleotides united 
through their phosphonc aad residues TPN contains 
a third phosphonc aad residue but is, otherwise, similar 
in structure to DPN One of the mononucleotides in 
each cocnzj'me is adenylic aad (adenosine-5'-phos- 
phate), the other mononucleotide contains mcotimc 
aad amide, d-nbose and phosphonc aad united m this 
order (i c nicotinamide d nboside-5'-phosphatc) The 
fla\ oproteins arc compiounds in which a spcafic ac- 
ti\ating protein is bound to a prosthetic group which 
ma> be cither a mononucleotide, flavin phosphate, 
(i e the S'-phosphate of 6,7-dimethyl, 9-d-nbityl 
isoalloxazine) or a dinuclcotide, flavin adenine dinude- 
otidc, containing flatnn phosphate and adenyhe aad 
united through their phosphonc aad residues 

Reactions A and B outhned on page 384 illustrate 
the manner in which hydrogen, released from cellular 
metabolites through the agency of speafic dehydro- 
genases, ma> be transferred to a flavoprotcin b> way of 
diphosphopyndinc nucleotide But these two trans- 
porting sj stems can function catalytically, only if the 
reduced flavoprotcin can be reoxidized so that it can 
then oxidize the reduced coenzyme once again The 
oxidation of the flavoprotcin may be effected m a 
manner similar to that suggested in scheme C on page 
384, in which DPN-cytochrome c-reductasc (an iron- 
containing flavoprotan) is pictured as transfemng 
electrons singly through one of its iron atoms to the 
cytochrome system and thence to molecular oxygen 
Hydrogen ions formed from the metabohe hydrogen 
(2H — » 2H+ -f 2c) are withdrawn from the environ- 
ment, and the final result is the oxidation of the 
hydrogen to w atcr 

Several flavoprotans have been shown to contain 
one or more metals (Fe, Cu, Mo) as integral constitu- 
ents (see Mahler and Green, 1954) DPN-cytochrome 
c reductase is said to contam 4 atoms of iron in each 
enzyme molecule of molecular weight 80000 This iron 
IS considered by Mahler and Elowe (1954) not only to 
faaUtate the free flow of electrons from the reduced 
flavin moiety of the flavoprotcin to the tnvalent iron 
of cytochrome, but also to serve as a structural link 
between the flavin-adenine dmucleotide and protein 
components of the reductase The failure of diaphorase 


to react drectly ■with cytochrome may be related to 
its comparative lack of iron If DPN-cytochrome c 
reductase is rendered iron-free by treatment with metal 
binding agents, its abihty to react with cytochrome is 
lost but Its diaphorase activity (reaction ■with dyes) is 
retamed 

The preceding brief description of some of the 
oxidative catalysts of livnng orgamsms does not, of 
course, embrace alt oxidases which are beheved to 
exist in living cells But the oxidation systems which 
have been discussed appear to constitute a recumng 
pattern in orgamsms of widely different types These 
respiratory enzyme systems are made up of two main 
components (1) a speafic catalytic protan whose func- 
tion IS concerned with the release of H-atoms from 
the oxidizable substrate, (2) a number of reversible 
oxidation-reduction systems which transport ather the 
hydrogen atoms themselves or electrons which are 
derived from them, from the substrate to molecular 
oxygen The potentials of these systems become more 
positive as the oxygen end of the respiratory cham is 
approached In some cases only a single 0-R system 
intervenes between the substrate and Oj, as m the 
oxidation of L-anuno aads by a speafic flavoprotan 
In the more compheated respiratory systems at least 
three different tjTies of 0 R systems take part m the 
transport of hydrogen and electrons, namely, one of the 
p>'ndine nucleotides, a flavoprotan, and the cyto- 
chrome system (respiratory) At each step along the 
respiratorj' path leading from the metabohte to Os free 
energy may be made available to the cell, the amount of 
energy depending partly upon the relative oxidation- 
reduction potentials of the adjacent 0-R systems which 
react with each other in the transport of electrons Of 
the total free energy hberated dunng the passage of one 
electron from the pjoadine nucleotide to Os by way of 
flavoprotem and the cytochrome system, a large frac- 
tion, it would seem, is hberated dunng the passage of 
the electron through the cytochrome system to Os 

CATALASE AND PEROXIDASE 

As the result of the activity of certain flavoprotans 
(e g D-amino aad oxidase) that transfer hydrogen 
direct from thar substrates to molecular oxygen, hy- 
drogen peroxide is formed This product, a toxic sub- 
stance, can be decomposed to wata by catalase or by 
peroxidase Until recently it was generally beheved that 
the function of catalase is only a protective one, bemg 
concerned speafically ■with the degradation of HiOs 
to water and Os, whereas peroxidase can act as a 
secondary oxidizmg catalyst to promote the oxidation 
of cellular metabohtes by HiOj It appears, however, 
from the work of Keilm and Hartree (1945) that catalase 
can also catalyze the secondary oxidation of certain 
compounds, such as alcohols, by HiOj formed m the 
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of gjuc^ by the correspondmg speafic flavoprotem^ ^talase. Perhaps the only functional difference be- 
In the hght of these observaUons it may be necessary' catalases and perondases is, as Theorcll (1947) 

to modify our views on the mtraceUular funct^^f decompose any excess of H,0, 

tunction of which might possibly anse m the tissues whereas peroi- 
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idases do not. Both enzymes contam an iron-porphynn 
prosthetic group -which resembles very closely the cor- 
respondmg group m hemoglobm Any readers who may 
he mterested m recent mvestigations of catalase and 
peroxidase are referred to Theorell’s reviews (1947 and 
1951) 

GLTJTAimONE 

This tnpeptide, glutamyl cystemyl glycme, dis- 
covered in 1921 by Hopkms, is almost umversally dis- 
tnbuted m the mtracellular fluids of animal tissues as 
well as m plants, yeasts and many bacteria Of all the 
knoim cellular compounds containmg the sulphydryl 
group, glutathione is probably the most -widely dis- 
tnbuted m hvmg cells, for this reason and because it 
is capable of reversible oxidation to the disulphide form, 
many attempts have been made to demonstrate its 
acb-vity as a hydrogen-transporting system m cellular 
oxidations It is doubtful, however, whether such a 
function can be attnbuted to the compound, for all 
attempts to demonstrate the full reversibihty of the 
change from the reduced (sulphydryl) form to the 
oxidized (disulphide) form have failed The potential 
of the system appears to be detenmned solely by the 
reduced form, it is unlikely that a substance ha-vmg 
these properties can play any important role in the 
physiological transport of hydrogen or electrons m 
respiratory systems Moreover, the fact that it is 
present m hvmg cells almost entirely m the reduced 
form suggests either that the reduction of its oxidized 
form is much more rapid than the oxidation of its 
reduced form, or that there is no cycle of reduction 
and oxidation 

Other functions of glutathione have, however, been 
more firmly established, for example its r61e m mam- 
taimng the — SH groups of enzymes The presence of 
the sulphydryl group m several oxidizmg enzymes, 
as -well as m several proteolytic and other enzymes, 
has been shown to be necessary for their acti-vity 
(Bersm 1935, Hellerman 1937, Barron and Smger 
1945, Elliott, 1946) In -view of the fact that oxidizmg 
agents m the cell tend to inhibit the actmty of — SH 
enzymes, it is probable that one of the mam funcbons 
of glutathione m cellular systems is concerned -with the 
contmuous reactivation of the — SH enzymes Its 
capaaty to bnng about such a reactivation, through 
its powerful reducmg action, has been demonstrated 
in many experiments 

It IS not improbable that the enzyme “glutathione 
reductase” may have important physiological signifi- 
cance m this connection This enzyme has been shown 
to be present in several different animal tissues and in 
other matenals such as yeast and plant tissues, and it 
catalyzes the reduction of oxidized glutathione (GSSG) 
by TPN-dependent dehydrogenase systems such as the 
system consisting of glucose-6-phosphate dehydro- 
genase and its substrate Moreover, it has been demon- 
strated (Rail and Lehmnger, 1952) that partially 
purified preparations of the reductase are able to 
catalyze the oxidation of reduced TPN (but not of 


reduced DPN) m the presence of GSSG, as followed 
spectroscopically by observmg the change m optical 
density at 340 nyi The enzyme is therefore beheved to 
catalyze the reaction 

TPNH -1- H+ -h GSSG 2 GSH -f TPN+ 

As this reaction is practically irreversible, it would seem 
that glutathione reductase may be an important agent 
m mamtaimng glutathione m the reduced form under 
physiological conditions 

BELATION or -VITAMINS TO OXIDATIVE CATAEYSTS 

Four water-soluble vitamins, mcotmic aad, nbo- 
flavm, thiamine and pantothemc aad, give rise i» mvo 
to physiologically active derivatives which are closely 
related to mtracellular oxidations Nicotuuc aad anude 
IS a constituent of the pyndine nucleotides, DPN and 
TPN, nboflavm enters mto the formation of the flavo- 
protems These two -vitamms are necessary therefore 
for the formation of compounds which are primarily 
concerned -with the transport of hydrogen or of electrons 
along the respiratory cham from cellular metabohtes to 
molecular oxygen A third vitamm, thiamme, is con- 
verted by phosphorylation vivo mto thiamme pyro- 
phosphate (TPP, diphosphothiamme, co-carboxylase), 
a compound which appears to be an essential component 
of the enzyme systems which catalyze the oxidative 
decarboxylation of alpha-keto acids such as pyrunc 
aad and a-ketoglutanc aad Other essential compo- 
nents of these systems are Mg^ ions, morgamc phos- 
phate DPN, coenzyme A and hpoic acid Coenzyme A 
IS a derivative of the water soluble -vitamm, pantothemc 
aad, and is beheved to possess the structure shown m 
figure 32 6A, m which are incorporated one residue, 
each, of fl-mercapto ethanolamme, pantothemc acid, 
D-nbose and adenme, and three residues of phosphonc 
acid Frequently used forms of abbreviation are HS- 
CoA and CoA, the first of these emphasizes the im- 
portant functional — SH group the presence of which 
permits the formation of compounds such as the acyl S- 
CoA derivatives (e g acetyl-S-CoA) 

Though not usually included among the -vitamins, 
hpoic aad (thioctic aad) is another biocatalyst whose 
partiapation m the reactions resultmg m the oxidative 
decarboxylation of a-keto aads appears now to be well 
established Knowledge of the biochermcal activity of 
this compound has been gained mamly m studies of 
oxidations and transfer reactions catalyzed by bactena 
and by animal tissues Durmg the progress of investiga- 
hons of its isolation and chermcal nature and of its 
presence and acti-vity in organisms of -mdely different 
types ranging from protozoa to mammals and from 
bactena to higher plants it has been vanously known 
as Factor H, acetate-replacing factor, protogen, and 
pyruvate oxidation factor (POF) Now, houever, each 
of these "factors” appears to be identical ivith hpoic 
acid, the structure of which is shown in figure 32 6B 
Closely related isomers such as the 4,8- and 5,8-dithio 
aads have been sho-wn to be less active than hpoic 
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aad as coennine (POF) m the ondatiou or pvruvate bv 
rePt; the lactic aad o-jamsm Strep’cccxeus fcccchs 
han ested from a hpo c aad-free medium. Reference 
•viH be made later to the manner m ivh i ch bpoic aad 
partiapates as a coenzvme, together with TPP, DPX 
and HS-Co A, in the omdative decarboiylation of a fceto 
aads, -m Ji the founation of free CO-, reduced DPX and 
an acvbS-Co-A. 
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Fig 32 6B Lipo-c aad {6,&<fitluo-iw)ctanoic aad) 
THF- CrCEIC ACID CTCLE 

Meanwhile attention is drawn to figure 32 6C show- 
ing the pathway of tne omdation of carboh^nirate and 
fat b} wav of the atrc aad cvde. From both carbo- 
h\ drate and fat, m preliminarv reactions which are only 
partmlli. shown, the same compound acetyl-S-CoA is 
formed, the t^o carbons of the aceta 1 gro up represen tmg 
a fragment of the onginal carbohc drate or fat. A por- 
tion of this acetyl S-Co A mac enter mto svnthetic and 
exchange reactions, the remamder is omdiaed to CO, 
and water The first step m this oxidation ts the reaction 
m which acewVS-CoA umtcs with oxaloacctate under 
the influence of the “condensing enzvme”, to form 
atmte and at the same time to liberate the coenxvme m 
*tee fo In (HS-Co A) The coenzvme mac then 
undergo further reaction mnne of the prehminaw. steps 
o- at a late- stage, in the com erson of o-tetoglntarate 
mto succmc 1 S-Co A. In each turn of the atnc aad cvcle 
the free oialoacelate is regenerated and is thereby made 
readc for the ondauon of another molecule of aceUhS- 
CoA The operauon of the cvde thus procndes a cata- 
K^c mechani-mi fo- the oxidation of large amounts of 
tbe twoorbon fragment, fo-merh described as “activ- 


acetate” but now known to be the acetjl group of 
acetcl-S-CoA demed from carbohj drate be waj of 
pyruvate and from fattj aads be way of the related 
iS-keto acvl-S-CaA compounds 

.Adequate amounts of oxaloacctate are necessar} to 
ensure the operation of the cvde with m.anTnnm effi- 
acncy .And because osaloacetate tends to undergo 
spontaneous decarboxvlation it is important that 
mechanisms for the synthesis of this substance be 
mamtamed. These mechanisms mchide the formation 
of oxaloacctate (1) from aspartate by transamination, 
(2) from other compounds such as malate, atrate and 
succinate, ingested with the food, from a ketoglutarate 
derived from glutamate by transamination and by 
oxidative deamination and from other ammo aads bj 
way 01 glutamate, (3) b> condensation of CO, with 
pyruvate, and (4) b\ the jomt operation of the “mahe 
enzyme” (Xo 12) and mahe dehydrogenase (Xo 11) 
Methods 3 and 4 depend upon n v aria ble supphes of 
pyruvate, the mam source of wh.ch is carbohi drate. H 
the production of normal amomts of pjrus'ate should 
fan, the Eupph of oxaloacctate will tend to dumnish. 
.As a result, the oxidation of acetj 1-S-Co.A ma 3 be re- 
tarded, and m the In er this substance mav b\ conjuga- 
tion give nse to large amounts of acetoacetul-S-CoA 
which m turn can be hydrolysed m the h\ er to aceto- 
acetate and free coenzyme. If, therefore, the effiaencj 
of the operation of the c\xle is senouslj impaired, ex- 
cessive amounts of **tetone bodies” Tna \ be fo-med, 
resulting m ketosis, ketonima and aadosis 

In certam reactions of this cychc mechanism and in 
some of the p-ehmmar^ reactions which lead to the 
foTuation of acetj 1-S-Co A from fat and carboh\ drate, 
the pyndme nucleotide coeniymes (DPX and TPX) 
become reduced. Their abihtj to fmction catal\'tically 
as coenzimes depends upon them rapid reondation. 
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'CO, 

+ 

DPNH + H+ 

+ 


^ \ 

Glycerol Fatty aad 

jr 11 _ 

a-Glycerophosphate Acyl — S — CoA 

11 _ 

iS-Keto acyl — S — CoA 

u __ 

Acetyl — S — CoA 


Acetyl — S — CoA 


CH, — Co — S — CoA 


u _ 

Acetoacetyl — S — CoA 

11 

Acetoacetate 


(11) - 2H 


Acetyl — S — CoA 


+ H,0 


( 2 ). 


HS — CoA + Citrate 


+ 2H 


+ H,0 


+ CO, + 2H 

i/-Malate * ■ - , Pyruvate 


- H,0 


(3) 


(10) + H,0 


- CO, - 2H 

( 12 ) 


as-Aconitate 


H,0 


- H,0 


+ H,0 


Fumarate 


(9) 


- 2H 


D-Isoatrate 


+ 2H 


+ 2H 


- 2H 


(4) 


( 5 ) 


( 8 ) 


+ ADP 
+ P 


Succinate (+ HS — CoA + ATP) Oxalosucanate 

- 2H 

- CO, + CO, - CO, (6) 

+ HS — CoA 

Sucanyl — CoA — ^ a-Ketoglutarate 

(7) 11 

L Glutamate 

Fig 32 6C Outline of pathway of oxidation of carbohydrate and fat by way of the citric aad cycle 
Enzymes 

1 Pyruvic dehydrogenase (“oxidase”) + HS-CoA, DPN, TPP and Lipoic acid 

2 Condensing enzyme 

3 Acomtase 

4 Acomtase 

5 Isoatnc dehydrogenase + TPN 

6 Oxalosuccimc decarboxylase 

7 a-Ketoglutaric dehydrogenase + HS-CoA, DPN, TPP, and probably Lipoic aad 

8 Succinyl-CoA phosphol^ase 

9 Succinic dehydrogenase 

10 Fumarase 

11 Malic dehydrogenase 

12 “Malic enzyme” 
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This reondaUon is effected m the manner previously 
outlined, through the ]omt action of the cytochrome c 
reductases and the o'tochrome cytochrome oxidase 
system An extensive discussion of the enzymic mecha- 
nisms of the atnc aad cycle mil be found m the review 
by Ochoa (1954) 

The pynnate and a kelogluiaraie oxidation systems 
The oxidative decarboxylation of pyruvate and 
o ketoglutarate is catalyzed, m each case, by a complex 
enry me system contaimng, as previously noted, at least 
four essential coenzymes, namely, TPP, DPN, CoA 
and hpoic acid, together with inorgamc phosphate (in 
the second case at least) and ions as other essential 
components Knowledge of these catalytic systems has 
accumulated over a penod of years and is based on 
studies of the degradation of a keto aads by animal 
tissues and bactena and by cell free enzyme prepara 
tions The details of these studies can not he reviewed 
here, but if it w ere possible to do so it would be realized 
that only parbal descnptions of the over-all reactions 
can be given In each case DPN plays its customary 
role of hydrogen acceptor, an acyl-S-CoA derivative is 
formed (acetyl S-CoA m the case of p 3 TTivate and 
succinjl S-CoA in the case of a ketoglutarate), and COj 
IS hberated The reactions may be illustrated as follows 

A Pyruvate + HS-CoA -f DPN+ Acetyl S-CoA 
+ COj -f DPHN + H+ 

B (1) a-Ketoglutarate + HS-CoA + DPN+ 
Succmyl S-CoA + COi -f- DPNH -f H+ 

(2) Succin>l S-CoA -h ADP -J- p Succinale 
+ ATP -h HS-CoA 

Sum of (1) and (2) 

(3) a Ketoglutarate 4- DPN -f ADP 

, T, CoA „ 

+ P »- Succinate -f COi + ATP 

+ DPNH + H+ 


The acetyl S-CoA formed m reacUon A undergoes 
metabolism m the manner previously discussed, and 
the succmyl-S-CoA formed m reaction B (1) may react 
as m B (2) with ADP and inorgamc phosphate (P) 
under the influence of a specific enzyme, in the presence 
of Mg"*^ ions, to yield free sucanate, ATP and free 
coenzyme A. It will be observed that in reaction B (1) 
a condensation (the synthesis of succmyl S-CoA) is 
coupled with the oxidation and m reaction B (2) the 
synthesis of ATP (another condensation) is coupled 
with the hberation of free succmate and coenzyme A 
from succmyl S-CoA The net result shown m B (3) is 
the phosphorylation of ADP to ATP, coupled with the 
oxidative decarboxylation of a-ketoglutarate In addi- 
tion to the mechanism indicated m reacbon B (2) there 
IS evidence that succmyl S-CoA can be hydrolyzed 
enzymabcally to yield free succmate and free coen 
zyme A 

Reacbons A and B as formulated above make no 
reference to thiamme pyrophosphate or to hpoic acid, 
both of which are beheved to be necessary m many 
speaes for the oxidative decarboxylation of a keto acids 
It IS mterestmg to note that of the several coenzjTnes 
which are essential components of the complete enzyme 
system the one concermng whose mode of acbon least 
IS known is thiamme pyrophosphate, despite the fact 
that it was recognized many years ago as a coenzyme m 
pyruvate metabohsm, long before coenzvme A and 
hpoic aad attracted the attenbon of mvesbgators m 
this field 

Gunsalus (1953, 1954) has suggested a mechanism 
which would bring mto play all four coenzymes m a 
senes of four reacbons resulbng m the oxidabve 
decar boxy labon of an a keto aad and the formabon 
an acyl-condensabon product The suggested reacbons 
are shown below 


0 0 

II II 

1 R — C C — O- TPP+ 


O 

II 

R— C TPP 


+ COj 



I 
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R represents, for example, CHi— HOOC— (CHj)!!— etc , 


and 


s- 

S- 


■R 

> represents the oxidized form of lipoic acid 


Of the four reactions mcluded in this scheme, reactions 
3 and 4 have been clarified, and the enzyme catalyzing 
reaction 4 has been separated from the others The 
exact mechanism of the first tn o reactions is, however, 


aspects of the theory by isolatmg and charactenzmg 
the several enzymes which appear to be responsible for 
the step-wise degradation 

It will be recalled that the classical scheme of fatty 
acid oxidation, outhned by Dakin and by Knoop and 
known as j3-oxidation, included the following steps and 
provided for the formation of free acetic acid and for 
the oxidation of the |3-carbon of the onginal aad to a 
carboxyl group 


R 

1 

R 

1 

R 

1 

R 

R 

1 

CHi 

1 

1 

-2H CH + HjO 

1 

CHOH 
- 1 

1 

-2H CO 

I 

+ H,0 COOH 

1 

CHi 

1 

^ II ^ 

CH 

1 

1 

CHi 

1 

^ 1 

CH, 

1 

* T 

CH, 

1 

1 

COOH 

1 

COOH 

1 

COOH 

1 

COOH 

1 

COOH 


not yet clear In the first reaction COj is removed and 
thiamine pyrophosphate is pictured as formmg a 
“carbamon-TPP” (aldehyde-TPP) complex In the 
second reaction hpoic acid acts as a carbamon acceptor 
forming a thioester, the hpoic aad being thereby re- 
duced In the third reaction this thioester acts as an 
acyl donor to form acyl-S-CoA and reduced (or dimer- 
capto) hpoic aad And in reaction 4 the reduced hpoic 
acid IS re-oxidized by DPN The four reacbons pictured 
in this scheme should accomplish m succession the 
following results 1) decarboxylation, 2) acyl genera- 
tion, 3) acyl transfer, and 4) hydrogen transfer Lipoic 
acid, either m free or in combmed form, is concerned 
with the last three of these processes, while thiamine 
pyrophosphate is mdicated as the mitial aldehyde- 
acceptor and decarboxylatmg coenzyme m reacbon 1 

Reed and DeBusk (1953) have presented evidence 
which they mterpret as indicabng that m a mutant 
strain of Escherichta coh the active coenzyme-foim of 
hpoic acid is not the free aad but, rather, a conjugated 
form called “hpothiamide pyrophosphate” (LTPP) m 
which thiarmne pyrophosphate through its primary 
ammo group is jomed by aimde hnkage with hpoic aad 
through Its carboxyl group This coenzyme is said to be 
associated, m sequence, with enzymic reacbons result- 
ing m (1) acyl generabon accompanied by the hberabon 
of COj, (2) acyl bansfer, with the formabon of acyl-S- 
CoA, (3) hydrogen bansfer This senes of reacbons 
parallels almost exactly those m the scheme suggested 
by Gunsalus But there is as yet no good evidence that 
hpoic aad and thia min e pyrophosphate exist generally 
in the conjugated form (LTPP) in hvmg organisms 

OXIDATION AND SYNTHESIS OF FATTY ACIDS 

The well-known theory of the ^-oxidabon of fatty 
aads, first proposed by Knoop in 1904 and supported 
by the mdepiendent work of Dakm shortly thereafter, 
has for a half-century engaged the attenbon of many 
biochemists But only recently has it been possible to 
provide expenmental confirmabon of the essential 


The resulbng acetate was presumed to undergo oxida- 
bon to COi and water, and the R — COOH, represenbng 
the remaimng porbon of the ongmal fatty aad could 
then, in a similar senes of reactions, give rise to another 
molecule of acetate and thereby be reduced m cham- 
length by two carbon atoms Successive jS-oxidabons 
would, accordmg to the theory, conbnue until a four- 
carbon residue of acetoacetate remamed This substance 
would normally be oxidized m the penpheral tissues and 
would not accumulate And, accordmg to the theory, 
acetoacetate should arise only from the four termmal 
carbons at the methyl end of the cham 

When later, as the result of the work of numerous 
mvesbgators, it became evident that these termmal 
carbon atoms could not possibly represent the sole 
source of acetoacetate under certain condibons, modifi- 
cabons of the ongmal theory were mboduced suggest- 
ing that two-carbon fragments detached m the process 
of /3-oxidation could condense with each other to form 
acetoacetate The study of the metabohsm of isotopi- 
cally labelled fatty aads has provided convmcmg proof 
that condensabon of this type can take place m animal 
tissues 

There remamed, however, at least two senous prob- 
lems which had to be solved before the general pnnciple 
of /3-oxidabon could be accepted as represenbng a bio- 
chermcal mechanisms havmg important physiological 
sigmficance The first was the difficulty of reconahng 
with the theory the repeated failures of workers m this 
field of mvesbgabon in theu: attempts to isolate mter- 
mediary products of the oxidation of long cham fatty 
acids The second problem was underhned by the great 
difficulbes encountered m attempts to obtain cell-free 
enzyme preparabons capable of catalyzmg the oxidabve 
processes The difficulbes inherent in the first problem 
became more readily understandable when the second 
problem was solved, with the isolabon, punficabon and 
charactenzabon of five individual enzjunes which are 
now beheved to be responsible jointly for the catalysis 
of a senes of five reacbons leadmg to the formabon of 
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acetyl S-CoA. And it has now become apparent that 
the intermediary acids can never exist in the free form 
because at every stage of the oxidaUve process coen 
ryme A is bound to the reactant, forming a transient 
Intermediary whose concentration at any moment is 
severely limited by the catalytic amounts of available 
CoA 

It IS now believed that the fatty aad ondmng ca 
paaty of hver cells is concentrated wholly in the imto- 
chondna It is unlikely however that any significant 
accumulation of an acyl CoA mtermediary m the mtact 
mitochondnon could occur because the product of the 
action of each of the five enzymes would be subjected 
unmediatelj to the action of the next enzyme m the 
sequence. These five mitochondrial enzymes, shown m 
figure 32 6D, uhich catalyze the conversion of a fatty 
acid molecule mto acetyl S-CoA have been brought mto 
soluble form and have been highly punfied The reac- 
tions which they catalyze have been studied mdivid 
ually and are formulated as follows (Mahler 1953, 
Green 1954) 

1 Formation of fatty acyl CoA by the fatty acid acti- 
vabng enzyme 

R— CHr-CHr-CH^OOH + ATP + HS-CoA 
R— CHr-CH,-CHi-CO— S— CoA + AMP + PP 

2 Formation of unsaturated fatty acyl CoA by the 
fatty acyl CoA dehydrogenase (metallo-flavopro- 
tem) 

R — CHi — CHj — CHj — CO — S — CoA -f- FAD 

Enzyme ^ R — CHt — CH==CH— CO— S— CoA 


-t- FADHrEnzyme 

3 Formation of ^-hydroxy acyl CoA by the a p un- 
saturated acyl CoA hydrase 

R— CH,-CH=CH— CO-S— CoA -1- 

R CHi CHOH — CHj — CO — S — CoA 

4 Formation of |3-Keto acyl CoA by the hydroxy 
acyl CoA dehydrogenase 

R-CH,-CH0H-CH,— CO-S-CoA -h DPN+ — 
R— CHi— CO— CHi— CO— S — CoA -f DPNH + H+ 

5 Formauon of acetyl CoA by the cleavage enzyme 
R— CHi— CO— CHt— CO— S-^CoA + HS— CoA ::=i 


^ CHt — CO — S — CoA 4~ 


CHr-CO— S— CoA 


As a result of the acUvity of these enzymes fun 

removed from the fatty aad in the form of the i 
Stoup of acetyl CoA, and an acyl CoA Is formed i 


cham length is shorter by two carbons than that of the 
ongmal fatty aad This newly formed acyl CoA can 
now give rise to another molecule of acetyl CoA and a 
third acyl CoA by way of reactions 2 to 5 Eventually 
the entire fatty aad is degraded to acetyl CoA As we 
have already observed, the oxidation of the acetj 1 group 
of this compound is catalyzed by the enzjmes of the 
atnc aad cycle The free HS-CoA is regenerated m 
the first (or condensation) reaction of the cycle and the 
hberated coenzyme A can now take part in reaction 1 
again, m which another fatty aad molecule undergoes 
conjugation with the coenzyme to form the corrcsiiond 
ing acyl CoA This mitial reaction requires ATP but 
the mechanism of the reaction has not yet been elua 
dated 

The complete degradation of a long chain fatty acid 
to acetyl CoA can be represented in the following man- 
ner (Green, 1954) 

Stearic aad 

+ ATP 
-p CoA 

/3 oxidation 

Stearyd CoA >- p Keto steary 1 CoA 

CoA 

' I 

Acetyl CoA 

P oxidation 

Palmityl CoA >- jS-Keto palmityl CoA 

CoA 

— 1 ___. 

Acetyl CoA 

P oxidation 

Butyryl CoA Acetoacetyl CoA 

CoA 

I J 

Acetyl CoA Acetyl CoA 


Figure 32 6D illustrates a probable pathway for the 
^thesis of fatty aads by way of the five reactions, 
E, D C, B, A operating in the reverse (counter clock- 
wse) direcUon The completion of the senes of rcacUons 
rom E to B has the effect of elongating the carbon 
of a fatty acyl CoA denvaUve by two carbons 
These rarbons are contributed by the acetyl group of 
acetyl CoA which is condensed with the fatty acyl CoA 
y the reverse acbon of the cleavage enzyme (E) This 
initial condensabon is followed m succession by the 
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fSITTY ACID 



Fig 32 6D Oxidation and synthesis of fatty acids 
(Adapted from Lynen, 1953) 

Oxidation clockmse, synthesis counter-clockwise 
Enzymes (terminology of Mahler, 1953) 

A Fattv acid a ctivating enzyme 
B Acyl-S-CoA dehydrogenase (metallo-flavopro- 

tein) 

C Alpha-beta-unsatura ted a cyl-CoA hydrase 
D Beta-hydroxy acyl-CoA dehydrogenase -4- 
DPN+ 

E Cleavage enzyme 

addition of two atoms of hydrogen, the removal of a 
molecule of v ater and the addition of another pair of 
hydrogen atoms The new fatty acyl CoA, longer by 2 
carbons than its precursor, can condense with another 
molecule of acetyl CoA m reacbon E, and by a repeti- 
tion of reactions D, C and B another fatty acyl CoA 
molecule is formed having two additional carbon atoms 
in its chain In this manner the fatty acyl chain is 
increased in length by two carbons at a tune and even- 
tually reaches a maximum length which is detemuned 
by unknown factors By the reversal of reaction A the 
free fatty aad is released from its combmation xvith 
coenzyme A, and ATP is formed by the condensation 
of adenyhc aad and morgamc pyrophosphate The 
results of studies of the synthesis of long cham fatty 
acids from acetate labelled wath C“ in the carboxyl 
group appear to be consistent with this theory of the 
mechanism of the s 3 Tithetic process 

OXIDATIVE CONDENSATIONS AND THE PATHWAYS OF 
BIOLOGICAL SYNTHESIS 

One of the major problems of biochemistry is the 
elucidation of the pathwaj^ and enzymatic mechan- 
isms of the synthesis of the great vanety of chemical 
substances which enter mto the composition of hvmg 
cells These compounds can in many cases be regarded 
as products of the condensation of smaller umts jomed 
together by “anhydro” hnkages m enzymaticalty 
catalyzed reactions mvolvmg the ehmmation of water 
Polysacchandes, nucleotides, nucleic aads, peptides, 
glycosides, glycerides are faimhar examples of conden- 


sation products of this general type It is well known 
that m the presence of water and a siutable catalyst 
these compounds can be broken down mto smaller 
umts m reactions which involve the addition of the 
“elements” of water (H and OH) Moreover, studies of 
the eqmhbnum constants of hydrolybe reacbons of this 
land catalyzed by specific enzymes have shown that m 
many cases the equihbnum between the condensed 
molecule and its spht-products hes far over on the side 
of hydrolysis Thermodynamic prmaples suggest that 
appreaable synthesis by duect reversal of hydrolysis 
would not be expected to occur except perhaps under 
condibons such as those permitbng the conbnuous and 
effecbve removal of the condensed product from the 
system Frequently, therefore, we find that for the 
synthesis of these condensabon products enzymabc 
mechanisms are available which are quite different from 
the reversal of hydrolysis 

The free energy change of a reaclton 

In considenng the problems of biological oxidabons 
and syntheses it is desuable to refer bnefly to the so- 
called free energy change (AG) of a reacbon All reac- 
bons which proceed spontaneously are accompamed by 
a decrease m the free energy of the system (AG is 
negabve) and reacbons of this kmd are said to be 
exergomc The standard free energy change (AG®) of a 
reversible reacbon is usually expressed in calones and 
IS related as follows to the equihbnum constant, K 

AG° = -RT InK (and at 25®C , AG® = - 1365 log K) 

The relabon between the actual free energy change (aG) 
of a reacbon and AG® is 

AG = AG® -f RT In 

Product of acbvibes of reactants on right hand side 
Products of acbvibes of reactants on left hand side 

It is evident therefore that only when the products of 
the acbvibes of the reactants on the two sides of the 
equabon are equal is AG eqmvalent to AG® If one 
wishes to calculate the free energy change of a reacbon 
under condibons other than those of the standard state 
(which specifies molal concentrabons of reactants and 
products) it IS necessary not only to know the value of 
AG® but also to have accurate mfonnabon regardmg 
the concentrabon of reactants and products And be- 
cause mfonnabon of this kmd pertammg to the mtact 
hvmg organism is not easily obtained, calculabons of 
the free energy change of reacbons tn mvo have fre- 
quently no precise value 

In some circumstances it may be possible to amve 
at an approximate value, or range of values, for the AG 
of a reacbon in the tissue itself, from a considerabon of 
the concenbabons of reactants and products found to 
be present by analysis of the excised tissue For example, 
while the free energy of hydrolysis of ATP at pH 7 5 
under thermodynarmc standard condibons (i e molal 
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concentrabons of ATP, ADP and inorganic phosphate) 
IS -9400 calories, Burton and Krebs (1953) ha\e 
calculated AG of hjdrolj'sis of ATP in animal bssues 
to vary from — 13000 to — 16000 calorics, depending 
upon the concentrabons of reactant and products But 
they emphasize the fact that these values must be re 
garded as only rough esbmates of AG since they are 
based on only a rclabvely fev, analy-ses And inherent in 
the calculations is the assurapbon, perhaps unn-ar 
ranted, that ATP, ADP and inorganic phosphate are 
uniformly distnbuted throughout the tissue 

It should be emphasized, in this connecbon, that 
reacbons tn vivo do not reach a state of thermodynamic 
equihbnum, but that the hving organism is character 
ized by a “steady state” or dynamic equihbnum in 
which synthebc processes are balanced by processes of 
degradabon And while thermodymarmc considerations 
may help us to understand the direcbon which reaction 
may follow tn tato and perhaps to assess the magnitude 
of the free energy changes m some cases, the free energy 
change of a given reacbon and the efficiency of mela 
bohe processes m a steady state system nail frequently 
depend on the nature and on the rates of accompanyang 
chemical reacbons (see Hearon 1951, 1952) In study 
mg the energebes and the economy of the hving cell it 
IS necessary therefore to strive to understand the kincbc 
factors which operate in the steady state system Pre- 
cise knowledge of these factors is at present very hmited 
mdeed 


"Phosphate bond energy” 

Studies of the free energies of hydrolysis of phos 
phorylated compounds have led to an arbitrary division 
of these compounds mto two general categones, charac- 
tenred m the one case bv relatively high values and in 
the other by relabvely low values of AG" (hydrolysis) 
In the first group are mduded acyl phosphates such as 
1,3-diphosphogljcenc aad, pyrophosphates such as 
ATP, enol phosphates such as phosphoenolpyruvate, 
and guamdmo phosphates such as creabne phosphate 
The values of AG° (hydrolysis) of these compounds vary 
from approximately -9000 to -15000 calones In the 
second group are mduded phosphate esters such as 
o glycerophosphate, glucose -1 phosphate, glucose- 6 - 
phosphate, fructose -1 phosphate, fructose- 6 -pho 3 phate, 
2 phosphoglycenc aad, 3 phosphoglycenc aad, values 
of AG (hydrolysis) for these compounds faU in the 
range of approiimatdy -2300 to -4800 calones (see 
Burton and Krebs 1953) 

Compounds m the first group were desenbed by Lip- 
rnarm (1941) as containmg “energy-nch” phosphate 
^nds d^^ted by the symbol ~ph, whereas com 
P^ds of the se^nd general type were said to conUm 
raergy poor* phosphate bonds (— ph) Energy gener- 
ated m catabohe processes was said to be “stor^” m 
ffie energy riA phosphate bond and this “phosphate- 
^nd energy* , parbcularly m ATP, was re^r^ as a 

^que source of energy to be used m a Xt 
of cellular acbvibes and syntheses ^ 


Senous objection to this concept of “energy nch” 
phosphate bonds has been talen by Gillespie el al 
(1953) who emphasize the physico chemical pnnciplc 
that the formation of a chemical bond when atoms 
combine to form molecules is accompanied b\ a decrease 
in the total energy of the system, and that the dissoa- 
ation of a molecule into its consbtuent atoms (t c the 
disruption of chemical bonds) requires an expenditure 
of energy 

This IS, of course, in direct contrast with the concept 
of energy stored in a chemical bond such as a phosphate 
bond, and for this reason a certain amount of confusion 
has been associated with the use of the term phosphate 
bond energy Perhaps the danger of confusion is best 
avoided if the "energy richness” of phosphorylatcd 
compounds and, indeed, of all other classes of condensed 
molecules, is interpreted strictly in terms of AG° 
(hydrohsis) values These values pros idea measure of 
an important biochemical property of such compounds, 
namely their potential, in the presence of an appropriate 
enzyme and by vartue of their instability, to donate 
energy to systems at a lower energy level and al the 
same time to act as donors of one or other of their 
constituent moieties in reactions 1 nown as group 
transfer reactions The expression "phosphate bond 
energy" ns used by many biochemists today embraces 
these general prinaples 

Two distinct types of enzymic reaction are beheved 
to be involved in the synthesis of a variety of naturally 
occumng condensed molecules (see Hanes 1953) These 
reactions are ( 1 ) oxidative condensation reactions lead 
ing to the synthesis de novo of pnmary condensed 
products, ( 2 ) group transfer reactions “in which one of 
the constituent groups of a condensed molecule, the 
donor, is transferred to new Imkage with an acceptor " 
The best understood of the oxidative condensation 
reactions is that catalyzed by Inosephosphate dehydro- 
genase (see p 379) The over all effect of this reaction 
was recognized as an oxidative phosphorylation, a 
“couplmg” between the condensation of ADP and in- 
organic phosphate (P) to y leld ATP, and the oxidation 
of 3 phosphoglyceraldehydc to 3 phosphoglycenc aad, 
accompanied by the reduction of DPN The condensa 
tion of ADP and P is a highly endergonic reaction 
whereas the oxidation of 3 phosphoglyceraldehydc by 
DPN IS strongly exergome In the complete “coupled” 
reaction the endergonic and the exergome transforma- 
tions become part of the same process w hich proceeds 
spontaneously, being accompanied by arelativclv small 
deacase in the free energy 

It has transpired subsequently that the reaction is 
more complex than has been represented above It now 
appears that the pnmary condensation product of the 
reaction is a 3 phosphogly eery 1 mercaptide of a gluta 
thiooe moiety which forms part of the acUve center of 
the enzyme, and that ATP is generated secondanly 
tom this pnmary oxidative condensation product 
^ ^ ’Enzyme) as a result of a sequence of 

two group-transfer reactions The first of these inv olv ef 
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the transfer of the 3-phosphoglyceryl group from its at- 
tachment to the sulphur atom m the active center of the 
enzyme to inorganic phosphate, formmg 1 , 3 diphospho- 
glycerate (R — CO — 0 — POiHj) and hberatmg the 
HS-enzyme from its combmation with substrate Then 
follows a second reaction, catalyzed by a separate en- 
zyme, in which the phosphate group is transferred from 
the carbovyl position of the 1 ,3-diphosphoglycerate to 
ADP to form ATP Although the over-all process can 
be recognised as an oxidative phosphorylation, it w ould 
appear that phosphate is not mvolved m the actual 
oxidative condensation process 

Oxidative phospliorylatton 

It IS now generally recognized that many oxidative 
reactions are accompamed by an uptake of inorgamc 
phosphate, with the formation of orgamc phosphate or 
phosphates of the type of ATP There appears therefore 
to be a couphng of these oxidative reactions with 
phosphorj’lation But the exact nature of the products 
of the primary condensation reactions which accom- 
pany oxidative processes is, in most cases, unknowm 
There does not appear to be any good evidence that 
ATP IS necessanly the primary product, ATP may, m 
most cases, be formed in secondarj' reactions involving 
group-transfer, as m the case of the oxidation of 3-phos- 
phoglyceraldehyde The over-all process can, however, 
be considered to be one of oxidative phosphorjdation 
and there is much evidence to support the view that it 
represents a highly effective means of conserving the 
energy of oxidations 

The phosphorylations which are considered on the 
basis of available evidence to be possible during the com- 
plete oxidation of a tnosephosphate molecule (repre- 
senting one-half of a glucose umt) to COj and HjO are 
summarized below The figures represent moles of 
inorganic phosphate taken up per mole of substance 
oxidized DPNHi represents reduced DPN 


1 (a) 3-Phosphoglyceraldehyde -f- HjPO^ -1- DPN 

1,3 diphosphoglycenc aad + DPNHi 1 
(b) DPNHi -1- iOi -> DPN + HiO 3 

2 (a) 2-Phosphoglycerate -♦ phosphoenolpyruvate 

-f H"0 (non oxidative) 0 

(b) Phosphoenolpyruvate -h ADP — > pyruvate 

-1 ATP 1 

3 (a) Pyruvate -f oxaloacetate -> DPN -> citrate 

-b COi + DPNHi 0 

(b) DPNHi + iO, -V DPN -f HiO 3 

4 (a) Isocitrate -b TPN — ► oxalosuccmate -b 

TPNHi 0 

(b) TPNHi-b iOj-^TPN-bHjO 3 

5 (a) a-Ketoglutarate -b HS-CoA -b DPN — > COj 

-b DPNHi -b sucanyl-CoA 0 

(b) Succmyl-CoA -b ADP -b P succmate -b 

HS-CoA -b ATP 1 

(c) DPNHi -b iOa DPN -b HiO 3 


6 Succmate -b iOa fumarate -b HiO 2 

7 (a) Malate -b DPN — » oxaloacetate -b DPNHi 0 

(b) DPNHi + iOi -1 DPN -b HiO 3 

Total per molecule of tnosephosphate 20 

In the oxidation of one molecule of glucose 40 phos- 
phorylations would be effected m the reactions shown 
Assummg that each phosphorylation forms a molecule 
of ATP and that 2 molecules of ATP are utilized in 
transformmg a molecule of glucose mto 2 molecules of 
tnosephosphate, a total of 38 phosphorylations would 
accompany the oxidation of one glucose molecule, and 
if glycogen were the starting substance the number 
would be 39 per glucose umt m glycogen 

Reaction 2a is non-oxidative and there is no ac- 
companymg uptake of phosphate, but ATP is formed 
m 2b Reactions la and 5b constitute phosphorylations 
“at the substrate level”, while the phosphorylations 
which accompany the oxidation of DPNHi and TPNHi 
must occur dimng the passage of electrons through the 
flavoprotem and cytochrome systems to molecular 
oxygen Though nothmg is known concermng the 
chemical nature of the pnmary condensation products 
which are formed durmg the passage of electrons along 
the transport system, it is evident that the phosphorjda- 
tions which accompany this passage of electrons repre- 
sent a large fraction of the total number of phosphoryla- 
tions assoaated with the oxidative process as a whole 
The figures shown above for reactions lb, 3b, 4b, Sc, 
6 and 7b represent also m these cases the ratio, moles of 
inorgamc phosphate taken up/atoms of oxygen con- 
sumed m the process of oxidation This is usually called 
the P/0 ratio and it provides a measure of the extent 
of phosphorylation accompanjmg the different oxida- 
tive processes The values of these ratios are based on 
results obtamed m studies of reacbons catalyzed tn 
vttro by the appropriate enzymes, and are recorded as 
whole numbers after making allowance for some de- 
strucUon of ATP by ATP-ase 

Of the seven groups of reacbons shown above, the 
first two are part of the “glycolybc” senes and are 
generally considered to be catalyzed by soluble enzymes 
m the cytoplasm Reacbons m groups 3 to 7, m addi- 
tion to the coupled phosphorylabons, probably take 
place m the mitochondna And while the P/0 rabos 
indicate the extent of phosphorylabon which accom- 
pames oxidabons tn vtlro, it is difficult to mterpret these 
results m relabon to the highly mtegrated metabolism 
of the mtact, undamaged cell It is unlikely that there 
is an accumulabon of ATP m amounts suggesbve of a 
“pool” of this substance It would seem more hkely 
that the adenylic “system” consisbng of catalybc 
amounts of ATP and ADP, together with morgamc 
phosphate, provides a means through which energy* 
producbon can, m a sense, be conboUed by energy 
utilizabon 
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Group-lransfer rcaclwns vi hoh^tco] syntheses^ 

Reference has been made to the generaUon of ATP 
during the oxidation of 3 phosphoglj ceraldehj de, as a 
result of tvro succe£si\e group transfer reactions The 
essence of reactions of this tj^ie is that one moiet} of a 
pre-eansting condensed molecule (the donor) is trans- 
ferred to new hnhage mth another molecule or group 
(the acceptor) mthout the mtervcntion of hjdroh'sis, 
and m the process, the formation of a new anhi dro bond 
IS accompanied by the dissoluUon of a preexisting one. 
A succession of two group-transfer reactions ma\ lead 
to the hberaUon of both moieUes of the original donor 
molecule and to the condensation of the two different 
molecules which acted as acceptors at the two stages 
This IS represented m the following manner 

AB -p C ^ AC -p B 
AC -P D -I DC -P A 


The separate moieties A and B of the original donor AB 
are now available for lesj-nthcsis and the regenerated 
substance AB maj then take part in a further cycle of 
reaction In this way a condensed molecule (AB), 
synthesized m clo<< association with oxidatii e conden 
sation reactions, may sene as the "condensing agent” 
for the synthesis of cellular constituents 

Adeno'me tnphosphate occupies a speaal position 
as a condensing agent m synthetic processes, for it is 
now known to be an essential component of the specific 
enzyme si’stems which catalyze the synthesis of a great 
variety of substances It is necessary , for example, for 
the phosphory labon of sugars and for the synthesis of 
glycogen from glucose, for the phosphorylation of com 
pounds such as thiamine, pyndoial, riboflavm, for the 
synthesis of pepbdes, of hippunc aad, and of gluta 
mme, for the synthesis of acetyl chohne, of atmllinc 
from ornithine, and of arginine from atrulhne, for 
transmethylations, as in the synthesis of creatine, and, 
m conjunepon with coenzyme A, for the “acPi-ation” of 
fatty aads hloteocer, it plays a umque role as the 
medium through which energy is made amilable to 
contractmg muscle (see Needham, 1952, for an exten 
ave discussion of this role of ATP) 

The part play ed by ATP in the synthesis of gly cogen 
illustrates the pnnaple of group-transfer The addiUon 
of one glucose unit to the polysacchande cham requires 
three separate transfer reaepons, each catalyzed by a 
specific enzyme (1) transfer of a phosphory I group 
from ATP to glucose, to yield glucose 6-phosphale and 
(2) transfonnapon of glucose 6-phosphalc mto 
glncose-1-phosphate m a group-transfer reaepon in- 
volvmg glucose l,6Khpho5phate as an mtermediary. 


ITnn« ^ 'udehted to Professor 

^ opporPmity of discussing 

him ^ problems of biological synthesis. Reads 

(1952) and by Hanes (1953) for further discuss 
the significance of group transfer reaePons 


(3) transfer of the glucosidil group from glucostvl- 
phosphale to the polysacchandc chain, vnth the hbera- 
Pon of free phosphate By repetition of this process 
glucose molecules arc condensed to form polysaccharide. 
For CN cry glucose unit added to the polysaccharide one 
molecule of ATP is brolcn down to ADP and free 
phosphate These split products of ATP are available 
for rcsynthcsis, and the condensation of glucose to 
polysaccharide may conpnuc as long as oxidaUie 
condensation reactions arc able to promote the re 
synthesis of ATP Consideration of this and other 
pathways for the synthesis of complex cellular con- 
sutuents shows that the condensing capanty of the 
cell would be indicated at any moment by the ratio 
(ATPJ/IADP] IP], and this in turn would reflect the 
rclaPie rates of the breal down of ATT (mainli, it 
may be presumed, by its p,arliapapon a.s a donor in 
numerous group-transfer reacUons) and of its resvn 
thesis as a result of oxidatiic condensation yiioccsses 
Reaction systems of this lind provide us with some 
understanding of the reasons undcrlving the depend 
ence of various synthetic processes upon oxidation 
reactions 

REFERENCDS-sec p 1357 

THE CARRUGC OF CARBON DIOXIDE BV 
THE BLOOD 

Bv PRoressop J K \V Ffbcdson 

The total carlmn dioxide content of blood means the 
amount of CO which can he extracted from a given 
volume of blood by exposure to a vacuum after the 
addition of and The results arc usually expressed as 
volumes per cent (v p c ) by which is meant cc of COi 
(measured at S T P ) per 100 cc of blood The methods 
of Van Slv 1 c and his coworkers arc now most commonly 
used for the measurement of COi in blood and other 
fluids In A'an Slyke’s manometne apparatus a known 
volume of blood is acidified and subjected to a partial 
vacuum in which CO and other gases arc rapidly cx 
traded The gases arc then compressed to a Inown 
volume and their pressure measured The CO, is rc 
moved by introducing NaOH and the pressure at the 
same volume is again measured From the change m 
pressure the amount of COj can he calculated Bv such 
a method then, it is found that human blood normally 
contains 50 to 60 v p c of COj , the v cnous blood usu 
ally containing 5 to 10 v p c more than the artcnal 
It was first shown by PflQgcr (1864) that, it whole 
blood were very thoroughly evacuated, all the COi 
could be removed without the addition of acid On the 
other hand, all the CO. in plasma could not he removed 
by vacuum alone. After a ery thorough evacuation the 
addition of aad or of red blood corpuscles allowed the 
hberation of more COj These facts suggested that, m 
plasma, CO 2 is present mainly as bicarboiuitc, for on 
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TABLE 32 


SolubtlUy of COi %n physiological fluids at 
body temperature 


PLTJID 

ABBOILPTION 

COEinCIEKT^ 

Water 

0 545 

Plasma 

0 510 

Red cells 

0 44 

Whole blood 

0 48 


exposure to a vacuum NaHCOj loses a part of its COi 
according to the equation, 

2NaHCO, COi + HjO + NaiCO, 

To hberate the COj in NajCOj it is necessary to add 
acid These results suggested, too, that the red cells 
contain something nhich can act as an acid We now 
know that the hemoglobin in the red cells is an ampho- 
tenc electrolyte and hence capable of acting as an acid 
The amount of dissolved COj in blood can be calcu- 
lated from its solubihty coeffiaent m blood (table 32), 
when the pressure of carbon dioxide with which the 
blood is in equihbnum is known (p 397) The dissolved 
COi consists in part of carbonic acid (HjCOj) Although 
the actual amount of HsCOj is extremely small (being 
only about 0 1 per cent of the dissolved COj) it is of 
great importance When HjCOj enters the blood, which 
IS a shghtly alkahne solution, it combmes mth base to 
form bicarbonate (BHCOi) until an equihbnum is 
reached between the three forms of COi 

CO3 ^ HsCOj "[— - BHCOj 

The relative amounts of these three forms at equihbnum 
depend upon the pH of the solution and can be calcu- 
lated from the Henderson-Hasselbalch equation 

^ ^ , (BH CO,) 

pH = pKi -t- og dissolved* 

pKi IS a composite constant which m normal plasma has 
a value of about 6 1 The pH of plasma is normally 
about 7 4 Hence we may wnte 

Bicarbonate COj 
7 4 = 6 1-1- log jjjgggi^gd CO* 

or 

Bicarbonate COj 20 
Dissolved COi 1 

* At a given temperature (HjCOj) is a constant 
fraction of the dissolved CO3 and hence does not re- 
quire separate representation m the formula 

* Cubic centimeters CO2 (measured at STB) 
dissolved m 1 ca flmd at a pressure of CO2 of 760 
mm Hg 


If the pH of the plasma is abnormal this ratio will, of 
course, be different 

The mtenor of the red cell is more aad than the 
plasma Consequently, the ratio of bicarbonate to dis- 
solved CO3 will be smaller Furthermore, smee the water 
content of the red cell is less than that of plasma, the 
amount of dissolved CO3 will be less too For these two 
reasons then, at the same tension of COi the cell contam 
less total carbon dioxide than the plasma Yet, as we 
shall soon see, the red cells play the dommant r61e m 
the transport of carbon dioxide 

THE r6iE of hemoglobin IN CARBON DIOXIDE 
transport 

When carbon dioxide enters the blood from the tis- 
sues it combmes with water to form HiCOi This 
reaction is relatively slow m most solutions with a pH 
close to neutrahty In the blood, however, the reaction 
IS catalyzed by an enzyme, carbomc anhydrase, which 
is found in the red cell but not m the plasma The 
HjCOi IS thus formed withm the cells Nearly all of the 
HiCOj thus formed then combmes with base to form 
bicarbonate The base available for combmation is 
that which is already combmed with weaker acids, 
mainly protems, which are displaced by carbomc aad 
accordmg to the equation, 

HjCOi -j- KHb HHb -j- KHCOi 


Hemoglobm is used as the example m this equation 
because it does, m fact, furmdi directly and mdirectly, 



Fig 32 7 Curves to show the amounts of base (K) 
bound by oxygenated and reduced hemoglobm at vary- 
mg pH The slopes of the curves represent the buffer 
v^ues, m terms of the eqmvalent of base required to 
cause umt pH mcrease (from Peters and Van Slyke, 
Quantitative Clinical Chemistry, Vol 1, 1932, from data 
of Hastmgs, Van Slyke, Neill, Heidelberger and 
Efermgton) 
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tie greater part of the base used It does so for a number 
of reasons In the first place, it comprises about toe 
quarters of the total protem m blood Secondl> , it hdds 
m combmapon an even greater proporUon of the base 
held by weak aads m the blood, because it has so man> 
weak aad groups in its molecule. Thirdly, it has the 
remarkably propertj of changmg its aad strength with 
its degree of oxygenation. \Mien the blood is m the 
tissues It loses its oiygen and the hemoglobm becomes 
a weaker aad and able to yield more base to carhomc 
aad In the lungs the hemoglobm is oxjgenated and 
becomes a stronger aad This assists m displaang car- 
homc aad from combination with base and in tummg 
itoutofthe blood. Figure32 7 shows the titration curves 
of osj hemoglobm and hemoglobm It will be seen that 
at the same time pH oij hemoglobm is combmed with 
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more base than is hemoglobm, i c., oij hemoglobm is 
the stronger aad 

That hemoglobm behaved in this peculiar wa> was 
first suggested bj ChnsUansen, Douglas and Haldane 
(1914), who investigated the carbon dioxide dissociation 
curve of reduced and oxjgenated whole blood As in the 
construcUon of an oij gen dissociation curv c, samples of 
oxjgenated or reduced whole blood arc brought into 
equihbnum in a senes of saturating vessels, called to- 
nometers, with different pressures of CO. The CO 
contents of the equilibrated bloods are then determined 
bj analjsis and plotted against the corrc<Tronding gas 
tensions ChnsUansen, Douglas and Haldane found that 
the curv e for oxj genated blood was lower than that for 
reduced blood In other words, reduced blood could 
carry more CO at the same tension of CO than oij - 
genated blood (fig 32 8) For many years it was thought 
that this phenomenon was due cnUrelj to the change 
in acid strength of hemoglobin on oxv gcnation Reduced 
hemoglobin, being a weaker aad, would jneld more 
base to carbonic aad and hence, at equal pressures of 
COj, more bicarbonate would be formed It now ap- 
pears, how e\ er, that fifty per cent or more of this greater 
COrCombining power of reduced blood is due to the 
greater power of reduced hemoglobm to combine di 
rectlj with COj (see p 399) 

Leaving aside the tjucsUon of how the greater CO- 
combming power of reduced blood is cJlccted, let us 
consider the physiological importance of the phenom 
cnon By eiammmg figure 32 8, it wall be seen that if 
the blood, represented by point A on the curve, took up 
5 V p c of CO , from the U'sucs and no reduction of 
the hemoglobin occurred, the tension of CO in the blood 
would nse by about 14 mm Hg If, however, aliout 6 
V p c of O arc lost from the capillary blood (as indi 
cated by point V) the extra CO can be tal en on with 
a nse of only 7 mm Hg m the CO tension As the 
change m CO tension is mimmixed, so too is the change 
in the pH of the plasma, because at the lower pressure 
of CO. less free carbonic aad is presenL Inthe lungs the 


Fig 32 8 Carbon dioxide dissoaahon curv es of fully 
reduced human blood (upper sobd Ime) in presence of 
hydrogen, and fully oxygenated human blood (lower 
sobd bne), m presence of air Volumes of COj along 
the ordinates, CO- tension along the abscissae. Lme 
AVB IS the so-called physiological dissoaation curve 
of CO5, ue., as a result of the r^ucUon of hemoglobm 
the relation of volumes of COj to CO- tension is mdi- 
cated at pomts along this line and not along the lower 
ci^e for oxygenated blood. At A (arterial pomt) are 
mdicat^ the volume and tension of COi m arterial 
V j ® mdicates the conditions m fully reduced 
Pomt V (venous pomt) represents the degree of 
TMUctaon of hemoglobm which normally occurs m the 
^y dnnng the passage of the blood throngb the sys- 
temc rapillanes. The posiUon of the hne AVB vanes 
the respiratory quotient, movmg to the nght or 
lelt, respecUvelv, with a nse or faU m the R.O Its 

to a respiratory quo- 
bent of about 0.8 The mterrupted lme below b the 

mLi oxygenated dog’s blood 

(Modified from Chnsbansen, Douglas and Mdauc.) 


Tc\crse reacuons occur Here ox> gcnation oi the nemo- 
globm reduces the CO-combming power of the blood, 
and a smaller fall m CO. pressure is effccUsc in rcmo\- 
ing the excess CO. 

The dominant r61e of the red cells m CO transport 
can be further demonstrated b> contrasting the CO 
dissociation cur\cs of separated plasma and fri/e plasma 
The latter is constructed b> exposing whole blood to 
different pressures of CO. and then separating the 
plasma and analj’zmg it for CO , the former by cquib 
brating plasma in the absence of red cells (fig 32 9) 

It IS apparent that the cur\e for separated plasma is 
much flatter than that of plasma which signifies 
that much larger changes in CO* pressure and pH 
accompany a gi\en change m CO content in separated 
plasma E\adenll3 separated plasma is not as well 
buffered as true plasma The greater buffer power of 
true plasma must be due to the red cells We hnow. 
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Fig 32 9 Comparison between the CO 2 dissociation 
curves of blood and of separated and true plasma from 
the same blood (After Evans, redrawn from data by 
Joffe and Poulton) 

however, that base 10 ns, e g , K"*" and Na+ cannot piass 
from the red cell into the plasma, because the red cell 
membrane is impermeable to cations with the exception 
of H'*' Consequentlj’, the red cells must increase the 
buffer power of the plasma indirectly They do so by 
means of the chloride shift or Bamberger phenomenon 

If CO* IS added to whole blood and the corpuscles 
and plasma are analyzed separately, it will be found 
that 

(1) The bicarbonate content of both plasma and 
corpuscles has increased 

(2) The chloride content of the corpuscles has m- 
cr eased 

(3) The chlonde content of the plasma has decreased 

(4) The metallic cation content of the corpuscles and 
plasma has not changed 

(5) The water content and volume of the corpuscles 
has mcreased 

The reverse changes occur w hen COj is removed from 
blood by evacuation Evidently, there is a transfer of 
the chlonde from plasma to cells when COi enters the 
blood, and the reverse process when CO* leaves the 
blood, hence the name, chlonde shift A simple quahta- 
tive explanation of this phenomenon can be given 
When COj enters the blood more HCOj“ is formed m 
the corpuscles than in the plasma because they contam 
more available base for neutralizing HjCOj These 
excess HCOj“ ions tend to diffuse out mto the plasma, 
but, owmg to the electrostatic attraction of the cations 
within the cells, can only do so if an equal number of Cl~ 
10 ns enter to take their place Thus HCOj“ from the 
cells enters the plasma m exchange or Cl~ which en- 
ters the corpuscles This process will continue until 
an equilibrium is reached which has been found to 
agree (very nearly) with the distribution required by 



Dorman’s theory of membrane eqmhbna (p 130) This 
requires the followmg relations'* 

[H+] ^ [C1-] ^ [H+] ^ [C1-] 

cells cells plasma plasma 

IH+] ^ [HCO,-] ^ IH+] ^ {HCO,-] 

cells cells plasma plasma 

or 


lA-l. J 


IH'*'] cells [CU] plasma [HCOi“] plasma 

The phenomenon can, m fact, be explamed very pre- 
cisely in terms of the Dorman theory When CO 2 enters 

(HCOr) cells 

the blood the ratio mcreases because 

(HCO 3 ) plasma 

more base is available in the cells Similarly because the 
buffer power of plasma is less than that of the cells 
(H"*") plasma 

mcreases The Cl~ of the plasma must now 

(H+) cells ^ 

pass mto the cells in exchange for HCOj" until the ratios 
are agam equalized at a new level Smce the new rabo 
is a higher one, the number of osmoticaUy active par- 
ticles m the cells must now be higher than m the plasma 
Consequently, water enters the corpuscles to equalize 
the osmotic pressures of the corpuscles and plasma and 
the volume of the corpuscles mcreases If stasis of blood 
occurs durmg the withdrawal of blood from a vem, an 
abnormal amount of CDs may accumulate and the rela- 
tive volumes of corpuscles and plasma may be appre- 
ciably altered Hence stasis is undesirable when the 
blood IS required for purposes where the relative vol- 
umes of corpuscles and plasma must be measured, e g , 
m the estimation of blood volume 


TBTR EVOLtrnON OF CARBON DIOXIDE IN THE LUNGS 

The pressure of CO 2 m the alveoh is kept by respira- 
tory activity at a lower level than it is m venous blood, 
hence CO* diffuses from the blood mto the alveoh This 
disturbs the equihbnum between the three forms of CO 2 
and causes reactions to proceed in the direction indi- 
cated below 

BHCO, -+ H 2 CO, CO 2 + H.O 

i 

(diffuses out) 

It has been known for a long time that the reaction 
HjCOj ^ CO 2 h HiO IS inherently a slow one It is 
known too that the blood spends only about one second 
m the capiUanes of the lung and about the same time 
m the capillaries of active tissues The velocity constants 
of these reactions m solutions other than blood are 
knowm too, and it can be calculated that if blood had 

*In applymg the Donnan eqvuhbnum to the red 
cell th'i only cation which can be regarded as diffusible 
through the red cell membrane is the ion 
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Fig 32 10 Upper curves, showing the proportions of 
the difference m COi capaaty of reduced and of oiy- 
hemoglohin which is due to the higher carbarmno con- 
tent of reduced hemoglobin The shaded area represents 
the proportion due to carbammo CO Lower curves, 
showing the ne^gible effect of a rise m COi tension 
upon the carbhemoglobm content of blood (After 
Ferguson and Roughton, modified ) 

not certam peculiar properties, the time which it spends 
in the lungs would scarcely allow the escape of 10 per 
cent of the CO which we know does escape. Rapid 
loading and unloadmg of COi by the blood is accom 
phshedintwowaja The first, which has been mentioned 
already, is the action of the enzyme, carbonic anhy- 
diase, which accelerates enormously, m either duection, 
the reversible reaction HjCO, COi -f HiO As the 


carbonic anhydrase of the blood is found only in the red 
cells and not in the plasma, we may deduce that the 
rapid changes in CO. content occur primarily m the red 
cells while the plasma comes more slowly mto equihb- 
num with the cells, perhaps after the blood has left the 
capillanes 

Carbonic anhydrase is present in a number of other 
animal tissues besides the erythrocydes, e g , m gastnc 
mucosa (p 499) and the mucosa of the small intestme, 
m the renal cortex (p 460), pancreas, lens and retina, 
brain, spleen, red muscle, h\ er, testes, in the oviducts of 
hens, where its function appears to be concerned in the 
deposition of calnum in the egg shell, and in salira Its 
physiological significance in most of these situations is 
unknown Carbonic anhydrase is a protein, and zmc, as 
shown by Keihn and Mann, is an important constituent 
of Its molecule The action of the enzyme is destroyed 
by an inhibitor in plasma, which has been identified as 
a pseudoglobulm It is also inhibited by sulfanilamide, 
cyanide, sulfocyanate, and by heavy metals It is un 
likely that the concentrations of sulfanilamide m the 
blood, such as are produced therapeutically, are suffi 
aently high to mhibit the enzyme The site and mode 
of production of carbonic anhy drase are both unknown 

The other mechamsm for the rapid combination and 
dissociation of CO. in blood is the direct combmation 
of COs wnth hemoglobm This reaction does not go 
through the stage of carbomc acid and is very rapid 
For many years past the existence of such a compound 
has been generally denied Recent experiments, how- 
ever, make it appear that about twenty -five per cent of 
the COi liberated in the lungs under normal resting con- 
ditions has been earned in the blood m direct combma- 
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tion watli hemoglobin Nevertheless, the total amount of 
COj in the blood combined m this way is small, prob- 
ably it never amounts to more than from 8 to 10 per 
cent of the total CO 2 But the fact that reduced hemo- 
globin combines with more COj than does oxyhemo- 
globin gives the compound an enhanced importance m 
the transport of CO 2 , it accounts for from 20 to 25 per 
cent of the gas freed in the lungs 

Carbon dioxide does not combme with the hemo- 
globin molecule in the same way that O 2 and CO do 
It apparently combines with an NH 2 group to form a 
so-called carbamino acid Hence, one name suggested 
for this compound is hemoglobo carbamic acid (Hb- 
NHCOOH) Another name less descnptive but pos- 
sessing the virtue of brevity is carbhemoglobin 

Carbamino compounds of CO 2 with ammo-acids are 
weU-known and the technic of estimatmg these simpler 
compounds has been adapted for determining carb- 
hemoglobm Other forms of combmed CO*, such as 
NaHCOj, can be preapitated as BaCOa by the addi- 
tion of alkalme BaCl* The banum salts of the carb- 
ammo-aads are soluble and remain m the supernatant 
fluid after centnfugmg The afiinity of HB for CO 2 
diminishes with pH, and mth strong aadification all 
the CO 2 dissociates off Consequently, the Van Slyke 
technic for estimating total CO 2 can be applied to the 
supernatant fluid to measure the carbhemoglobin 
An mcrease m the CO 2 pressure of the blood should, 
per se, cause the formation of a greater amount of carb- 
hemoglobm, but smce an increase in CO 2 pressure is 
always accompanied by an mcreased acidity, which 
lowers the afi&nity of Hb for CO*, vanations m COj 
pressure over physiological ranges have actually httle 
effect on the carbheraoglobm content of the blood 
That IS to say, the dissoaatlon curve of carbhemo- 
globm IS practically flat over physiological ranges of 


COa pressure The mam factor of physiological im- 
portance m displacing CO 2 from Hb is oxygenation of 
the Hb (fig 32 10) 

StTMMASV 

About 5 per cent of the total CO 2 m blood is phys- 
ically dissolved Two to ten per cent, depending on the 
degree of oxygenation of the hemoglobm, is combmed 
directly with hemoglobm (carbhemoglobm) The re- 
mainder IS present as bicarbonate and, as such, is com- 
bmed with base which has been yielded to H 2 COJ by 
the weak acids of the blood, the most important of these 
is hemoglobm 

The C02-combmmg power of reduced blood is greater 
than that of oxygenated blood, (1) because reduced 
hemoglobm is a weaker acid than oxyhemoglobin, and 
(2) because reduced hemoglobin can combme directly 
with more CO 2 to form carbhemoglobm than can oxy- 
genated hemoglobm 

Base yielded by hemoglobm partinpates mdirectly 
m the carnage of CO 2 by the plasma by means of the 
chloride shift Base withm the cells neutralizes the Cl“ 
10 ns which enter the red cells, thereby leavmg base m 
the plasma free to neutralize HCOj" 10 ns 

As the blood passes through the lungs it loses a small 
part of its total CO 2 (1 e , about 10 per cent) The ehm- 
mabon of CO 2 is accomphshed with minimal change m 
pH and in CO 2 tension by the concurrent oxygenabon 
of the blood which decreases the C02-combining power 
of the blood m the two ways menboned above 

The transfer of CO 2 , to and from the blood while it 
IS m the capillanes, can be accomplished m less than 
one second, because (1) carbomc anhydrase catalyzes 
the slow reacbon HiCOj CO 2 -f- H 2 O and (2) because 
the formabon and dissociabon of carbhemoglobm is 
inherently rapid (fig 32 11) 
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The Location or the Nervous Centers of 
THE Resheratory Mechanisil Spontaneous 
Activity of the Respiratory Center 


It IS customary and convenient to speak of tlie 
collections of nerve cells m the bram stem which 
discharge impulses to the muscles of respiration 
as the respiratory center But the use of the term 
should not be taken to imply that the controUmg 
nervous elements are m any sense a compact cir- 
cumscribed mass or confined to a closely restricted 
area Section through the bram at any level rostral 
to the upper border of the pons does not alter 
significantly the respnatory rhythm But sections 
at various levels b ehin d this cause pronounced 
disturbances m respuntion If a cut is made 
through the medulla, caudal to the tip of the 
calamus scnptonus, all breathmg ceases Those 
neurons that are distributed throughout the bram 
stem, and which mtegrate with the complex mech- 
anism controllmg the respiratory movements, will 
be here referred to as the respiratory center The 
nerve cells are located at different levels m the 
formatio reticularis, and collected mto functionallj 
discrete umts The primary or functionally domi- 
nant part of this neural organization (and many 
restnct the term, respiratory center, to this part 
alone) hes in the lower third or so of the medulla 
(seep 401) 

The classical experiments of Markwald (1887) 
form the basis of our knowledge of the location of 
the nervous structures controllmg respiration * 
He descnbed powerful and prolonged tome m- 
spiratory movements or “cramps” which super- 
vened after bilateral section of the vagus nerves 
and division of the bram stem immediately be- 
hmd the postenor colhculc He concluded that a 
center inhibitory to mspuation was located m the 
latter situation, but that the vagi also had an m- 
hibitory action, consequently the mspiratory 


’^gallois (1824) located the respiratory cer 
medulla oblongata, and FI. 
^ the size of : 

m me floor of tte fourth ventricle, on either side 
Sb ^hilT"'^ that after bilateral destruci 


“cramps” appeared only alter vagal mfluence had 
been abolished as well Markwald’s observations 
were confirmed shortly afterwards by other expen- 
menters The subject was taken up m recent years 
by Lumsden, who found that the prolonged in- 
spiratory movements occurred onlv if the section 
passed through the pons a few mfllimeters behind 
its antenor border and occurred whether or not 
the vagi were divided The inspiratory cramps or 
apneuses, as Lumsden preferred to call them, last 
for several seconds He postulated their dependence 
upon an apneitshc or inspiratory center at the level 
of the stnae accousticae, ivhich was dominated 
normally by an inhibitory or pncumotaxic center 
situated m the upper part of the pons The duty of 
the latter center was, through its inhibitory in- 
fluence, to transmute the apneustic movements 
mto the rhythmical movements characteristic of 
normal respiration After section of the brain 
stem behmd the stnae accousticae the respnations 
consisted of a senes of gasps occumng at relatively 
long mtervals Lumsden concluded that these 
represented the activity of a primitive gasping 
center situated m the lower part of the medulla 
from which the two higher centers had evolved 
It was considered to be of httle importance in 
higher animals 

Lumsden’s results have been confirmed m the 
mam by Stella and by Pitts, Magoun and Ranson 
Stella, however, found m contradiction to Lumsden 
that section through the pons (i e separation of 
the pneumotaxic center) did not result m apneusis 
unless the vagal mfluence was abohshed also (see 
fig 33 1) The results of Pitts and his associates 
are m essential agreement with those of Stella 
They found that animals decerebrated through 
the upper part of the pons mamtamed a normal 
type of respiration which responded m the usual 
way to chemical and peripheral nerve stimulation 
so long as the vagi were mtact, but immediately 
developed apneustic respiration and a complete 
cessation of rhythmical movements when both vagi 
were severed Stimulation of the central end of one 
of the cut vagi temporarily restores the respira- 
tory rhythm The apneustic center is therefore 
under a double inhibitory mfluence, either one of 


400 
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which IS capable of converting the apneustic type 
of respiration to the rhythm of normal or nearly 
normal respiration The vagal impulses influencmg 
the apneustic center are mibated by the stretch 
of the lung towards the latter part of the mspira- 
tory phase of normal breathmg (see p 404) 

The apneuses, like normal respirations, are 
affected pov erfuUy by the COj tension of the blood, 
bemg mcreased m depth by havmg the ammal 
breathe an air mixture cont aining a high concen- 
tration of COj and reduced m depth, or prevented 
from occumng, by carbon dioxide lack (see p 412) 
Accordmg to Stella, the pneumotaxic center is 
bilateral but its connections with the apneustic 
center are mainly homolateral, i e , imcrossed 

Pitts, Magoun and Ranson describe the respira- 
tory center m the cat, which they locate^m the 
reticular formation of the medulla, as consistmg 
of an mspiratory and an expiratory division, both 
centers are bilaterally represented The inspiratory 
unier occupies the rostral half or two thirds of the 
reticular formation overlying the ohvary nuclei 
on both sides, i e , beneath the caudal third of the 
floor of the fourth ventnde (fig 33 2) * When 
stimulated a maximal co-ordinated mspiration 
results, involving both diaphragm and thorax If 
stimulated durmg apneuses, the magmtude of the 
mspiratory movement is mcreased, if stimulated 
durmg an mterval between apneuses an apneustic 
movement is produced The expiratory center hes 
m the reticular formation dorsal to the mspiratory 
center Electncal stimulation withm this area 
causes expiration, if stimulated durmg mspiration 
or durmg apneusis these movements are inhibited 
Regular respirations — inspiration altematmg with 
expiration — are mduced by rh 3 ihmical stimulation 
of the mspuratorv center, expiration then occurs 
passively Rhythmical stimulation of the expira- 
tory center also produces regular respiration, spon- 
taneous inspirations then altematmg with the 
expiratory movements Intimate sjmaptic connec- 
tions exist between the diffusely distnbuted neu- 
rons withm each center and between the two op- 
positely actmg centers on the same side, as well as 
between similarly acting centers on opposite sides 
of the medulla Thus, unilateral stimulation of a 
small area of the mspiratory center causes maximal 
contraction of all the mspuatory muscles Exata- 
tion of one center causes simultaneous activation 

* It IS probable that the center is similarly located 
in man Finley bus descnbed a case of respiratory 
failure in which a lesion was found post mortem in 
this situation 


" ' Cool 

- •*-- '• • off 



Fig 33 1 Showing apneusis Section of the bram 
stem along a plane passing dorsally immediately be- 
hmd the postenor colhcuh, and ventraUy 2 5 mm 
below the upper border of the pons Between x and z 
the vagi were blocked by cold Time 2 sec (After 
Stella ) 

of its fellow of the contralateral side, accompamed 
by reaprocal inhibition of both oppositely actmg 
centers Thus, the altematmg rhythm of mspira- 
tion is established and sustamed, and the respira- 
tory movements S3mchronized on the two sides of 
the body The functional unportance of the bi- 
lateral connections is demonstrated m a stnkmg 
manner by makmga deep longitudmal cut through 
the mid-lme of the caudal part of the medulla. 



Fig 33 2 Dorsal view of lower bram stem of cat 
showmg locabon of pneumotaxic (Pn ), mspiratory 
(Insp ) and expiratory (Exp ) centers lixtent of ex- 
piratorj>- center shown in light stipphng, mspiratory 
center in heavy stipphng Though the centers are 
bilateral each is outhncd on one side only, for the sake 
of Eimphaty IC, infenor colliculus, AT, acoustic 
tubercle, B, brachium conjunctivum, B P , brachium 
pontis, R, restiform body, CN, cuneate nucleus (Re- 
drawn from Pitts, Magoun and Ranson ) 
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then the respiratory rhythms on the two sides of 
the body become asjmchronous (see fig 33^) 

The similanty m the efiects of stimulation of 
the expiratory center and of the central end of 
the vagus, namely, inhi bition of inspiration and 
of apneusis, has led Pitts and his colleagues to the 
conclusion that the vagal respnatory efiects are 
mediated through the expiratory center The m- 
fluence of the pneumotaxic center is probably 
exerted m the same way 
The respiratory center is cormected with the 
motor neurones of the phremc and mtercostal 
nerves m the cervical (C 3, 4 and 5) and upper 
thoraac segments of the cord (T 2-6) by descend- 
mg tracts which run m the anterior columns and 
m the ventral part of the lateral columns of the 
spmal cord 

The spmitaiieoiis activity of the medullary respira- 
tory centers has been a sub3ect of mterest to physi- 
ologists for many years Some mvestigators, such 
as Coombs and Pike, and Schafer, have demed that 
the center is capable of spontaneous activity, mam- 



cainmg that afferent impulses, especially those set 
up m the lung by the sUmulus of stretch and con- 
veyed by the vagus, and those mitiated from pro- 
pnoceptors m the respnatoiy muscles and travel- 
ling by the postenor nerve roots, were essential 
However, the results secured within recent years 
by means of improved methods of mvestigation 
leave httle reason to doubt that, m certain species 
at least, the bram stem continues to discharge im- 
pulses to the respiratory muscles after all or nearly 
all afferent paths have been severed For example, 
rhythmical bursts of impulses can be recorded 
from the central stump of the phrenic nerve of a 
decerebrate anunal after section of the vagi, 
glossopharjmgeal and other cranial nerves entenng 
the pons and medulla, and division of the spmal 
cord below the level of the 7th cervical segment 
Such an extensive operation would certainly m- 
terrupt all important afferent paths includmg those 
from the carotid smus and the aortic arch It is not 
to be supposed, of course, that the respirations 
would be normal after such a radical procedure, for 
even if not essential for maintaming the actimty of 
the center, afferent nerve influences are of the ut- 
most importance in the regulation of that actmty 
and the production of the normal respuatory 
rhythm Evidence for automatiaty of the respira- 
tory center of a cold blooded speaes has been 
secured by Adrian and Buytenijk They succeeded 
m recordmg rhythmical action potentials ongmat- 
mg m the vagal lobes of the excised bram stem of 
the gold-fish, the potential changes had the same 
range of frequency as the respiratory movements 
(fig 334) 

The spontaneous respiratory activity’ is appar- 
ently dependent primarily upon the mspiratoiy 
center, the expiratory center playmg an inhibitory' 
idle to mterrupt mtermittently' the mspiratoiy 
discharge. There is no evidence that impulses are 
discharged spontaneously from the pneumotaxic 
center Pitts and his colleagues suggest that the 
pneumotaxic center is exated from the inspiratory 
center, that a proportion of the impulses discharged 
from the latter region ascend to the pontme center 
whence impulses descend to the expiratory center, 
a discharge of viUibitory impulses is transmitted 
from the latter to the mspiratoiy center As the 
discharge of impulses from the expiratory center 
ceases, the mspiratory center resumes its activity’ 
and the cycle is repeated A nse m the rate of dis- 
charge of the mhibitory impulses will increase the 
rate of breathing, while a reduction m the fre- 
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Fig 33 4 Companson of elcctncal potential wave rhythm and rhythm of respiratory movements (After Adrian 
and Buytendijk ) 


qucncy of the discharge will be followed by slowing 
of the respirations 

It appears, then, that in the intact animal the 
automatic alternating rhythm of the medullary 
centers is maintained by inhibitory impulses from 
the pneumotaxic and vagal centers impinging 
upon the expiratory centers, which in turn in- 
hibit, intermittently, the activity of the inspiratory 
centers The vagal influence is evoked by inflation 
of the lungs (i e , by mspiration) , expiration, a pas- 
sive act, follows (p 453) 

Under ordinary physiological conditions the 
vagal regulatmg influence appears to play the dom- 
inant role The respirations are immediately slowed 
and deepened when these nerves are cut On the 
other hand, the rapid breathmg caused by a rise 
in body temperature is affected only slightly by 
vagal section, the polypnea is then thought to 
depend mainly upon the activity of the pontme 
center as influenced by impulses from the h}q30- 
thalamus Injury to it or its separation from the 
medullary centers at once reduces or abolishes the 
rapid breathing The reaction of the pneumotaxic 
center to a nse in temperature is probably brought 
about through its connections with the thermo- 
regulatory centers m the hypothalamus 

The grading of the strength of the contractions 
of the inspnatory muscles is apparently brought 
about by (a) alterations in frequency of the 
twitches of the component muscle units and (b) 
recruitment or derecruitment of the individual 
muscle units That is, more or fewer muscle units 
are brought mto play 

Theories relating to the aiUoniatic {repetitive) 

discharge of impulses from the respiratory neurons 

The frequency of the periodic discharge of 
impulses from the respiratory center, as well as 
the rate of the alternating rhythm of activity and 
mactmty displayed by the respiratory center, is 
influenced by several factors, e g , carbon dioxide 
and oxygen tensions of the surroundmg medium. 


H-ion concentration, and the nature and frequency 
of the afferent impulses reaching the nerve cells 
An electronic theory has been offered by Gesell to 
explain the repetitive discharge and the changes 
in its frequency under vanous conditions A longi- 
tudinal polarization of the nerve cell is conceived, 
a potential difference is postulated between the 
dendntes and the point of ongm (axon hillock) of 
the axon, electnc currents flowmg within the cyto- 
plasm from the former processes to the latter and 
m the opposite direction extracellularly The cell 
is stimulated presumably by the emergence of the 
currents at the axon hillock, thus producing the 
rhythmic discharge of impulses along the nerve 
fiber The strength of these currents, which de- 
termine the frequency of the discharge, is con- 
ceived as varying with the chemical constitution 
of the cell's surroundmgs and with the frequency 
and character of the afferent impulses (espeaally 
from the carotid smus and carotid body) bombard- 
mg its surface This conception has been elaborated 
mto an aad-humoro-electromc theory based upon 
the electromc action of acetylcholme The magm- 
tude of the potential differences are thought to 
depend upon the quantity of the neurohumor pres- 
ent at any mstant at the synapses, this m turn 
depends upon the balance between the rate of 
production of acetylchohne and its destruction by 
cholmesterase Carbon dioxide is postulated as 
actmg to inhibit the destruction of chohnesterase 
Among the experimental observations which Gesell 
and his associates advance m support of this theory 
are the actions of dipropylfluorophosphate and 
prostigmine upon respiration when mjected mto 
the vertebral artery These drugs enhance cholm- 
ergic effects (chap 72) The first mentioned was 
observed by Frey and Gesell to cause a slowly m- 
creasing hyperpnea and, later, strongly active 
movements of the accessory muscles of respiration 
Stimulation of the vagus or smus nerve of the 
poisoned animals resulted m strong after discharges 
of the respiratory responses 
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Pitts has formulated a theory' to account for 
the repetitive discharge of the medullary centers, 
based upon that advanced by Adnan and Zotter- 
man to explam the impulse discharge of peripheral 
receptor organs m response to contmuous stimula- 
tion It ma> be stated bnefiy as follows The rate 
of the impulse discharge at any moment depends 
upon the sum of all the exatatory and inhibitor}' 
effects, chemical and nervous, actmg upon the 
respiratory neurons The action of these corre- 
sponds to the constant stimulus in Adnan and 
Zotterman experiments The passage of each im- 
pulse by such stimulation is followed bj an abso- 
lute refractory penod of very bnef duration (2 
milhseconds), and this m turn by a relative 
refractory penod of much longer duration (100 
milhseconds), m which exQtabiht> recovers pro- 
gressivelj , i e., a stronger stimulus is required to 
exate the nerve if apphed early in this penod than 
if apphed late The respirator} neuron, after the 
passage of the impulse, will recover its exatabihtv 
and respond earher m the relative refractor}' penod 
if the constantly acting stimulus is strong than if 
It is weak Thus, with a constantly actmg stimulus 
a response occurs m, say, 25 milliseconds, whereas 
vvnth a very weak stimulus a response will not 
occur until the lapse of 100 milliseconds Thus, 
the mterval between stunuh will be shortened bv 
the stronger stimulation, i e , a higher rate of 
repetitive discharge will be mduced As men- 
tioned above, the repetitive discharge is con- 
verted by mhibitoi}' impulses mto the rh}thm 
of altematmg penods of activ’it} and qmescence 
characteristic of the mspirator} center 


The Factors Regulating Respiration 

The factors affectmg the activ'ity of the respira- 
tory center and, therefore, the volume of respired 
air (pulmonary ventilation) are classed for pur- 
poses of description and analysis mto four groups, 
(a) voluntary and emotional influences, (b) reflex, 
(c) chemoreflex, and (d) chemical factors (direct 
action on respiratory center) 


VoUinlary control Emoltonal vifiucnccs 

That the respirations are under voluntary < 
serm-voluntary control for short penods of time 
common knowledge This control, though we a 
scarce!} consaous of it m most instances, is belt 
exertt^ m numerous wa}'s m the ordmary affai 

SSQV^ ^ “ speakmg, swallowing ( 

559), laughmg, blowmg, coughmg, suckmg, et 


But the power of the will to inhibit respiration is 
stnctl} limited The breath can be held for onl} a 
bnef space (a maximum of about 90 seconds) before 
automatic or mvoluntarv control asserts itself, 
the inhibitor}' influence is ovcr-nddcn and the 
muscles of resfiiration contract despite all one’s 
efforts to “hold the breath” (see also p 412) The 
nerve elements giving ongm to the voluntar} im- 
pulses are probabl} in the motor area of the 
cerebral cortex 

The respirations may be effected profoundlv bv 
impulses ansing in higher cerebral centers as a 
result of V arious emotional or other mental states, 
eg , fear, gnef, surprise, interest, amusement, etc 

Respirator} effects arc produced bv stimuhlion 
of the orbitofrontal part of the cerebral cortex, 
stimulation of the anterior part of the cingulate 
g}rus (area 24, sec ch 68) causes respirator, ar- 
rest m axpiration 


Rcfci control 

Ilcrtng Brcitcr rcjlexcs The importance of affer- 
ent impulses from the lungs in the control of 
respiration was first pointed out m 1868 bv Hcring 
and Breuer, who showed that inflation of the lungs 
arrested inspiration, expiration then ensuing, while 
deflation inhibited expiration and brought on in 
spiration These are reflex effects, mediated 
through the afferent fibers of the pulraonarv v agi, 
for thev are abolished after these nerv cs hav c been 
divnded In ordinal} breathmg the inflation reflex 
alone comes mto pla} , thus checking, at the end 
of an mspiration of the usual duration, further 
distension of the lungs WTicn the inhibitor} vagal 
influence is abolished b} cutting the nerv cs the 
respirator} rate, as might be expected, is slowed, 
and the depth of breathing is increased, for the 
inspirator} phase then contmues for a longer period 
before it gives place to expiration The total pul- 
monary ventilation is little altered As mentioned 
on page 400 inspirator} movements of such length 
as to abolish rhythmical respiration follow if the 
inhibitory influence cmanatmg from the pontine 
(pneumotaxic) center is excluded as well The cor- 
respondmg deflation reflex does not apparent!} 
play a part under ordmar} conditions (Adrian, 
Partndge) In order to ehcit it, extreme deflation 
of the lungs is required, as can be produced in the 
laboratory by forable compression of the chest, 
y coUapse of the lungs through the production of 
a pneumothorax, or by suckmg air from the 
trachea As a result of these reflexes the respirator} 
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excursions m ordinary breathing are only a small 
fraction of what is possible m maximal hyperpnea 

Head, in a later stud}’^ of these reflexes in Her- 
ing’s laboratorj’^, isolated a slip of the diaphragm 
and recorded its action during distension and de- 
flation, respect! velj’’, of the lungs \\Tien the trachea 
was clamped towards the end of a normal inspira- 
tion the muscle slip immediately relaxed and the 
inspiratory movement ceased Blockmg the trachea 
at the end of expiration called forth a powerful 
inspirator}"^ movement, sudong air from the lungs 
caused a tonic contraction of the diaphragm 

Adnan approached the problem by recordmg 
dunng the phases of respiration the action poten- 
tials passing up a single afferent vagal fiber The 
frequency of the impulses was found to vary with 
the degree of stretch of the lung, bemg highest 
when lung inflation was greatest (i e , at the end 
of the inspiratoiy phase) and lowest when deflation 
was more nearly complete (i e , towards the end 
of expiration) (fig 33 5) The receptors which, as 
intunated above, are sensitive to a stretching 
force, are thought to be situated m the walls of 
the alveolar ducts, the most distensible parts of 
the lung structure They adapt slowly (ch 63), for 
a stream of impulses continues to ascend the 
nerve with relatively httle reduction m frequency 
while mflation of the lung is mamtamed 

There are two mteresting observations in connection 
wnth the effect of vagus nerve impulses on the rhythm 
of respiration, which may be mentioned here (1) It 
was reported by Stewart, Pyke and Guthne that the 
rhythm of respuation in a case which had been resusci- 
tated from bram anemia was the same as that of the 


artificial respiration which was given dunng the resusa- 
tation process (2) It is easy to show, when phremc im- 
pulses (fig 33 6) are recorded by a valve amphfier m a 
ciuanzed animal, that the rhythm of the respiratory 
center comes mto phase with that of the arUfiaal respi- 
ration The phremc impulses comcide with the inspira- 
tory phase of artificial respiration as long as the vagi are 
mtact This correlation is lost when the vagi are cut 

Chetnoreflex control 

Heymans and Heymans made the surpnsmg 
discovery m 1927 that respiratory reflexes could 
be eliated from the aortic area This observation 
and the brilliant researches of Heymans and his 
assoaates, m the years followmg, on the corre- 
spondmg r61e played by the structures m the region 
of the carotid bifurcation opened a new field m 
the physiology of respiration, and a fresh outlook 
upon the vexed question of respiratory control 
Many preconceptions and misconceptions have 
been swept aside A more detailed descnption of 
these areas has been given m chapter 27 where 
their functions m the control of the vascular system 
were discussed 1 

The carotid and aortic areas each contam two 
types of receptors, one type (pressoreceptors) 
responds to mechamcal, the other (chemoreceptors) 
to chemical stimulation The pressoreceptors situ- 
ated among the collagenous fibers m the wall of 
the carotid smus and m the wall of the aortic arch, 
are stimulated by a stretching force, as by a rise 
m artenal blood pressure The chemoreceptors are 
contamed m small gland-hke structures — the ca- 
rotid and aortic bodies (p 283) The respiratory 



Fig 33 5 Records of unpulses discharged over vagus nerve durmg mflation of lung Spmal catj single, fiber 
preparation Inflation of the lungs by pump Movement of signal hne directly proportional to inflation A, infla- 
tion = 65 cc , maximum frequency, 80 per second, B, inflation = 115 cc , maximum frequency, 120 per second, 
C mflation = 230 cc , maximum frequency, 250 per second (After Adnan ) 
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Fig 33 6 Showing discharge of impulses over a single fiber of the phrenic nerve during artificial respiration 
(wavy Ime) m a curanzed animal (After Partridge ) 


reflexes initiated from these two types of receptor 
are contrary m their effects Stimulation of the 
pressoreceptors inhibits respiration, an abrupt nsc 
m blood pressure such as follows the injection of 
adrenaline causing respiratory arrest (apnea) 
Exatation of the chemoreceptors increases the 
rate and depth of breathmg Both types of reflex 
are abolished by section of the supplying nerves 
(smus or aortic) 

Though of the utmost importance m the control 
of the circulation, the pressoreceptors do not ap 
pear, m mammals at least, to serve any respiratory 
function under physiological conditions With the 
possible exception of then functioning m very 
strenuous exercise (p 41 1) there is no arcumstance 
of a physiological nature under which the inhibition 
of respiration is caused by a nse m blood pressure 
or by the stimulation of these receptors m any 
other way Nor is it apparent that such a reachon 
would serve any useful purpose That they give a 
respiratory response when very strongly stimu- 
lated appears to be acadental and without physi- 
ological significance They may possibly represent 
the vestige of a mechanism which was of value in 
some aquatic ancestral form and to which the mam- 
malian body has fallen heir 


The chemoreceptors are stimulated by oxyg 
lack, but not until the oxygen tension of the i 
tenal blood reaches a rdaUvely low level A m; 
breathmg an atmosphere of which the oxygen pi 
ventage is gradually lowered shows httlc or 
^ge in respiration until the oxygen is reduo 
to less than 16 per cent, and a reduction even 
about 10 per cent causes only a moderate increa 
t ^ per cent) m pulmonary ventilation The h 
perpnea b caused by stimulation of the respirato 
center through chemoreflexes onginatmg m t 

nrori constitute t 

ttat the effect of oxygen lack directly upon t 
center is one of depression ^ 

The chemoreceptors are less sensitive stfll 


carbon dioxide WTicn, for example, the carotid 
body IS isolated from the general blood stream 
(effect upon the respirator} center thus elimi- 
nated), but its nerve sujijfly retained, and then 
perfused with a solution containing COj, the 
smallest change in COi tension which causes an 
appreciable diangc m respiration is around 10 
mm Hg When, on the other hand, the reflex 
effect IS abolished b} denervation of the carotid 
area, a change in COj tension of only 3 mm Hg 
m the blood suppl}ing the respiratory center is 
sufficient to mducc h}'pcrpnca (Schmidt, Dumke 
and Dnpps) 

Schmidt and his ossooates conclude from their 
experiments that the chemoreceptors do not pla} 
a r61e m the control of respiration under ordinar} 
ph} siological conditions This conclusion receives 
support from the observations of Cromer and Ivy , 
who found that dogs worked just as well on a 
treadmill after as before excision of the carotid 
bodies Also, according to Dautrebande, a dog 
wnth Its carotid and aortic chemoreceptors remov cd 


tudes as well as a normal animal 
In more exacting cmergcnacs, however, the 
reflex response of the chemoreceptors, especially 
to anoxia, is undoubtedly of the highest impor- 
tance 4noxia appears to be meffectivc as a 
sbmulus to the rcspiratoiy center Depression and 
ultimate failure of the central neurons is the pre- 
dominant effect of oxygen lack Theintcgnt} of the 
cheraoreflex mechanism, on the other hand, accord- 
ing to Comroe and Schmidt, is highly resistant to 
ano«a, retaining its vnability and contmumg to 
exert Its mfluence upon the center which otherwise 
unresponsive m the body’s emcrgenc}' 
ese o servers look upon the chcmorcccptor 
e anism a more pnmitive type of respiratory 
n 0 w ich serves as alast line of defense against 
espua ry failure the uUtmnm monens of the 
respiratory control system 

The chemoreceptors also appear to be relatively 
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insensitive to the H ion Such shght variations in 
hydrogen ion concentration of the blood as might 
occur under any condition of health could have 
httle or no stimulating effect upon them In ex- 
perimental animals a relatively large shift m pH 
(namely 0 1) of the fluid perfusmg the isolated 
carotid body is required m order to effect a change 
m respiration, it exerts a somewhat greater effect 
directly upon the center itself 

The experiments of Watt, Dumke and Comroe 
provide evidence for tome chemoreflex activity 
They found that the inhalation of pure oxygen by 
unanesthetized dogs caused a reduction m breath- 
mg of as much as 31 per cent, an effect which was 
abohshed by the denervation of the carotid and 
aortic bodies This mdicates that while breathmg 
ordmary air some at least of the chemoreceptors 
had been tomcally active The authors concluded, 
nevertheless, that such activity was of httle sig- 
nificance m the regulation of normal breathmg 
for the reduction m pulmonary ventilation was 
transient, the breathmg m most instances retum- 
mg to its ongmal level withm 3 to 6 mmutes 
though pure oxygen was stiU bemg breathed Fur- 
thermore, denervation of the chemoreceptors 
(without oxygen inhalation) caused no change m 
breathing In man, under aneslhesta, m congeshve 
heart JatUire, pulmonary emphysema, etc , the 
breathmg of pure oxygen may, however, cause 
complete cessation of breathmg for a time This 
“oxygen apnea” is attnbuted to the removal of 
the stunulatmg effect of anoxia upon the penpheral 
chemoreceptors while the respiratory center is 
depressed to the pomt of mactivity by the anes- 
thetic or the anoxia itself (see Oxygen Therapy, 
ch 34) 

EEIXEXES INITIATED IN OTHER PARTS OF THE BODY 

The carotid and aortic bodies are probably not 
the only structures contammg chemoreceptors, 
through stimulation of which reflex respiratory 
effects can be evoked A small collection of tissue, 
structurally similar to the carotid and aortic bod- 
ies, has been discovered m the vicmity of the pul- 
monary artery, and Ji- Suner . has shown that hy- 
perpnea results from'^sphyxia after mactivation 
of the carotid and aortic chemoreceptors This he 
attributes to reflex effects mitiated from chemo- 
receptors m the lungs or tissues, or m both these 
situations The experiments of Churchill and Cope 
also show that re fiex mcrease m the respiratory j 
rate results from distention of the pulmonary vis- j 


cular bed When the vessels of the lung, isolated 
from the body except for its nerves, was mjected 
with flmd to cause overfillmg of the vascul ar bed, 
rap id shallow breathmg immediately ensued Sec- 
tion of the vagal fibers abolished the response 
Weak respiratory responses to anoxia can be 
ebcited from abdommal chemoreceptors 
Stimulation of almost any afferent nerve may 
brmg about a reflex change m respiration Stunu- 
labon of pam fibers is especially potent m this 
regard and the respiratory effects of the excitation 
of the cutaneous nerves by extremes of heat or 
cold are well known The thermal effect upon res- 
piration IS apparent m the pantmg of the dog The 
mcreased pulmonary ventilation m fever is also 
partly due to the stimulation of receptor s Qhermo- 
receptpz^ responsive to a rise m temperature The 
tEermoreceptors are situated penpheraJly , espe- 
pecially m the skin, and centrally m the hypo- 
calamus, the latter upon bemg stimulated through 
the nse m temperature of the blood sets up im- 
pulses which are transmitted to the respuatory 
centers, the pneumotaxic center m particular The 
great mcrease m puhnonaiy ventilation occurrmg 
m muscular exercise is dependent m part upon re- 
flexes ongmatmg m the active muscles and movmg 
jomts Propnoceptive impulses from the dia- 
phragm and other respiratory muscles durmg one 
respiratory phase exert an important influence 
upon the succeedmg movement® Stimulation of 
sensory nerves m the respiratory tract, as by ether 
anesthesia, or of the abdommal viscera, either 
durmg surgical operations or as the result of 
disease may cause profound changes m breathmg 
Also, as pomted out by Harrison and his asso- 
aates, stimulation of afferent nerve endmgs m the 
great veins and nght aunde by the nse m venous 
pressure is a factor m the hyperpnea of exercise or 
m the dyspnea of cardiac failure The glosso- 
pharyngeal nerve contams afferent fibers which 
inhibit respiration durmg the second stage of the 
act of swallowing Abrupt inhibition of respiration 
is also caused by the inhalation of an imtant gas 

* Larsell has described speaahzed sensory endings in 
the lung tissue which possibly are chemoreceptor in 
function The lung tissue would be an even more ad- 
vantageous site for sampling the oxygen content of 
the blood than is the carotid or aortic arch Pi Suner’s 
expenments suggest that a chemoreflex mechanism is 
present m this situation, but his results have so far 
not been confirmed by other workers As Gcsell has 
pomted out, the existence of such a chemoreceptor 
organ would explain the rapid breathmg caused by 
multiple pulmonary emboh (p 427) and by puhnonaiy 
edema 
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tiirougli stimulatioii of nasal brandies of the Sth 
nerve In other instances irritation of these endings 
may cause sneezing — a modified respiratory act 
(see fig 33 7) Coughmg, though it can be brought 
about by a voluntary effort, is most commonly 
reflex m character, mitiated by the stimulation of 
afferent nerve endmgs m the trachea and laiynx 
(p 355) 

The pulmonary ventilation is mcreased to the 
greatest possible degree by voluntary hyperpnea, 
and may reach a value of 160 hters per mmute 
The reason for the volume of air breathed being 
less durmg muscular exercise than when the hy- 
perpnea is voluntary is possibly due to the nse 
m blood pressure, which occurs m exercise and the 
consequent reflex inhibitory effect upon respiration 
referable to the carotid smus mechanism 

CHEincAi Control Through the Respiratory 
Center 

History ot the Developuent of Modern Views 
ON THE Chemical Regulation of Respiration up to 
the Discovery of the Functions of the Carotid 
and Aortic Bodies (1929) 

The earhest defimte chemical theory of respiratory 
control was proposed by Rosenthal, 1882, he beheved 
that the oxygen tension of the artenal blood was the 
principal regulating factor This view was based upon 


the observations (1) that the respiration of animals 
breathing an atmosphere poor m oxygen was sharply 
increased, and (2) that during the cessation of respiri 
tion (apnea) caused by a short penod of forced ventila- 
tion of the lungs, the oxy'gen content of the arterial 
blood w as raised shghtly The theory, though attractiv c 
in the sense that it postulated a mechanism by which 
the want of essential oxygen was automatically cor- 
rected, but It failed to explain why breathmg pure oxy- 
gen did not cause cessation of breathing Furthermore, 
the hyperpnea caused by inhahng a high concentration 
of CO , or that due to acidosis, is not accompanied by 
a reduction in the oxy'gen tension of the blood, and even 
m severe exercise, in which the v olume of air breathed 
may be increased twenty times or more, no change 
occurs in the artenal oxygen tension (see table 33, p 
410) 

In 1885, Miescher-RUsch called attenUon to the im- 
portance of the carbon dioxide tension of the blood as a 
controlling factor m respiration This theory of the 
essential role played by COj in respiratory control was 
later (1905) elaborated by Haldane and Pnestley In 
the ensumg years numerous experiments, especially 
upon man, were earned out by Haldane and his asso- 
ciates which established the fundamental importance of 
carbon dioxide m the regulation of the pulmonary ven- 
tilation Onginally, Haldane believed carbon dioxide to 
be the sole or at least the mam chemical stimulant, and 
that It acted m a unique or specific manner But m 1911 
Wmterstem suggested that the H-ion concentration of 
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the artenal blood -nas the controUing factor, a view 
which was later supported by experiments and the 
work of Hasselbalch (1912) and his associates They 
showed that any tendency for the blood pH tqjalLwas 
c ountered b> m creased piilmonai^ venti lation and the 
elimination (^CO; The CO: tension of the alveolar air 
tand artenal blood) fell but the blood pH remamed un- 
changed It w as then thought that the effect of CO: was 
due sunplj to its acting as an acid It was soon found, 
however, that there was not always correlation between 
the pH of the blood and the pulmonary ventilation, a 
nse m pH might be associated with an mcrease m 
breathing, as in anoxia, hemorrhage, or mjections of 
sodium bicarbonate Expenmentmg with decerebrate 
cats inhaUng COj wath and wathout previous slow injec- 
tions of bicarbonate, Scott (1918) found that the hy- 
perpnea caused by the inhalation was the same m 
both instances, i e , irrespective of the pH of the blood 
He concluded that a true alkalosis causes apnea only 
when, at the same time, there is a sudden fall m COj 
tension, and that undissociated CO: , quite apart from 
its aad properties, acts as a specific respiratory hor- 
mone Dale and Evans caused a nse m pH by bicar- 
bonate injections, but this did not mduce cessabon of 
breathmg as the H-ion theory demanded CqUip (1920) 
found that injecbons of bicarbonate actually stimulated 
breathmg and concluded that the HCOj ion was the 
controUmg factor, and not CO: or undissociated car- 
bomc acid‘ Gesell (1925) m an effort to compose the 
discrepanaes of previous theones, proposed that the 
determimng factor was the H-ion concentrabon of the 
cells of the respuatory center itself, affected largely by 
the products of its own metabolism, and not necessarily 
tliat of the artenal blood The ready penebabon of CO: 
across cell membranes was given m explanabon of the 
much greater sbmulabng effect of CO: upon respirabon 
than that of nuneral aads Jacobs ( 1920) had found that 
undissoaated carbomc acid penetrated hvmg cells more 
readily than did any other aad of an eqmvalent hy- 
drogen ion concentrabon, the acidity of the mtenor of 
hvmg cells immersed m an alkahne solubon of CO: and 
sodium bicarbonate was raised to nearly the same degree 
as when placed m an aad solubon composed of COj m 
distilled water The ready diffusion of CO: aaoss cell 
niembra nes accounted^ for its meater letha l effect upon 
ta^ples^^Sd^ts more mtense sbmulabon_ of human 
taste buds as compar t ^th nuneral aads 

Tn 1 070 the sensatTonal discovery of the funcbons of 
the penpheral chemoreceptors (carobd and aorbc bod- 

* Carbon dioxide m aqueous solubon, is present m 
three forms, dissolved CO: , undissoaated carbonic and 
dissoaated carbomc aad Thus 

CO: HiCOi i=F H HCOr 

Addmg sodium bicarbonate to the solubon causes a 
shift of the reacbon to the left, which maeases the free 
CO: and undissociated carbomc aad at the expense of 
the dissoaated Weak, undissoaated aads were shown 
by Loeb to diffuse freely through cell membranes 



Fig 33 8 Effect of oxygen lack upon pulmonary 
venblabon m human subject (After Means ) 

les) m respuatory conbol was reported by Heymans 
Several discrepanaes were explamed m the hght of this 
discovery The part which these structures play m the 
r^ulabon of pulmonary venblabon has been dealt 
with In 1936 Nielso n secured evidence m support of 
Haldane’s original concepbon of the specific nature of 
CO: m the conbol of breathmg, and relegated other 
cheimcal factors to the mere role of sensitizers of the 
respiratory center He found, for example, that m 
human subjects, though t he -h\T)erppea caused byi^e 
mhalab on of CO ? wa s exbeme, htde change m arten al 
pH resulted The mgesbon of ammomum chloride, on 
' the cdhbary, while producmg a much more pronounced 
lowering of the pH of the arterial blood caused httle or 
no mcrease m breathmg It would seem that the ques- 
bon of the greater penetrabng power of carbon dioxide 
can be ignored m considermg these results, for the ex- 
periments in which ammomum chloride was mgested 
were conbnued over a penod more than long enough (up 
to 10 days) for the cells of the center to have come mto 
eqmhbrium with the artenal blood 

Modern Views on Direct Cheiucal Efeects 
ON THE Respiratory Center. The pnnapal 
chemical factors which influence the activity of the 
respiratory center are the COi and Oj tensions 
(pCO: and pO:) of the artenal blood and the H-ion 
concentration Receptors (chemoreceptors) capable 
of stunulabon by pCOa or the H-ion are presen t 
m the j asp uratoj j^ enter A nse m the pO: tension 
of the blood above normal does not influence the 
acbvity of the center But a fall in oxygen tension 
(anoxis or hypoxia), if considerable, depresses the 
center and if the reduction m pOa is severe, the 
center becomes unresponsive to ordmaiy chemical 
stimulation, its acbvity then bemg mamtamed 
only through impulses from the penpheral chemo- 
receptors (carobd and aorbc bodies) which are 
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much more resistant to anoxia Thus, the hyper- 
ventilation caused by anoxia is entirely through 
the stimulation of penpheral chemoreceptors 
The efed of pCOi upon the respiratory center 
Under the ordinary physiological conditions of the 
body at rest or engaged m mild or moderate exer- 
cise, the carbon dioxide tension of the artenal 
blood is the pnnaple factor, through its central 
action, m the regulation of respiration Through 
Its effect m mcreasmg the pulmonary ventilation. 
Its percentage m the alveolar air (and therefore 
Its tension m the artenal blood) is mamtamed 
remarkably constant at around 5^, though the 
percentage m the mspired air is vaned very widely 
Thus m an experiment of Haldane and Pnestley, 
the percentage of carbon dioxide m the air breathed 
was mcreased to nearly 4 per cent (normal 0 04 
per cent), the percentage m the alveolar air rose 
from 5 62 to 5 97, an mcrease of only 0 35 per cent 
Yet this small nse, equivalent to an mcrease m 
partial pressure of between 2 and 3 mm Hg m- 
creased the pulmonary ventilation over 2\ times 
An mcrease m COi percentage much less than this 
(a twentieth) causes an appreaable mcrease m the 
volume of respued au A reduction m alveolar COj 


mospheres The CO 2 percentage in the alveolar air 
becomes greatly reduced so as to mamtain the 
tension at around the normal value of 40 mm Hg 
Similarly, at low barometric pressures, the alveolar 
COj tension remains unchanged unless the atmos- 
pheric pressure falls to a value of SSO-mnu^Hg or 
less (equivalent to an altitude of about 10,0 00 
feet and an Oj procure of appro xima tely 60 mm ) 
when a sharp fall to around 30 mm Hgjn alvTO lar 
pCOi occurs 

The stimulation of respuation by the inhalation 
of carbon dionde ceases when the concentration is 
about 9 per cent From then on its narcotic or 
anesthelic action becomes evident and the pul- 
monary ventflation is reduced, with higher per- 
centages the depression of the respiratory mecha- 
nism becomes more and more pronounced and 
cessation of breathmg occurs at between a concen- 
tration of between 35 and 40 per cent All nar- 
cobes and anesthebes are depressmg to the res- 
piratory center as demonstrated by its response to 
COj inhalation, though it remains sensitive for a 
time to impulses from the penpheral chemorecep- 
tors which are much more resistant Dripps and 
Drumke found that whereas all the narcobes and 


percentage acts m the opposite maimer, a fall of 
0 2 per cent (equivalent of 1 5 mm Hg pCOj), as 
can be readily mduced by forced breathmg, causes 
apnea (p 412) It is not, however, so much toward 
the mamtenance of a constant percentage of COj 
m the alveolar air that regulation is duected as 
toward mamtammg the normal alveolar COj ten- 
sion This becomes apparent when a subject is 
exposed m a chamber to a pressure of several at- 


anesthebes mvesbgated — ether, cyclopropane, 
chloralose, morphme, barbital and pentobarbital — 
depressed the respiratory center, only the first two 
decreased the sensibvity of the penpheral chemo- 
receptors 

Both central and penpheral chemoreceptors after 
a time become tolerant to a moderately high pCOi 
In pulmonary emphysema, for example, the carbon 
dioxide content of the blood is elevated, and the 


TABLE 33 
(.After Gray) 


CHANCrs IN 

'tAXIUAL ASTIRIAL 
CONDITION VZNn BLOOD 

LATION J j 

pOt IpCOj pH 


PC* cc 


Anona 12 I I f 4 . _ 

Inhalation of 

' ’ * + +++ 

bohe) 35 T i I 4 - ' 

iloderate exer- 

“e 50 0 0 0 — — 

Severe exercise 120 0 f j 

• PC and CC indicate penpheral and central chemo- 
receptors, respecUvely 


pabent does not respond m the usual twiy to the 
mhalabon of air containmg up to 7 per cent of 
carbon dioxide In observabons upon the crew of a 
submanne ("snorkel” type) which did not actually 
surface for four weeks, the breathmg, though 
stimulated at first, returned to normal though the 
carbon dioxide of the inspired air was ove r 5 per 
cent 

Effect of changes in pH Smee changes m COs ten- 
sion tend to alter the blood pH it is difficult to 
separate the effects of pCQj and of agditv itself 
u pon r^p irabon BuiT the maximum effect upon 
puImOTary venblabon m man caused by the m- 
halabon of COj is about 70 hters, whereas that 
resultmg from a fall m pH due to fixed aads, as m 
rertam pathological condibons, is only 3^ters 
^ table 33 and Nielson Experunent, p 409) 
e sensibvity of the central chemoreceptors to 
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the H-ion as compared with the sensitivity of the 
carotid and aortic bodies is a controversial ques- 
tion, but it appears that the center is the m ore 
responsive 

The hyperpnea of vniscular exerase It will be 
seen from table 33 that of all the conditions listed, 
the greatest mcrease m pulmonary ventilation (a 
maximum of 120 liters) occurs m severe muscula r 
exercise But Barcro ft and Margeria found that m 
exercise a less mtense sense of effort was ex-i 
penenced by the subject than when the hyperpnea, ' 
though not so great, was mduced by the inhalation 
of CO 2 It IS apparent from the table that none or 
all three chemical factors can be the cause of the 
powerful effect of exercise upon respiration The 
pCOj of the blood is not mcreased m moderate 
exercise, is actually reduced m severe exercise, and 
neither moderate nor severe exertion is assoaated 
m health with a fall m the pOi of the artenal blood 
The artenal 'pH shows a fall (0 1 to 0 4 pH units) 
only m the severest exercise due to the entrance 
mto the blood of lactic acid (with the formation of 
lactates) from the active muscles, in moderate 
exercise no fall in pH, or only a temporary one, 
can be detected Furthermore, m strenuous.exer- 
tion neither the concentration of blood lactate 
nor the fall m pH shows any definite conelation 
with t he mcrease m lun g ventilation, After exer- 
cise, thdugli IHc'pulmonary ventilation has been 
reduced by half, the arterial pH may be lower than 
durmg the exertion DeMar, a famous runner, had 
m one instance respired 90 hters per mmute with 
only a slight increase m blood lactate 

Reflex mechanisms, specially those imtiated 
from the active musdes and movmg lomts , and m 
the great ^ms a nd lungs, appear to be of greate r 
importance tEan” chemical factors in stimulatmg 
respiration in muscular exerase Passive move- 
ments m the lower limbs of dogs, severed at the 
hip except for the mtact saatic nerve and femoral 
vessels, caused an mcrease of from 6 to 125 per 
cent m pulmonary ventilation ( Harrison, Comroe 
and Schmidt) The manner m which such reflexes 
are mitiated, whether by the stimulation of chemo- 
receptors m the muscles by metabohc products or 
by a humor earned to the respiratory center, is 
unknown Section of the cord and occlusion of the 
vessels commg from the contractmg muscles have 
given conflictmg evidence 

Other factors to be thought of m the search for 
the cause of the extreme hyperpnea of exercise 
are the hberation of adEfipalme the rise m tem- 


pe^ature-oLtheJilood which may stimulate respira- 
tion through central thermoreceptors and hypo- 
thalamic-pneumotaxic connections, as well as 
reflexly through cutaneous thermoreceptors The 
hyperpnea occurs so promptly after the beginning 
of the exercise that Krogh has suggested that the 
respnatory center is sensitized by impulses irradi- 
ated from the motor area of the cortex T he rise m 
venous pressure i n the great-vems and , the stim ula- 
tion of rece ptors „m Jiie^lungs are. also n o doub t 
importan t factors But it must be said that no 
known predommant factor can explam the hy- 
perpnea of exerase for none alone causes a suf- 
fiaently mtense effect Even all known effects 
combmed cannot account for the enormous m- 
crease in pulmonary ventilation caused by exercise 1 ' 
Grodms, after an analysis of aU factors, chemical j 
and reflex, postulates an undiscovered eocerctse \ 
stimulus which m its mtensity is directly propor ' 
tional to the metabohc rate 
A summary of present day views on respiratory 
regulation In the hght of the present state of 
knowledge it appears that carbon dioxide, as 
ongmally proposed by Haldane, actmg m some 
unique and specific manner upon the chemorecep- 
tors of the respiratory center is the chief and es- 
sential factor m ordmary quiet (eupneic) breathmg 
with the body at rest or engaged m hght exertion 
That carbon dioxide acts specifically and not 
simply because of its acidic properties is supported 
by the expenment of Nielson 
In other than eupneic respiration, e g , anoxia, 
exposure to high temperature, aadosis due to fixed 
acids, etc , other factors — chemical and reflex — are 
called mto play But no simple theory, stressmg 
one or other chemical factor (pO* , pCOj , or H+) 
or reflex mechanism is satisfactory Thus, m anoxia 
there is a fall m pC02 and a rise m pH, m acidosis 
there is a fall m PCO 2 and a rise m p 02 , and m the 
hyperpnea of CO 2 inhalations, though two of the 
three factors change m the nght direction there is 
a rise m PO 2 Recognizmg and emphasizmg these 
facts. Gray has formulated what he terms a jnjd: 
tiple factory theory , which postulates the action m 
its own right of each of the three chemical factors, 
PCO 2 , H+ and p02 , yet their concentrations m the 
blood are mterdependent m that any change m the 
concentration of one is accompamed by a change 
m that of the others, either m the same or opposite 
direction That is, different effects of the three 
chemical factors may be additive or antagonistic, 
the final result bemg the algebraic sum of their 
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partial acUons Thus, the hyperpnea of acidosis 
causes increased dimuiatioii of COj anjl 
guent faU in pCOi of the blood, with the result that 
* tEe^cidosis is less pronounced than it ivould be had 
no maease in ventilation occurred, m anoxia the 
greater pulmonary ventilation induces a CO* deficit 
and, as a consequence, a nse m both effects 
tendmg to moderate the result upon the respiratory 
mechanism of the fall m pOj 

Hypeepnea, Forced Breathing and Apnea 

Hyperpnea An mcrease in the quantity of air 
breathed (minute volume) as a result of an mcrease 
of either the rate or depth of respiration or of both, 

IS called hyperpnea Hyperpnea may be produced 
by impulses reachmg the respiratory center from 
the cerebral cortex (as m excitement and other 
emobonal states) or from the hypothalamus, by 
the stimulation of sensoiy nerves (e g , pain, heat 
or cold apphed to the skin, etc.), by conditions 
which mcrease the demand of the tissues for 
oxygen, e g , muscular exetase, and by certam 
other factors to be mentioned in the section under 
dyspnea. 

Apnea If the lungs of an animal are over- 
ventilated for a mmute or two, either by sUmu- 
latmg a sensory nerve and thus mducmg reflex 
hyperpnea or by means of some mechanical 
respuatory device, a penod follows dunng which 
all breathmg is suspended This penod of respira- 
tory arrest is called apnea An apneic penod can 
also be mduced by the stimulation of the presso- 
receptors m the carotid smus as by the sharp nse 
m blood pressure produced by an miection of 
adrenahne 

Any person can readily mduce apnea m himself 
by overbreathmg When one breathes deeply and 
quickly for a few mmutes and then stops he does 
not have any desire to breathe for the next mmute 
or more The deep and rapid breathmg is termed 
wluntqryjiyperpiiea orj orced resPtralto n 
The apnea foUowmg overventilation is due to 
the excessive elimination of carbon dioxide and m 
consequence to the lowenng of the tension of this 
gas m the blood A fall m alveolar carbon dioxide 
tension to 15 mm Hg can be demonstrated m 
man after a short penod of over ventilation The 
alveolar pCOj rises gradually dunng the apneic 
^nod and reaches a value a httle below normal 

before breathmg IS resumed Forced breathmg m an 
atmosphere nch m carbon dioxide therefore does 
not cause apnea Owmg to the shape of the oxygen 


dissociation curve of hemoglobin, oxygenation of 
the artenal blood can be only slightly improved by 
forced breathmg, and is therefore of little signifi- 
cance in the production of the apnea Indeed, 
m the apneic periods of Cheyne Stokes respiration 
there may actually be oxjgcn want sufficient in 
degree to cause pronounced cj'anosis (Haldane 
and Foul ton), yet the apneic penod continues 
until a further nse m pCOj occurs On the other 
hand when forced breathing is earned out in an 
atmosphere containmg a high percentage of oxygen 
apnea may persist for from 6 to 8 minutes, or 
even more, and, m one mstance reported by 
Schneider, for 15 minutes 1 The high percentage of 
oxygen m the inspired air causes a slight nse m 
the oxygen tension of the body fluids and an m- 
crease m the total ox>gcn content of the body 
This extra oxygen store is drawn upon dunng the 
apneic penod The resumption of breathing fol- 
lowing the apnea of forced breathing of ordinary 
air IS thought therefore to be due in part to anoxia 
(stimulation of the carotid and aortic bodies) 


Other cfeds of forced breathing 


While the cardinal features of the reaction to (arced 
breathing are now well 1 nowm, there is considerable 
lancly m detail when observed over a large number of 
cases. The first sensations of the subject arc usually 
dizziness and faintness icsuUing in some relaxation o' 
his efforts, but it is \co' rarelj that a feeling of nausea 
becomes prominent ‘ This initial discomfort may arise 
from a disturbance of the circulation directl> due to the 
too ngorous moicmcnls of the chest Wthin fi\e min 
utes at the most, a regubr rh> ihm has been established 
and the subject mil have begun to notice numbness and 
tmghng, probably coolness and perhaps tremors m %an 
ous parts of the body and slight tightening of the mus 
cles In the majonty of cases, samples of aheolar air 
taken at this time wall show a lc\ el of carbon dioxide 
about one half the normal, and onlj a slight further 
drop will occur as the cxpcnmcnl continues The pube 
and blood pressure will have risen, as would be expected 
with muscular exerase, but from now on signs and 
symptoms will begin to varj The pube and blood 
pressure may retain their relationship, or the pube may 
nse without correspondmg nse m pressure, but not 
mfrequently the pube rate increases while the pressure 
falb It IS usually in this last group of cases that one 
may find the cold clammy sLm, pale cyanosis and 
thready pube which form a cunous anomaly If enough 
hemoglobm is reduced to cause cyanosis it obviously 
IS not holding its oxjgen by reason of the alkalosis, 


V ai I "“^rvauons on voluntary hyperpnea were 
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and Uicrcforc the circulation must in some manner 
be restricted The loss of carbon dioxide may interfere 
vith tlie cflicicnci' of the heart There is evidence of 
% asoconstnction of the peripheral vessels, and vasodila- 
tation of the xcssels m the splanchnic area has been 
obscrx'cd dunng surgical operations Good evidence of 
arcuhtorj disturbance exists m the coldness of the 
extremities The condition is suggestive of shock 

Mild tetanj occurs in a certain proportion of subjects 
due to a shift in the acid ba se balance tow ard the al- 
1 aline side The tetanic manifestations vary from a 
slight stiffness of the muscles to well-marked contrac- 
tures In the hand the most common attitude is ulnar 
flexion witli relabae extension on the radial side~ahd 
some flexion of the WTists Before it is clcarlj' evident 
It mav occasionallj be brought out bj constncting the 
upper arm ( Trousse au\sign) 

The hj-percxcitabilitj of tlie nervous system is 
almost alw aj s show n in the increased briskness of the 
knee jerk, but particularly in the facial nerve reflex 
elicited bj tapping just below the zj goma (Chvostek’s 
sign, ch 60) 

It is after the first e minutes that certain tempera- 
mental differences may also appear Whereas many, 
perhaps more cautious, Iccp themselves well m hand, 
cooperate casilj in the taking of the samples and can 
stop the moment the signal is given, there are others, 
perhaps more adaenturous, who develop sjunptoms 
more quicklj , have a little difficulty in giving samples 
and llnailj have trouble in commg to a halt Of the 
latter group some become somnolent and a few wall 
appear amused and if set laughing have difficulty in 
controlling themselves The condition has been de- 
senbed as one of mild intoxication, and in class-room 
experiments immediately after the war a student who 
had been an aviator remarked that his sensations re- 
sembled those resulting from a very rapid nsc m alti- 
tude (sec p 422) 

The apneic period is vanable in length depending 
on the degree of disturbance and is, of course, prolonged 
if oxygen is taken dunng the last few breaths of the 
forced breathing Whether cyanosis has appeared be- 
fore or not it IS almost certain to be present with an 
apnea of more than thirty seconds, Dunng long 


penods the change may be very striking where the 
texture and color of the skin enhance the contrast. 

The return of breathing occurs more frequently with 
a single breath, usually rather small, followed by a 
secondary apnea Succeeding movements gam m extent 
while apneic penods dechne until normal breathing is 
reached Typical Cheyne-Stokes breathing, which at 
one time was considered a common charactenstic, 
has been quite rare 

Periodic Respiration 

Penodic breathing is the term applied to vari- 
ous types of uneven respiratory rhythm The 
most common type is called Cheyne-Stokes 
breathing after tivo physiaans who described it 
(It had been described earlier, however, by John 
Hunter, the famous London surgeon of the 18th 
century ) In this type of breathmg the respirations 
may be described as alternately waxing and 
w'anmg That is, a period of breathmg occurs m 
which the mdividual respirations are small and 
slow to start ivith but gradually increase m depth 
and rate to a maximum and then, subsiding again, 
finally cease for a time (fig 33 9) The apneic phases 
last for about 35 second s Periodic breathing of this 
type occurs at high altitudes and is exhibited by 
such animals as the ground hog and the dormouse 
dunng hibernation A tendency to this type of 
breathmg is not uncommonly shown by healthy 
infants and occasionally by normal adults dunng 
sleep The most common dinical conditions m 
W'hich Cheyne-Stokes breathmg occurs are ad- 
vanced renal and cardiac disease, asthma and 
raised mtracranial pressure It is also seen m severe 
pneumonia and m morphine and chloral poisonmg, 
or it may follow' a general anesthetic As mentioned 
above, it occurs, though rarely, after a penod of 
forced breathing Douglas and Haldane induced it 
m normal persons by a moderate degree of oxygen 
want Clmical Cheyne-Stokes respiration is usually 
a grave omen and is probably mitiated, m mos 
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Fig 33 9 Two examples of Cheyne-Stokes breathmg (After Lewis ) 
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instances at any rate, by damage to the respiratory 
center caused by oxygen lack, it is abolished m 
many cases by the inhalation of oxygen It ap- 
parently develops m the followmg way The de- 
pressed state of the repiratory center results in 
weak, shallow respirations which mtensify the 
existmg anoxia The oxygen lack when it reaches a 
certam degree, together with the accumulation of 
carbon dioxide m the blood, stunulates the respira- 
tions, oxygenation of the blood is improved, and 
the pC02 of the arterial blood is reduced below 
the threshold for stimulation of the center either 
directly, or through the chemoreflex mechanism, 
the apneic penod ensues, and, of course, agam 
mcreases the anoxia and prevents the ehmmation 
of COi , the breathmg returns and the cycle is 
repeated It has also been pomted out by Douglas 
and Haldane that the ehmmation of large quan- 
tities of COi from the body durmg the hyperpneic 
periods and the ultimate reduction of the bicarbon- 
ate reserve removes a steadymg influence which is 
normally exerted upon the respiratory center 
(They compare this effect to that of the fly-wheel 
of a motor) The bod> nonnaU> holds a large 
store of COi m the lungs and tissue fluids (as bi- 
carbonate) which IS drawn upon to oppose any 
sudden fall m COi tension of the body supplymg the 
respiratory center Any sharp mcrese m COj ten- 
sion, on the other hand, is prevented through the 
excess COj bemg buffered by the tissue fluids In 
Cheyne-Stokes hreathmg the reduction of the 
bicarbonate reserves permits shght changes m the 
gas tensions to produce sudden and exaggerated 
fluctuations m the activity of the center COi ad- 
ministration as shown by Allen and Pembry 
abohshes m many instances the penodic rhythm 

A m a nn er m which periodic breathing might possibly 
be produced m cases of raised mtracramal pressure is 
suggested by an experiment of Eyster He increased 
the mtracranial pressure m dogs and found that when 
the arterial blood pressure rose and fell alternately 
above and below the mtracranial pressure, Cheyne- 
Stokes breathmg ensued In chmcal cases of raised 
mtracranial pressure similar altemaUng elevations and 
depressions of the blood pressure have been observed 
by Eyster, the hyperpneic phase comadmg with the 
blood pressure nse The blood pressure changes may 
be the immediate cause of the respiratory rhythm m 
these cases It is easy to conceive that a faU m arterial 
pressure below mtracranial pressure by causmg acute 
anemia of the center would suppress its activity for the 
time and mduce apnea, this would give place to hy- 
perpnea durmg the phase of raised arterial pressure 
when blood agam filled the vessels of the center 


A type of respiratory pcnodiaty known as Biot’s 
breathmg is seen m diaseasc, e g , memngitis, involvung 
the region of the medulla This differs from the Cheyne- 
Stokes type in that the onsets of the apneic and hyper- 
pneic phases are abrupt The two phases arc frequently 
also unequaUy spaced, the breathmg being less regularly 
rhythrmcal 

DtSPVEA 

Defintlton 

Dyspnea literally means difficult breathmg 
WTien the respirations from whatever cause cannot 
be earned out with ease and practicallj uncon- 
aously the individual is said to be dj-spneic. 
The term therefore implies a subjective clement 
Dyspnea thus differs from hyperpnea The latter 
term means simply increased pulmonary ventila- 
tion, and this may occur quite unconsaousl> 
or if the subject is aware of the augmentation of 
the breathing there is not neccssanlj any sensa- 
tion of difBcultj or distress I\Tien the h>'perpnea 
becomes extreme and >et leaves the need for 
which it had been instituted unsatisfied, discom- 
fort or distress is cxpenenced and the term dj spnea 
IS appbcable Mcakins offers the follow mg concise 
definition “Dyspni^ is .the consaou sness of the 
ne^sity for mcreased rispiratoiy effort ” 

TOE CAUSES or DVSPVEA 

Smee the rcspiratorj and arculatory functions 
arednected toward the acquisition of oxjgen and 
the ehmmation of carbon dioxide, dvspnca ma> 
result if either of these functions be disturbed to 
such an extent that the normal gaseous exchanges 
ca nn ot be accomplished On the other hand the 
oxygen requirement and the carbon dioxide pro- 
duction may be so great that the normal respira- 
tory and circulatory mechanisms find difficulty in 
meetmg the demands of the moment. Or agam 
the supply of oxygen itself mav be madequate as 
a result of a low oxygen tension m the atmosphere 
(e.g , high altitudes) In considering the causes 
of dyspnea we must therefore m many mstanccs 
look beyond the lungs themselves The lungs are 
the bellows but it is the tissues which consume 
oxygen and produce carbon dioxide, and it is the 
heart and the blood which are concerned with 
the carnage of these gases between lungs and 
tissues As already mentioned dy spnea is the sen- 
sation of respiratory distress The height of the 
hyperpnea at which dy^spnea appears is called the 
dyspnetc point There is a relationship between the 
latter and the vital capacity A person with a large 
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vital capaaty obviously can breathe a larger 
volume of air without discomfort than can one 
iMth a smaller vital capaaty There is a close 
relationship however between the onset of dyspnea 
and the ratio of the fim dioual re sidual air (that 
IS, the quantity of aiFln the lungs at the end of 
an ordinary expiration) to th e total lun s^pa^iy, 
(i e the total volume of air which the lungs can 
hold dunng full mspiration (p 360)) In health 
the ratio is about 2 to 5 The more nearly equal 
are the volumes of the fu nct ional residual aur a nd 
the total lung capaa ty. the greater will be the 
tendency to dyspnea 

The fundamental or unmediate causes of 
dyspnea can in most mstances be reduced to the 
following categones (1) Stimulation of the respira- 
tory center either (a) reflexly from the carotid and 
aortic bodies ( anoxi a or inaease in IT-ion_.c on- 
centration due to fixed aads), (b) directly, b y CO- 
excess, (c) a combmation of (a) and (b) as m 
asphvxial states , or (d) by impulses from c erebral 
centers or by afferent impulses, especially of a 
pamful character, from abdommal or penpheral 

reflex, thus bnngmg about earher inhibition of 
the inspiratory phase and causmg as a consequence 
a more rapid shallow type of brcathmg 

The abnormal conditions chiefly assoaated with 
dyspnea are 

(1) Prevention of adequate oxygenation of the 
blood in the lungs That is, anoxia of the anoxic 
type (p 419) This may result from (a) pulmonary 

pr from lai yngeal or .tracheal, obstructio n, 
or (b) lowOi^ensignm the mspired air, e g , high 
altitudei 

(2) Interference with the transport of the 
respiratory gases Anoxia of the stagnant or 
anemic type (a) slowmg of the circulation as m 
cardiac failure, (b) s evere ane mia, breathlessness 
chiefly on exertion 

(3) Restnction of the action of the diaphragm 
or intercostals 

of CO i (gaseous acidosis) ^ 

(5) Inaeased metabolism*^ 

(6) Nervous conditions, e g , emotional disturb- 
ance, neurasthenia, hysteria, encephahtis, or the 
direct stimulation of the respiratory center by 
cerebral tumor, hemorrhage or edema, 

Dyspnea due to pulmonary diseases 

Dyspnea is a feature of various respiratory 
diseases 


(a) Ri some mstances, e g , laryngeal or bron- 
chial obstruction and asthma, the dyspnea is due 
to a combmation of anoxi a and CO 2 retentio n 

(b) In other mstances owmg to the reduced 
distensibihty of the lungs resultmg from edema, 
congestion, inflammation, fibrosis, etc , the Hermg- 
Breuer reflex is abnormally sensitive 

(c) Lunitation of th e movements of th e dia- 
p hragm and che st vrall In emphysema, for ex- 
ample, owmg to the loss of lung elastiaty the 
restmg position. of the chest is one of nearly full 
i nspirat ion The diaphragm is fixed and the thorax 
elevated Any further enlargement of the chest 
entafls unusual effort on the part of the mter- 
costal muscles (see also p 351) and the enlistment 
of the accessory muscles of respiration Expiration 
mvolves active contraction _ o£_the_expiratorv 
muscles 


Cardiac dyspnea 

D yspnea upon exertion is a feature of certam 
chronic pulmonary and heart lesion s, e g , mitral 
stenosis Stunulation of the carotid and aortic 
bodies by oxygen want or of the respnatory center 
by carbon dioxide excess is not, i n the absence of 
cardiac Jailu re, responsible for the dyspnea, smce 
the oxygen saturation of the arterial blood may 
not be reduced to any important degree and the 
carbon dioxide tension is withm or even below the 
normal range Pulmonary enEorgement leadmg to\ 
dimmished distensibih t y of the lung is conside red ( 
by Meakms, . Chnstie .and. associates_to_be the ( 
prime cause of cardiac d yspnea. Though the reduc- i 
tion m the vital capaaty may be roughly propor- 
tional to the dyspnea, the two do not bear the 
relationship of cause and effect, smce the subject's 
vital capacity is always greater than the volume of 
ai r requued for the exertion which causes Jhe 
dyspn ea.. Owmg, however, to the dimmished dis- 
tensibility — the stiffness of the lung — a greater 
inspiratory effort is e x pended m brea thing the 
extra volume of air which the muscular exertion 
demands The lung might be compared to stiffened 
bellows leather, more force is required to distend 
iL The elastiaty of the lung is also moderately 
reduced so that expiration mstead of bemg a pas- 
sive act brought about largely by the recoil of 
the lung now requires the aid of the contraction of 
expiratoiy muscles m order to “squeeze” the air 
from the chest The mtrapleural pressure, there- 
fore, mstead of remaimng “negative” throughout 
the respiratory cycle becomes positive toward the 
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end of expiration (Chnstie and !MeaLins) The 
decreased distensibility of the lung, for the same 
reason that it mcreases the difficulty of enlargmg 
the \ olume of tidal air, reduces the vital capaatj 
In other words the dvspnea and reduced vital 
capaatv are due to a common cause The reduced 
distensibihty will also have the effect as already 
mentioned, of mcreasmg the sensitivity of the 
Hermg-Breuer reflex with the production of shallow 
breathmg' 

In congestive heart failure with marked slowmg 
of the circulation there is commonly hiperpnea 
and dj spnea even durmg rest and then there mav 
be added to the pulmonary factor itself the stimu- 
lating effect of carbon dioxide excess upon the 
respiratory center but, accordmg to Chnsbe and 
Meakins, this is of mmor importance WTien 
pulmonarj edema supervenes, mterference with 
the absorption of oxj'gen and the production of 
arterial anoxemia (stimulation of carotid bodj) 
maj piossibly be a factor, though we have seen 
that the peripheral chemoreceptors are not xerj 
sensitii e to anoxia and the central ones are actuallj 
depressed Hindrance to the absorption of oxj gen, 
caused by the presence of exudate m the aheoh 
and the edematous swelLmg of the al\ eolar walls, 
IS accompamed by httle or no mterference with 
the elinunation of carbon dioxide, this is probably 
due m part to the much greater solubflitv of carbon 
dioxide than of oxi gen and, m consequence, to the 
freer diffusion of the former gas through the 
edema fluid In congesUxe heart failure artenal 
anoxemia with a normal or e\ en a subnormal car- 
bon dioxide content of the artenal blood max exist 
ex en m the absence of pulmonarx edema 
Experimental support can be ated for the xnew 
that reduced distensibiht} of the lungs as a result 
of congestion is an important factor m cardiac 
dx’spnea. It has been mentioned elsewhere (p 
426) that distension of the pulmonar) bed causes 
rapid shallow breathmg The production of 
multiple emboh m the pulmonaij' capiUanes bj 
the mtraxenous mjection of starch granules causes 
congestion of the lungs and rapid shallow breath- 
^,mg (p 427) and Partndge found that after rapid 
1 breathmg has been mduced m this xvaj the im- 
pulses recorded from the xagus nerx e are of higher 
' frequencj than those resultmg from inflation to 
‘ an equal degree of normal lung It has also been 



shoxvn that m man jDulmpnaiy’L.congestiQn. docs 
actualli reduce_the distensibility_oLlheJungliS5ue. 
’r Sar^s on and his colleagues found m subjects of 
cardiac failure the CO content of the jugular 
blood to be withm normal hmits and obscrx ed no 
significant reduction m the cerebral blood flow 
(i e , through the respiratorj center) Thej sug- 
gest that aff erent im pulses jnjtiatrfJrom th^great 
x'ems at the base of the heart^as a rcsult_cLJLhe 
high X enous pressure, as xvell as impulses JnmL the 
congested lungs, exate the respuatory center 

Though there is much to be said for the reflex 
ongm of cardiac dj spnea, not all are agreed as to 
its paramount importance. hIcMichael, for ex- 
ample, m a clmical study found a reduction m 
cardiac output m those subjects shoxvmg hy- 
perpnea (which is alwaxs assoaated xxnth the 
dxapnea) dunng rest. The hjperpnea showed a 
doser corrdation xnth the cardiac output than 
vnth the xntal capaatj which, he pomts out, is 
contrary to what might be expected were conges- 
tion of the lungs the dominant causative factor He 
IS mchned to behexe that the hyperpnea and. 
dyspnea of the cardiac patient during rest is d ue 
to red uced bloodflowjh roug h the c enter, resultin g 
m a hig h_CO« tension, and possiblx to .the accumu - 
lation of aad products of its own metabol ism i 

Other minor factors which max' contribute to 
the dyspnea are the maeased metabolic rate m 
congestix e heart failure due m part to the greater 
respiratory effort, and the defectixe heat dissipa- 
tion resulting from the slowed penpheral circula- 
tion, some degree of fexer bang not unusual 

OeihokvEa. In congesUxe heart failure xvith 
dyspnea at rest the breathlessness is usually more 
pronounced m the recumbent than m the sittmg 
position I\Tien proppied up with pilloxvs the patient 
max be quite comfortable but becomes dyspnac 
when he hes doxvn hlany theories hax e been ad- 
vanced m attempts to eiplam the less difficult 
breathmg m the upright posibon Among these are 

(a) Remox'al of the waght of the abdormnal 
xTscera which mterferes with the descent of the 
diaphragm m the recumbent position. 

(b) Reduction m the mtracranial x enous pres- 
sure and the improxed drammg of blood from the 
medulla and m consequence, augmentaUon of the 
flow through the respuat oiy' cent er hlere bendmg 
of the head forward (when recumbent) which re- 
duces the cerebral x enous pressure, but not the 
pulmonary engorgement, reduces the x olume of 
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respired air in the orthopneic patient (Battro and 
Labourt) 

(c) Draining of blood from the chest and the 
rchef of pulmonary' con gestion This is probably 
the most important factor The distensibihty of 
the lung is thereby mcreased and the Henng- 
Breuer reflet rendered less sensitive. The vital 
capaaU is less in the recumbent than m the sittmg 
posture This is true even for the normal person 
but in cardiac cases the effect is accentuated by 
the \ascular engorgem ent and decreased distensi- 
bflit} of the Iung*mduced by recumbency 

Carduc Asthma This is the term apphed to 
paro'^ smal attacks of d> spnea occumng, usuallj 
at night, in subjects of heart disease assoaated 
with hj'pertension and advanced artenosderosis 
The upright position tends to reheve the dj'spnea 
The cause of the attack is unknown, though 
Chnstie and Meakins suggest that it is due to 
pulmonary congestion and a sudden decrease m 
pulmonary distensibllity Dunng the attack, ac- 
cording to Weiss and Rnbb ^b ere is eng orgement 
of the p ul monary' vascular bed, a te ndenc y to p ul- 
monary edema ^ d a rnarke d reduction in t he 
osA'gen saturation oTthe arten al blo od/-' 

Dyspnea tn anemia 

When at rest, the anemic subject is as a rule 
not dyspneic The hemoglobm though reduced^ 
in amount becomes fully saturated with oxygen m-J^ 
the lungs The oxygen tension and consequently 
the quantity of the gas in simple solution in the 
artenal blood are normal The artenal blood of 
a patient whose hemoglobm is 30 per cent of the 
normal value will, however, contain only a little 
over 6 v'olumes per cent of oxy'gen In the healthy 
resting body' the blood m its passage through the 
capillanes gives up about 5 volumes per cent 
If the veloaty of blood flow through the tissues 
in anemia were the same as dunng health a umt 
volume of blood would give up an equivalent 
amount of oxygen This would leave a reserve of 
only 1 volume per cent, i e , the venous blood 
would be almost completely reduced The tissues, 
mcluding the carotid and aortic bodies, would 
suffer at all times from anoxia The circulation rate 
(cardiac output) is, houever, mcreased m anem ia 
so that each unit of blood gives up a smaller 
proportion than this of its oxygen load For this 
reason the cheraoreceptors are not stimulated and 
the patient is not dyspneic while resting even 


though his hemoglobm is greatly reduced’ Not 
only is the output of the heart mcreased but a 
redistnbution of the blood occurs The vessels of 
the skm are constneted and a greater proportion 
of the total blood volume is dnven through other 
regions The extent to which the circulatory re- 
adjustments can compensate for the blood defect 
is limited, therefor e dunng exertion the extra 
demand fo r oxygen caimot be me^Oxy'gen want 
1 follows, the respuntory mechanism (carotid body) 

\is stimulated, hyperpnea and dyspnea result 

It IS to be remembered that m anemia the car- 
nage of carbon dioxide may also be mterfered with 
smee hemoglobm constitutes an essential part of 
the mechanism provided for the transport of this 
gas (see chapter 32) A defiaency of carbomc 
anhydrase m the blood, which is earned only by 
the red cells, and the consequent accumulation of 
carbon dioxide dunng exertion has been suggested 
as an additional cause of dyspnea m anemia.- 

Dyspnea due to increased metabolism 

In mALTH, muscular exercise is the outstandmg 
cause of a great mcrease of metabolism Carbon 
dioxide IS produced m excessive amounts both 
from qpdative processes and by the mteraction 
of lactic aad with bicarbonate and acts as a power- 
ful stimulus to the respiratory center The m- 
efeased pulmonary ventilation m exercise is due 
in part only to stimnlatinn o f the c enter by CO i (D 
Reflexes mitiated m the active muscles, and from 
the walls o f,.the g reat vems as a result of the high(3 ' 
pressure of blood entermg the nght side of the 
heart, and possibly as well the irradiation of im^O 
pulses from t he motor cort ex, also play an im- 
portant part ^ 411) As the seventy of the exer- 
cise is mcreased, hyperpnea merges mto dyspnea 
The athlete and the untramed person differ widely 
m respect to the degree of muscular exertion which 
will produce this physiological type of dyspnea 
The difference depends upon the followmg factors 

(a) Vital capacity In the average normal man the 
pulmonary ventilation mcreases from 4 to 5 fold be- 
fore the dyspneic point is reached The athlete on the 
other hand, smee his vital capaaty is greater shows a 
corresp)ondingl> greater mcrease m his pulmonary 
ventilation before dyspnea supervenes The existence 
of any pulmonary condition which reduces the vital 
capaaty will depress the level of the dyspneic pomt. 

’ Fahr and Ronzone reported a case m which the 
hemoglobm was JL2 per cent of the normal and the 
artenal blood contained only 2 2 volumes per cent of 
oxygen There was no dyspnea dunng rest. 
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(b) Ctrcuhhon rate The trained man can mcrease 
his circulation rate to a greater degree than the un- 
trained and so dehver more oxj'gen to his tissues at 
high pressure. 

(c) Neuromuscular inlegrolion Co-ordmation of the 
several muscles in a given muscular act is more precise 
in the teamed than m the untramed man There is thus 
less waste of effort In the performance of a given 
amount of work, therefore, the untrained man con- 
sumes a greater \ olume of oxj gen, i e , he is a less 
effiaent machine Yet his respiratorj’ center appears 
to be more sensitive to nervous mfluencesr-impulses 

( from the contracting muscles and from the cerebral 
f cortex 

jj 

A PATHOLOGICAI, INCKEASE IN METABOLISM, 

e g , hjiierthyroidism, fever, etc , cannot appar- 
ently in the absence of some respiratorj' or arcu- 
latoiy abnonnabty cause dyspnea dunng rest 
The increase m metabolism would need to be 
around 300 per cent before dyspnea might be 
expected to occur and such a metabohe level is 
never reached m these or any other patholog- 
ical condition Nevertheless, in hyperthyroidism 
dyspnea will follow upon a d^ee of exertion 
which would cause no distress in a healthy person, 
for the greater metabolic rate, due to the disease, 
added to that of the exetase will mcrease the 
metabolism sufficiently to raise the pulmonary 
ventilation above the dyspneic pomt. The dyspnea 
of hyperthyroidism, when pulmonary and cardio- 
vascular comphcations are absent is therefore 
like that of anemia, evident only upon exertion 
In hyperthyrroidism there is also a reduced vital 
capaaty (which will lower the dj spneic pomt) as 
well as a dimmution of muscular effiaency 

Dyspnea due to aetdosts 

The importance of the part played by pul- 
monary ventilation m resistmg a nse in the hydro- 
gen ion concentration of the body fluids has 
been dealt with elsewhere (ch. 13) Little more 
need be said here. Non-volatile aads, e g , lactic 
m muscular exercise, i3-hydroxybutync and aceto- 
acetic aads m diabetes, and retamed aads m 


nephritis, react with bicarbonate The alkali 
reserve becomes reduced, but the ratio, 

HiCOt ^ 

NaHCOi 20 

is mamtained through the stimulating effect of 
COj upon the respiratory center It is thus that 
the COi of the alveolar air (and so of the arterial 
blood) IS kept at a level proportional to the re- 
duction m the denommator of the equation When 
this can no longer be effected, i e , when the hy- 
drogen ion concentration of the blood nscs, the 
aadosis being then uncompensated, the center is 
stimulated both duectly' and through reflexes 
imtiated from chemoreceptois of the carotid and 
aortic bodies 

J B S Haldane produced a severe aadosis and 
dy'spnea m himself by the ingestion of aad form 
ing salts (CaQj and NILCl) But as a matter of 
fact, the production of fixed aads m diseased con- 
ditions rarely causes such a high degree of hy - 
perpnea that dv spnea results, unless the arculatoty 
and respiratory mechanisms are very' incffiacnt 
or the metabohe rate is inaeased Accordcig to 
Means the "alkah reserv e” must drop to around 12 
volumes per cent before dyspnea supervenes as 
a result of the aadosis itself In milder grades of 
aadosis, however, dyspnea, as in hyperthy roidism 
occurs upon e.xertion The hv'perpnea due to the 
maeased metabohsm of the exerase is then added 
to that due to the aadosis wnth the result that the 
dyspneic point is soon reached 

Carbon dioxide retention may , as in emphysema, 
be accompamed by a compensatory nse in bicar- 
bonate and a normal blood reacbon (compensated 
CO, excess), dy'spnea is not a notable feature m 
this condibon. In other instances of CO, retenbon, 
compensation is incomplete (uncompensated CO, 
excess or gaseous aadosis) and dyspnea results 
In others, again, the CO, retenbon is due to the 
depression of the respiratory center itself, as in 
morphme narcosis, m such instances, though com- 
pensation is mcomplete, dyspnea of course does 
not occur 


Chapter 34 

ANOXIA (MORE CORRECTLY HYPOXIA) 


CtASStFICATION AND DEFINITIONS 

The failure of the tissues, for any reason, to 
receive an adequate supply of oxygen is called 
anoxia, hypoxia, oxygen lack or oxygen want 
Anoxia max' result from (a) defccbve oxx’gcnation 
of the blood in tlie lungs, (b) lowered oxvgcn 
capacity of the blood, or (c) slowing of the move- 
ment of blood through the capillanes Upon the 
basis of these three causes, oxygen want has been 
classified by Barcroft into anoxic, anemia and 
stagnant types, respectivclj' A fourth type, the 
histotoxic (Gk histos, tissue, and loxtkon, poison), 
caused by poisoning of the oxidative processes of 
the tissues has been added by Peters and Van 
Slyke Anoxemia is a term which denotes a low 
tension of ox>'gen in the artenal blood, and is 
used synonymously with anoxic anoxia Asphyxia 
IS sometimes used interchangeably xwth anoxia, 
but, stnctly speaking, this term should be re- 
stneted to conditions in which there is anoxia 
combined with an increased tension of carbon 
dioxide m the blood and tissues 

THE ANOXIC TYPE OF ANOXIA 

Normally, as x\ e hax'e seen, the blood leaves the 
lungs about 97 5 per cent saturated with oxygen 
When it reaches the tissues it contains, therefore, 
about-’19 5 volumes per cent of oxygen when the 
normal oxygen capacity is 20 volumes per cent 
Oxygen IS consequently at high pressure m the 
plasma Dunng rest only 5 volumes or so per cent 
of the gas are abstracted, i e , the mixed venous 
blood coming to the lungs contains 14 S volumes 
per cent (about 73 per cent saturated) As xvill be 
seen from the dissociation curve of oxyhemoglobm 
the supply of this quantity of oxygen is associated 
xvith a drop m oxygen pressure to only 40 mm Hg 
or so A high pressure gradient from capillary to 
tissue cells is therefore assured In the anoxic 
type of anoxia the saturation of the artenal blood 
and the oxygen partial pressure are reduced 
When the saturation is, say, 50 per cent, there 
are still 10 volumes per cent of oxygen m the 
blood available for the tissues Since the latter 
reqmre only 5 volumes, 10 volumes apparently 
should be adequate But this load is held at a 


relatively low pressure, about 25 mm. Hg Aftei 
supplying the required 5 volumes per cent, the 
blood leaving the capillaries xvill be only about 25 
per cent saturated, and the oxygen pressure around 
15 mm Hg The oxygen must obviously be de- 
livered at a very low pressure head That is, the 
oxygen pressure gradient from blood to tissue cells 
IS less steep than normally, and the oxygen supply 
to the tissues, espeaally to those cells farthest 
away from a capillary, is reduced Accompanymg 
the fall in oxygen tension of the blood is a fall m 
COj tension if there is hyperpnea, and a rise m the 
pH 

The chief manifestations of the anoxic type of 
anoxia are an mcrease m heart rate, dyspnea, 
cyanosis, mental disturbances, e g , exhilaration, 
delinum, mama, or fixed ideas Of all the tissues, 
those of the central nervous system and the 
vascular system are the most susceptible to mjury 
by anoxia Capillary damage leads to a loss of 
fluid from the arculation The mtensity of the 
effects upon the body of a low oxygen tension m 
the artenal blood is influenced by (a) the abrupt- 
ness of the onset of the anoxemia, (b) its degree, 
(c) its duration and (d) the general physical con- 
dition of the body 

The anoxic type of anoxia, acute or chrome, 
IS produced by the foUowmg conditions 

(1) Low oxygen tension m the mspired air 
(a) vitiation of the atmosphere by foreign 
gases, (b) high altitudes, mountam sickness 

(2) Abnormahties of the pulmonary mecha- 
nisms, pneumonia, asthma, emphysema, 
collapse of the lung, pulmonary engorgement 
or edema, pneumoma, asthma, water m the 
lungs of the apparently drowned, obstruc- 
tion of the air passages, paralysis of the 
respiratory muscles, or depression of the 
respiratory center by narcotics and anes- 
thetics 

(3) Direct commumcation between the nght 
and left sides lA the heart through which 
venous blood is short circuited — shunt 

THE ANEMIC TYPE 

The anemic type is caused by (a) hemorrhage or 
anemia from whatever cause, (b) carbon monoxide 
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i,o^omug (p 434), (c) pmomn 

cUoraits which hke caibon mononde fonn stable 

compoundswithhemoglobm(p 57) 

{orm of anom (resulting from anemia (a)) the 
total load of oxygen is reduc«l m 
the reduction m the hemoglobm The 
tension and consequently the amount of thegan 
m simple soluUon is, however, the ^ ^ 

health and the hemoglobm present m the arterial 
blood is 97 5 per cent saturated In other words 
what hemoglobm there is, holds its full oxygen 
load But m order that the tissues shaU rKttve 
their full quota of oxygen (unless the blood flow 
through the part maeases considerably, for there 
bemg less hemoglobm it must load and unload 
Its ox> gen more frequently) the blood must give up 
a larger proporUon of its oxygen load than nor- 
mally (see p 374), and a large part of the oxygen 
supplj will be delivered at low pressure 

THE STAG^A^^T TYPE 

In the anoxia due to a slowed peripheral cir- 
culation, the saturation of the arterial blood, its 
total OX} gen load and its ox}gen tension are all 
normal A large part of the ox}gen supply is, 
however, dehiered under low pressure, smce each 
portion of blood gives up a larger proportion of ite 
load owing to its longer stay m the capillanes 
Slowmg of the orculatton from whatever cause 
will mduce the stagnant type of anoxia. It there- 


fore occurs in the following conditions (a) heart 
failure, (b) oMrudion of the veuous ^ ® 

part {local anoxia), and (c) surgical shock Pro- 
Limctd slowmg of the peripheral blood flow ^n 
be readfly mduced m a normal person by the 
apphcation of cold Meakms and Davies found 
that the venous blood of an arm vcm was com- 
pletely reduced after the hands had been kept m 
cold water for a time. Hot water on the other 
hand, speeded up the penpheral blood flow, the 
blood of an arm vem having the oxygen saturation 
of arterial blood 

THE HISTOTOXIC TYPE 

In this type, as its name implies, the respiratory 
mechanisms of the tissues are poisoned The cells 
are unable to use the oxj'gen earned to them and, 
as a result, the capillar}' and venous bloods conUin 
more oxygen and have a higher ox}'gen tension 
than normally Cyanides which inhibit the action 
of cytochrome oxidase stand first as tissue poisons, 
but barbiturates, morphme and anesthetics by 
depressmg the dehydrogenase enzyme s} stems 
also cause tissue anoxia Edema, too, by inter- 
fermg with the diBusion of oxygen to the cells, 
and fever by mcreasmg the oxygen demand, cause, 
respectively, an absolute and a relative tissue 
anoxia (see Cyanide poisonmg, p 435) 

The four types of anoxia are represented m 
fieure 34 1 It will be noted that m the anoxic ty-pe 



Fig 34 1 Diamm illustrating ty^ of anosaa. Columns representing artenal blood (A) and venous blood (V) 
art suptnmposed upon the oiygen oissoaation curve The black portion of the column represents reduced hemo 
globm and the shaded portion, oi>*genated hemoglobm In the case of anemic anoxia the dotted portion of the 
columns represents hemoglobin that is either lost, as in true anemia, or unfit for oxygen transport, os in carbon 
monoxide poisoning The perpendicular arrows denote the volume of oxygen given UD to the tissues from a unit of 
blood (After Mcans^ vntb additions ) 
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only, IS the artenal saturation low In the first 
two types the saturation of the hemoglobin m 
the venous blood is subnormal In the anemic 
type, the hemoglobm, although reduced m 
amount, is nearly fully saturated, as m health In 
the histotoxic type, as a result of the action of the 
poison upon the oxidative processes of the tissues 
(ch 32) the oxygen saturation of the venous 
blood approaches that of artenal blood 

Conditions Associated mTH the Anoxic Type 
OF Anoxia 

LOW OXYGEN TENSION OF THE INSPIRED ATR 

Vihahoii of the atmosphere by inert gases 


The first signs and symptoms of oxygen want 
usually make their appearance m healthy imac- 
chmatized persons when thty ascen^Co ^n alti- 
tude of 10,000 feet or more above 2&4evel The 
height at which mountam sicknesg^ppears Vanes 
considerably, however, m diff^ent rndm^uals 
depending upon their fitnes^' the rapi^ty \yith 
which the ascent is made arfd ilpon the degre^. of 
muscular effort undertak^ Fgom 23,060 to 25,obo 
feet is around the limit l(y~wbicli unacchmatiyed 
men can ascend without the aid'of'an'^Ttifioial 
oxygen supply Rapid ascents as by plane above 
12,000 or 13,000 feet ivithout an artifiaal supply of 
oxygen are nsky 


The atmosphere may have a low oxygen tension 
yet the barometnc pressure be no lower than 
usual That is, other gases are present which 
displace the oxygen and so reduce its percentage 
in the atmosphere In mmes for example the air 
may contam ‘Tire Damp” (methane) or “Black 
Damp” (mtrog^n, COj) which Ioi\ er the percentage 
oFbxygen m the air though the barometnc pres- 
sure IS actually higher than that at sea level These 
gases, under such arcumstances, produce no 
direct deletcnous effect upon the body They act 
simply by reduemg the oxygen tension of the 
atmosphere They therefore differ m this respect 
from carbon monoxide (p 434), which when oc- 
cumng m mines m dangerous concentrations is 
spoken of as “a fter dam p” 

Mountain sickness 

At high altitudes the percentage of oxygen in 
the atmosphere is the same as at sea-level but the 
barometnc pressure is low and the partial pressure 
of oxygen is reduced to a correspondmg degree 
If the barometer, for example, registers a pressure 
of 600 mm Hg the oxygen pressure is (20 96/100 
X 600 =)) 125 76 mm Hg Mountam sickness as 
first shown by Paul Bert is due to the low partial 
pressure of oxygen m the atmosphere and to the 
resultmg anoxemia, not to the low barometnc 
pressure itself The effects resultmg from breathmg 
atmospheres low m oxygen but possessmg a high 
total pressure are m many respects similar to those 
of moimtam sickness On the other hand if an 
animal be placed m a steel chamber and the 
barometnc pressure lowered to J or i of an atmos- 
phere no 31 effects result, provided the air is en- 
nched with oxygen, i e., if its percentage be raised 
to mamtam its partial pressure at the normal 
figure 


Several mountam chmbmg expeditions have been 
made m the past by different groups of physiologists 
for the purpose of studymg the effects of low oxygen 
tensions upon the respiratory functions and of deter- 
minmg the factors imderlymg the phenomenon of 
acclimatization An expedition was made to Monte 
Rosa (15,000 feet) m 1894 by Mosso and by others 
subsequently, to the peak of Tenenffe (12,000 feet) m 
1910 by Zuntz, Barcroft and assoaates, and m 1911 
to Pike’s Peak (14,100 feet) by the Anglo-Amencan ex- 
pedition of which Haldane, Douglas, Henderson and 
Schneider were members In 1921-1922 Barcroft headed 
a party to Cerro de Pasco (14,200 feet) m the Peruvian 
Andes A Himalayan expedition was led by Hartman m 
1931, and m 1935 Dill led a party to the Chilean Andes 

It may be useful to the reader if he is remmded 
of certam fundamental physical prmciples mvolved 
m ascents to high altitudes before considenng the 
physiological effects As the pressure becomes 
reduced with mcreasmg altitude the gases of the 
atmosphere and m the lungs must, of course, ex- 
pand It follows that the quantity of oxygen and 
other gases of the atmosphere per umt volume be- 
comes reduced proportionately For this reason 
at great altitudes (above 28,000 feet) the inhala- 
tion from a cyhnder, by means of tubmg and a 
mask, of even pure oxygen will not prevent anoxia ‘ 

* A rough calculation will make this clear At 40,000 
feet the atmosphenc pressure is about 141 mm Hg, 

1 e , less than J the pressure at sea level A imit vol- 
ume of air, therefore, contains less than i as much oxy- 
gen as the same volume at 760 mm Hg pressure A 

f ven volume of pure oxygen would contain less than 
the number of o^^en molecules at 40,000 feet as it 
would at sea level ffnat is to say, a given space at the 
former level could not contam as much oxygen as a cor- 
respondmg volume of air v ould contain at the pressure 
of 1 atmosphere Makmg allowance for the pressures of 
water vapor (47 mm ) and COj (36 mm ) the partial 
pressure of oxygen m the lungs at 40,000 feet while 
pure oxygen was being breath^ would be only 141 — 
t47 + 36) = 58 mm ^ 
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The pressure of oxygen m the lungs of a person 
breathing pure oxygen m this way at a height 
of say 40,000 feet would be only about 60 mm Hg 
and his arterial blood only 88 per cent saturated 
with oxygen A dosed cabm containmg air at a 
hi^er pressure (eqmvalent to an altitude of around 
8,000 feet) is the only way m which the problem of 
anoxia m high altitude flying can be solved satis- 
factorily Even then there is the danger of leaks, 
espeaally m mflitary flymg from enemy action 
Were the airmen thus suddenly exposed to the 
low pressure existmg at alhtudes above 35,000 
feet, acute anoxia would result, consaousness being 
lost withm a few seconds The sudden or 
"explosive” decompression might cause other scn- 
ous effects (p 424) 

Gekeral Signs and Svmptous Aeroplane as- 
cents, if made rapidly without the use of oxygen, 
may result m sudden loss of consaousness due to 
the reduction m oxygen supply to the bram When 
the ascent is made more slowly, or the altitude 
IS not so great as to cause immediate loss of con- 
aousness, the aviator may at first expenence sensa- 
tions of exatement, exhilaration and well-being 
As higher altitudes are reached effects of a more 
serious nature develop, often insidiously Mental 
and sensory dullness, muscular weakness, head- 
ache, vomiting, cyanosis, dyspnea and perhaps a 
tendency toward penodic breathmg may be in- 
duced A common and dangerous effect is the 
development of fixed ideas which may result m the 
performance of foolhardy and ill-judged actions 
When a person climbs to a mountam height the 
time taken m the journey allows a certain degree 
of physiological readjustment to take place and 
the symptoms are usually less mtense But, as m 
the case of the aviatoi, mental features, eg, a 
feehng of elation, exhilaration, talkativeness and 
sometimes emotional outbursts, laughmg or crymg, 
quarrelsomeness or the development of fixed 
ideas, are promment Mental tasks, e g , calcula- 
tions, memory tests, and teUmg the tune from 
the mirror image of a clock face are performed 
less effiaently Similar effects upon the mmd ate 
produced upon persons exposed to low oxygen 
pressures withm a steel cabinet. The mental effects 
as pomted out by Barcroft are not unlike those 
caused by drunkenness To quote his words. 


have seen them become reckless, I have seen them 
become garrulous, I have seen them become morose. 

I have seen one of the most disapbncd of men flmg 
his arms about on the ledge of a crevasse to the great 
embarrassment of the guide I have seen the most 
loyal companion become ill tempered and abusive to 
the point at which I feared international complica- 
tions would anse ’’—Lessons from High Altitudes 

Complete prostration may follow the earlier 
symptoms If the individual remains at the high 
altitude the symptoms pass off after a time, as he 
becomes acclimatized to the low oxygen tension 
At a simulated altitude of about 20,000 feet 
(i c , m a decompression chamber) most subjects 
expenence failing vision, incoordination, and in- 
ability to write or to execute simple mental tasks 
withm 15 mmutes or so after the extra oxy'gcn sup- 
ply has been cut off At 26,000 feet none arc able to 
rctam “effective consaousness'' for this length 
of time without oxygen 

Changes Associated wtth Acclimatization 
At an altitude of 14,200 feet as at Cerro de Pasco 
where Barcroft and his partj earned out their 
mvcstigations the barometne pressure is around 
440 mm Hg The partial pressure of oxygen is 
therefore about 92 mm The oxygen tension of 
the alveolar air is not as far bdow that of the 
atmosphere as at sca-lcvcl, and vaned among 
the greater number of the parly from 55 to 60 mm 
Hg The closer approximation of the atmosphcnc 
and alveolar oxygen tensions at high altitudes is 
due to the increased breathing which results m a 
more effective ventilation of the air sacs The m- 
CTcascd respiration is brought about through the 
action of the lowered oxygen tension m the blood 
The oxygen tension is slightly lower in the arterial 
blood than in the alveolar air which indicates that 
the passage of the gas is due purely to diffusion 
and not to an active secretion by the pulmonary 
epithchum If this occurred, as has been suggested 
(Haldane), one would expect the arterial oxygen 
tension to be higher than that of the alveolar air 
Alveolar carbon dioxide tension also, as a result 
of the mcreased pulmonary ventilation, is lower 
than that at sea-level, it vaned m different m- 
dividuals of Barcroft’s party from 23 to 29 mm 
Hg At 14,200 feet the artenal blood is from 85 to 
88 per cent saturated with oxygen (see fig 32-4, 
p 373) 


Alcohol affects different persons m different ways 
so on my joumeyings in high altitudes I have seen 
most of the symptoms of alcoholism reproduced I 
have seen men vomit, I have seen them quarrel, I 


A marked maease m the number of red < 
(see p 11) and a corresponding mcrease m he 
glohm content of the blood occur at high i 
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tudes The blood volume is also augmented The 
natives of mountamous regions have a red cell 
count of from 6 to 8 milhon per cubic millimeter 
The greater quantity of hemoglobm of course 
raises the oxj'gen capaaty of the blood and so 
tends to counteract its lowered oxygen saturation 
That is, the total oxygen content of the artenal 
blood ^ds in sp ffe~of 'Ihe'low saturation t o rise 
i^everthdSsTiF may not bF^dent at first sight 
how a rise m the oxygen capaaty is of advantage, 
for, blood of normal hemoglobin content even when 
only 80 per cent saturated possesses a quantity of 
oxygen which is qmte adequate for the needs of the 
tissues It has already been pomted out, however, 
that the important factor m suppljung the tissues 
IS the oxygen pressure gradient between the plasma 
m the capillanes and the tissue cells So then, if 
there are a greater number of red cells each will be re- 
quired to give up less of its oxj'gen store m passmg 
through the capillanes to furnish a given quantity 
of oxygen (see anoxia due to anemia, p 419) Con- 
sequently the saturation and the oxj'gen tension of 
the venous blood will be mamtamed at a higher 
level than otherwise would be possible This means 
that the mean mtracapfllary oxygen pressure will 
also be higher, and as a result the tissues are more 
effectively supphed with oxygen 
The reduction m the alveolar carbon dioxide 
results m a corresponding decrease m the carbon 
dioxide tension of the arterial blood The ratio 
HaCOj/ NaHCOi which tends to be altered by the 
fes~of~5rrbon dioxide, is adiusted b y a decrea se 
m th e excretion~5f "aad'and ammorua in the unne , 
a consequent lowermg of the ‘lalkah reserve” and 
( ^pres siorL.of _the CO; di ssoaa tion curve (p 396) 
The actual pH of the plasma changes httle if at 
all Up to about 12,000 feet if any change occurs 
it IS toward the alLahne sid e, above this level the 
blood reaction shows httle further change or tends 
to return to normal Lactic aad, which was thought 
at one time to be produced m excess as a result 
of the anoxia is actually formed m smaller amounts 
at high altitudes than at sea-level Even during 
severe exercise at 15,000 feet and higher altitudes 
the lactic aad concentration m the blood is lower 
than durmg exercise of comparable seventy at 
sea-level 

Baraoft and his party observed a shift to the 
left m the oxygen dissociation curve of hemoglobm, 
1 e , the affimty of hemoglobm for oxygen was 
maeased The_shift m the dissoaation cu rve i s 
asoibed by Baraoft to an maeased a lk a li ni ty of 


the interior of the red c ell This inaeased alkalmity 
IS m turn a duect result of the nse m the number 
of red ce lls The buffermg powa of the blood is 
maeased through the greater facflity offered foi 
the action of the “chlonde shift” merbmusm (p 
132) In other words, when a given amount o f 
carbon dioxid e jsJiberatecLbv. the-4jssiies.it is dis^ 
tnbuted amon g a gr ater num ba of red_cells^ thm 
under normal orcumstances, thaefore, the al- 
Imlmity 6i each ceJTis reducSLo a proportionately 
less e^en t. There"have been conflicting reports 
concemmg this question of the shift m the oxygen 
dissoaation curve Some observers have been im- 
able to confirm Baraoft’s findmg, while others 
claim that a shift to the right occurs The truth 
appears to be that up to about 14,000 feet the 
affimty of hemoglobm for oxygen maeases, but 
at higha levels the dissoaation curve tends to 
assume the form found at sea-level, and at altitudes 
of 19,000 feet there is a definite shift to the tight. 

One might suppose that an maeased arailation rate 
would be an important adjustment to the rarefied at- 
mosphere whereby an adequate oxygen supply to the 
tissues would be mamtamed, but except for a tem- 
porary maease durmg the first few days no change m 
cardiac output occurs at altitudes of less than J4,000 
or 15,000 feet Above 15,000 feet^the greater degree 
of anoxia results m an maease m the mmute volume of 
the heart Before acclimatization, the pulse rate durmg 
rest maeases by from 15 to 20 beats per mmute at 
altitudes between 15,000 and 18,000 feet At greata 
altitudes, especially m persons m poor physical condi- 
tion, the rate may maease above the normal The 
acceleration of the pulse , according to Bara oft is a 
signa l of dist r ess flown b y_. th e heart labonng .unda 
flie effects.o fjthfcanoxia. rather than an mdication of an 
maeased mmute volume. The blood pressure shows 
httle or no changeuip to 15 , 000 fee t, a small nse may 
occur at higher altitudes For the efiect of anoxia on 
the coronary circulation (see p 327} 

In the Andean expedition the diflrusion coeffiaent 
(p 366) of oxygen was not found to be maeased to 
more than a shght extent during acclimatization yet 
those members of the pai^ who had high diffusion 
coeffiaents to start with suffered less from mountam 
sickness than those m whom the coefficient was low 

Those who have hved all their hvra at very- high 
altitudes (around 14,000 feet) h ave a larga v ital 
ca paaty than dwellers at s^-leyel Baraoft reports 
that a native "of Cerro de Pasco of 5 feet, 3 mches m 
height had a chest of a man of 6 feet Moderate alti- 
tudes — up to about 7500 feet appear to have httle or 
no effect upon the chest development 

Though anoxia is the most senous effect of high 
altitudes with which the mountam chmba or avia- 
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tor has to contend, rapid ascents, as by airplane, 
cause other important physiological disturbances 
which should be mentioned, namely, (1) expMSion ~ 
ol_gases m-the gastro mtestmal tract, (2) pero^ 
embolism (see below) and (3) pre^re disturbances 
'Til the ears (ch 79) 

Expansion of gases tn the gaslro-tnleshnal tract 
Like the gases of the atmosphere those m the 
stomach and mtestme mcrease m volume m pro- 
portion to the reduction m pressure Gas having 
a volume of 1 hter at sea level expands to 2 bters 
at the pressure (375 mm Hg) existing at 18,000 
feet, to 4 bters at 34,000 feet and to 6 liters at 
42,000 feet (pressure 128 mm Hg) Distension 
of stomach and mtestme will result unless the 
abdomen is supported by a belt or by other means, 
or the gases are freely evacuated In rapid ascents 
distress or even severe pam results if there is any 
hmdrance, as by an obstruction m the colon, to 
the ready passage of flatus (see also p 425) 


Caisson disease — Decompression sickness — Aero- 
embolism — "the bends” — “Explosive!” 
decompression 

Caisson disease and the correspondmg condition 
that occurs durmg rapid ascents to high altitudes 
may be convemently desenbed here Caisson 
disease occurs m deep sea divers or workers in 
caissons when they pass too quickly from the high 
pressure m which they have been confined to the 
ordinary pressure of the atmosphere 
When an animal is subjected to high atmosphenc 
pressures the amount of the respiratory gases in 
the blood plasma and certam tissues mcreases m 
proportion to the raised partial pressures of these 
gases m the alveolar air Very high pressures are 
well tolerated and no harm is caused by the m- 
creased amount of oxygen or nitrogen provided 
that they remam m solution, 


The cause of the symptoms m caisson disease m 
the bubbles of gas which form when the atmosphen 
pressure is lowered too rapidly The bubbles are con 
P°^i-SainIy_oXnitrogen-but also fiiay contain CC 
aiuLOi. The volume of mtrogen m the fluids and tissm 
of the body IS many times that of oxygen, and doubl 
of carbon dioxide. Nitrogen also diffuses less readd 
than either of the other gases, and is thus less readd 
ehminated through the lungs. The bubbles act usi 
aUy as emboh and the sympton 

produc^ depend oTTfh^iT^^ere such emboh MgE- 
™g. jam, hart antenor^PLEpsleQojLspiad root 


etc.* There may be extensive capillary licmorrhag c and, 
m extreme instances, frothing of thc^Ioocf ihay inter- 
fere with cardiac action and with the flow of blood in 
the blood vessels The quantity of gas absorbed by 
the blood and tissues during compression is related 
not only to the pressure to which the body is exposed, 
but also to the amount of fatty tissue which it contains, 
for nitrogen is some 5 times more soluble in oil than 
in water Carbon dioxide is also somew hat more soluble 
(50 per cent) in fat than in water The quantity of these 
gases absorbed, especially of nitrogen, by a tissue is 
thus proporbonal to its fat content It has been recog 
nized for many years that obese persons are more sus- 
ceptible to decompression sickness than those who arc 
lean, and a direct relationship has also been demon 
Btratcd in animals between the fat content of their 
bodies and the seventy of the effects of decompression 
Decompression from a pressure only half as high as 
that which causes the death of lean guinea pigs will 
kill fat animals. 

In the non fatty tissues, c g , central nervous system, 
muscle, lungs, etc , the bubbles form in the blood stream 
locally or are earned to them from a distance, and the 
effects arc due to the blockage of the small.v esscls Only 
in lally tissues, c g , subcutaneous tissue, bone marrow, 
adrenal cortex, my elm sheath, etc , arc they formed 
eitravascularly They appear wathm the fat cells, but 
may then enter the blood vessek and be earned to 
remote parts Developing in the myelin sheaths of 
sensory nerves they cause pam (bemis)7aritricmporary 
paraly^may result from their formaUon in the sheaths 
of mo tor nerves In the central nervous system, which 
IS relaUvcly poor in fatty matcnal, bubble formation 
IS entirely intravascular 

Symptoms are not produced unless the exces s pres- 
sure 13 more than 1} atmosphere, however rapid is 
the rate of decompression or however long is the ex- 
posure to the higher pressure. Apparently the super 
saturation of the blood and fatty tissues is not great 
enough and the volume of nitrogen liberated upon de- 
compression 13 therefore not sufEaent to form bubbles 
or nt any rate to such an extent as to cause damage 

Aeroembolism can be avoided by slow decompres- 
sion, the excess nitrogen being then gradually climi 
nated in the expired air But slow decompression is 
inconvenient _an^ tedious The fact just mentioned 
that rapid decompression from a pressure of a httle 
over 2 atmospheres does not cause symptoms suggested 
to Boycott, Damant and Haldane that halving the 
pressure whatever its height, i c , a reduction from 4 
atmospheres to 2 of 6 to 3 could be earned out rapidly 
and with safety This islhrEasis of the method of 
decompression now generally employ ed Decompression 
13 earned out in stages or steps rather than conUnuously, 

. * Robert Boy 
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le was the first on record (in 1670) to 
formation in the tissues He described 
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the air pressure to which the subject is exposed at each 
sta^ being just half the pressure at the preceding stage 
In mihtSfy'aitrplmc'Jlighis the airman may be re- 
quired to ascend to upwards of 30,000 feet (226 mm 
Hg) within a few minutes He is then subjected to 
rapid decompr^sion, not, as is the deep sea diver, 
from a fo atmospheric pressure, but from 

atmosphenc pressure to a pressure of about ^ of a n 
atmosphere But the same general principles apply” 
and similar results follows as those outhned m the 
precedmg section A reduction m pressure from 1 
atmosphere to \ of an atmosphere would correspond 
to a reduction from 3 atmospheres to 1 atmosphere 
At 20,000 feet (350 mm Hg) the pressure is httle more 
than halved an d aer oembolism would no t be e -roected 
t6”bccur The effects of aeroembohsm in flyers take 
the form most commonly of severe pam in one or more 
of the large jomts (air-bcnds), itchmg of the skin or 
cutane ous sen sations of h^t or cold Other more serious 
sj mptoms, e g , paralysis due to the formation of 
bubbles in the spinal cord or brain, intense bummg 
pain in the chest, or pulmonary edema may, though 
rarely, occur The symptoms are, howc\er, rarely as 
severe as those occurring m compressed air sickness, 
the effects arc not, as a rule, permanent and fatalities 
seldom result They arc quickly reheved m most m- 
stanccs b> descending at once to low er levels The reason 
for the greater seventy of decompression effects from 
high pressures to atmosphenc than from atmosphenc 
pressure to high altitude pressure appears to be that, 
though the actual difference m pressures (i e , m mm 
Hg) and the amount of gas capable of release may be 
the same in both instances, the vmghl of gas, i e , the 
number of molecules per unit’^ume of gas, released 
m the former instance is much greater, it will thus 
exert a greater mechanical effect Aeroembolism is rare 
even with lery rapid decompression (eqmvalent to 
ascents of 12,000 feet per minute) at alUtudes below 
30,000 feet But above this apparently cnUcal level 
they may result from a rate of ascent of only 200 feet 
per minute. The rate of ascent necessary to mduce 
aeroembolism becomes progressively slower wath m- 
creasing alutude, at 40,000 feet bends may result 
from a rate of only 80 feet per mmute The most effec- 
tive way to prevent or dimmish the effects of rapid 
decompression is to have the airman breathe pure oxy- 
gen or an oxygen-hehum mixture (ox ypen 21 jie r_cent, 
hchum 79 per cent) for several of hours before the 
flight and thus mduce the elimination of nitr ogen from 
his tissue s ’ ' 

"Explosive” decompression The profound anoxia 
which may result if a pilot, as a result of a break 
in a pressunxed cabm, is suddenly exposed to 
the atmosphere at high altitides, has been men- 
tioned (p 422) Other effects which may be pro- 
duced have been mvestigated m animals It has 


been found that they have an astomshmgly high 
tolerance to explosive decompression at simulated 
high altitudes (from sea level to 50,000 feet — 750 
to 87 mm Hg) The rate of decompression m the 
experiments of IVhitehom and his associates 
ranged from about 1100 mm Hg per second to as 
high as 33,0CK) mm Hg or more per second That 
is to say, decompression from 750 mm Hg to 87 
mm Hg was brought about m the latter instance 
m 0 02 second The animal was qmeUy recom- 
pressed again and the effects of anoxia thus pre- 
vented The chief effects observed m these expen- 
ments w'ere distension of the hollow viscera and 
lungs, fixation of the expanded thorax in the m- 
spiratory position and of the diaphragm in the 
expiratory position, due to upward pressure of the 
distended stomach and intestines, sharp but tem- 
porary fall m blood pressure with cardiac slowmg, 
hemorrhages mto lungs and hollow organs, or 
rupture of the latcer The fall m blood pressure, 
which does not occur for a heart beat or two, 
seems to be due to decreased cardiac fiUing caused 
by the mcreased mtrathoracic pressure, due m 
turn to the pulmonary distension and nse of the 
diaphragm The cardiac slowing does not occur 
after bilateral section of the vagus nerves In no 
instance out of some 700 decompressions on several 
different speaes of laboratory animal did a fatahty 
occur from a smgle decompression The mjunes 
which are most likely to occur from explosive de- 
compression are damage to ears and lungs, though 
rupture of the stomach or mtestme may result 

Anoxia Doe to Abnokualities op the 
Pulmonary Mechanism 

pneumonia 

In lobar pneuvtoma the oxygen saturation of the 
artenal blood vanes m different cases from normal 
to less than 70 per cent The signs and symptoms 
of anoxemia usually appear when the saturation 
is around 85 per cent Cerebral symptoms, e g , 
sleeplessness and delinum, cyanosis and dyspnea 
mcrease with the oxygen desaturation and a 
saturation of less than 80 per cent is associated 
with a very high mortahty In 33 cases reported 
by Stadie with a saturation as low or lower than 
this only 1 recovered In lobar pneumoma the car- 
bon dioxide content of the artenal blood is reduced 
on the average by about IS per cent (Meakins and 
Davies) The “ alkah reserve ”, however, is normal 
pr only _ghghtly.. leduced^The.blood-pH- may-m 
some cases be shifted sfightly ^owanLalkalmity 
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From these findings it appears that there exists a 
partially compensated alkalosis, mduced by the 
hyperventilation (blowing off of carbon dioxide) 
In severe cases the excessive ehmmation of COi 
may cause a nse m the respiratory quotient to 
above umty The mcreased ventilation of the 
alveoli also mcreases the percentage of oxygen m 
the alveolar air but this fact cannot, as we shall 
see presently, mcrease appreciably the oxygen 
m the artenal blood 

In bronchopneumoma a higher degree of oxygen 
desaturation of the artenal blood is usually present 
than m the lobar type The cyanosis may be ex- 
treme There is often retention of carbon dioxide 
when a nse m plasma bicarbonate results, to com- 
pensate, m part at least, the gaseous aadosis 
The carbon dioxide content of the artenal blood 
may be 80 volumes per cent or more and the carbon 
dioxide dissociation curve well above the normal 
level 


The causes of the anoxia (anoxemia) in pneumonia 
The mam factors concerned m the production of 
the anoxemia are (a) the passage of blood through 








va^Iar is less dense than in the normal h 

hand area Consohdated area-^T^fi 


unaerated (consohdated portions of the lung and 
(b) shallow breathmg The oxygen unsaturation is 
not duetto any change m the hemoglobm itself 
(eg, the formation of methemoglobm) smee 
the blood of pneumonia pat^te has a normal 
oxygen capacity" The oxygen dissociation curve at 
a" given carbon dioxide tension is not appreaably 
different from that of normal persons 
In lobar pneumonia dunng the stages of engorge- 
ment and red hepatization the alveoli of the af- 
fected portion of the lung are poorly aerated 
Mucus blocks the bronchioles and the air spaces 
are filled or their walls coated with exudate But a 
large proportion of the vessels of these unaerated 
regions are still pervious Consequently blood 
traversing such areas must remam poorly oxy- 
genated or entirely venous This blood with a low 
oxygen saturation and a high carbon dioxide 
content mixes with blood which has passed through 
aerated regions The general artenal blood there- 
fore has Its oxj'gen saturation reduced m propor- 
tion to the amount of unsaturated blood with which 
it is mixed (see also Shunt, p 433). _\Vhen the 
pneumomc area passes mto the stage of gray 
hepatization the vessels of the affected lobe become 
obhterated to a large extent and the pulmonary 
blood then passes through aerated regions (fig 
342) That is, the artenal blood is no longer 
vitiated by blood from non-aerated areas There- 
fore m a typical case of lobar pneumonia when the 
disease is confined to a smgle large area and the 
breathing is not shallow there is httle anoxemia 
at this stage If however, bronchopneumomc areas 
co-exist, the respiratory funebons wiU be affected 
as desenbed below (See Oxygen Therapy, p 438) 
In bronchopneumonia, patches of lung bssue 
are cut off from their air supply The fine bron- 
chioles become plugged with mucus, groups of 
alveoh become fill^ with exudate and the alveolar 
walls are edematous and thickened Yet, obhtera- 
bon of the vessels to any great extent does not 
occur Blood contmues to flow through unaerated 
areas This blood which is highly venous, mixmg 
with that from aerated alveoh lowers the satura- 
bon of the general artenal blood 
Shallow Breathing In pneumonia breathmg 
is frequently very rapid and shaUow Instead of 
the bdal air bemg around 500 cc. as m health 
it may be reduced to 250 cc. or less It will be 
recalled that 150 cc , are required to fill the ana- 
tomical dead space, therefore only 100 cc. will 
enter the air sacs of the healthy parts of the lung 
We have seen that the expansion of the lungs is 
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not equal m all its parts (p 350) The alveoli 
towards the hub of the radiating rays expand less 
than those near the periphery Those parts, such 
as the apex, which arc indirectly expanded have 
even m health a tendency to be ventilated less 
than those which are directly expanded In shallowr 
breathing, these differences are greatly exag- 
gerated Though the volume of the tidal air is only 
half the normal, the total quantity of air breathed 
per minute (minute volume) is, as a result of the 
increased respiratory rate, much greater than 
normal Since a proportion of the alveoli arc very 
poorly ventilated or not at all, owmg to the un- 
equal expansion of the lung, those in other areas 
tend to be ovcr-vcntilated The Oj tension m the 
latter is therefore raised But so far as the oxygena- 
tion of the blood is concerned the over-ventdation 
of some alveoli cannot make up for the under- 
vcntilation of others Weknowr that the hemoglobin 
IS nearly saturated already at the ordinary alveolar 
oxj'gen tension of 100 mm Hg As already men- 
tioned the dissociation curve of hemoglobin in 
pneumonia docs not differ appreciably from that 
in health and the most therefore that could be ex- 
pected from a rise in the alveolar O 2 tension would 
be an increase of 2 per cent or less m oxygen 
saturation of the blood traversmg over-ventilated 
regions and a slight increase m the amount of Oj 
held m simple solution In other words, the blood 
flowmg through the poorly ventilated parts of the 
lung wall have a low saturation since the O 2 tension 
is low , while that flowmg through the over-venti- 
lated parts wall be little above the normal The net 
result w ill be a low oxygen saturation of the mixed 
arterial blood 

Matters are different m the case of CO 2 elimi- 
nation The shape of the COi dissoaation curve 
which shows a progressive slope throughout the 
entire range of CO* tensions is quite unlike that 
for oxyhemoglobin (fig 34 3) The greater total 
velitilation rcsul^ m a Jowering_o f CQ 2 tension m 
the ovcr-ventilatcd parts of the lun g and ijxinse- 
quently, m a “blowing off"_of CO 2 from^the_bIood 
afculaCn'g thrbughTthese regions CO 2 is retained 
uTthe blood circulating throi mh poorly ventilat ed 
regions In th^ patient witfiTobarpneumonia the 
amounl of CO 2 blown off may exceed that re- 
tamed, the net result will be a lowe nng of the .COi 
content of the artenal blood In bronchopneumonia 
a larger proportion of the pulmonary blood ar- 
culates through non-aerated areas As a conse- 
quence, CO 2 retention is greater, and a normal or 

ti'- t-av-cX ^ I 



Flo 34 3 Carbon dioxide and oxygen dissociation 
curves The small rectangles indicate the extent of 
the vanation of the O 2 and CO, of the subject’s blood 
when at rest (From L J Henderson ) 

a higher than normal CO 2 content of the blood is 
more ,.usuaL»^ 

Haldane, Meakms and Pnestly produced 
anoxemia in normal persons by havmg them 
breathe mto an apparatus which reduced the 
volume of the tidal air As the depth of the breath- 
mg became reduced the respirations mcreased to 
100 or more per mmute The CO* percentage of 
the alveolar air fell and the O 2 percentage rose 
The shallow breathmg artifiaally mduced m this 
way resembles that seen m pneumoma and other 
diseased conditions The admimstration of oxygen 
abolished the anoxemia 

The cause of shallow breathing in pneumonia 
Fl cuntm _pam, by restrictmg the respiratory ex- 
cursions, may result in this type of breathmg 
In other instances it appears to be of a reflex 
nature resulting from the inflammatory process 
which, through a reduction m the distensibihty 
of the pulmonary tissue, exalts the sensitivity of 
the afferent vagal endings m the alveolar walls 
Thus the mspiratory movement is terminated 
before a full excursion has been completed (see 
Henng-Breuer reflex, p 407) In support of a reflex 
origin may be mentioned the experiments of Dunn 
and of Binger, Brow and Branch who produced 
this type of breathmg m animals by the mtra- 
venous mjection of potato starch granules These, 
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acting as smaU emboli, plugged the pulmonary 
capillanes The rapid shallow breathmg was im- 
m ediate ly abobshed by section of the_ vagi or 
^evented if the nerves had been cut before the 
injKtion Breathmg a mixture rich in carbon 
dionde with mtact nerves also restored the respira- 
tory rate and depth to normal the action of 
carbon dioxide upon the respiratory center itself 
overcommg the afferent nervous influence Also, 
m pneumonia it has been found that oxygen m- 
halations, even though they may restore the 
oxygen saturation of the arterial blood to normal, 
do not necessarily abohsh the sh^ow breathmg — 
further evidence for the existence of a nervous 
element m the production of this type of breathmg 
Shallow br eathmg may also result from other dis- 
eases mvolvmg the alveoh, e g , inflammation by 
irritant gases (phosgene and chlorme), pulmonary 
edema, miliary tuberculosis and pulmonary emboli, 
which would be expected to stimulate afferent 
nerve endmgs It also occurs m certam nervous 
states, hystena, certam forms of neurasthenia 
and sometimes m encephalitis lethargiST, But is 
not seen m lesions mvolvmg the bron^ or bron- 
chiole alone, e g , bronc^tis and asthma 
Severe anoxemia, however produced. Tends itself 
through its damagmg effect upon the respiratory 
center to mduce rap^d shallow breathmg, and m 
any event will exaggerate this type of breathmg. 


completely cut off from their air supply Thejiigh 
percentage of carbon dioxide and low-pcrccntage 
oT oxygen jn the alveolar air, result, in_ a low 
oxygen saturation of the artenal_blood and the 
fctcntipn of carbon dioxide ,.The gaseous acidosis 
IS met by the excretion of a {iighj^ cid unne and 
a nse m the “alkab ,rescr\ e” An intense plum- 
colored cyanosis may dc\elop The continued stim- 
ulatmg effect of oxygen want and carbon dioxide 
excess upon the respiratorj' meclianisms causes 
severe dyspnea 

DifiBculty IS expencnced both in inspiration and 
expiration but since there is a natural tcndcnc> for 
the bronchioles to narrow dunng expiration and 
dilate during inspiration the greatest rc-spiratory 
effort IS exerted dunng expiration The respira- 
tory muscles contract with great force and the 
accessory muscles of respiration are brought into 
play The expiratory muscles compress the chest 
and the abdominal muscles contract in the attempt 
to squeeze the air from the lungs Tli c intrap ul 
^ monary pressure is greatly elevated and the air 
escapes through the constricted tubes with a 
idistmct wheezing sound Owing to the difficulty 
and prolongation of the expiratory phase normal 
deflation of the lungs cannot occur before the next 
inspiration ensures The lungs, therefore, remain 
almost maximally’ expanded even at the end of 
expiration That is, dunng the asthmatic paroxy sm 


smee It also tends to mcrease the sensitivity of the 
Hermg-Breuer reflex. Thus a viaous arcle — 
shallow breathmg mducmg anoxemia and the 
latter reactmg to enhance the former — is set up 
Shallow breathmg mduces one of the gravest ty’pes 
of anoxemia, smee the cardiovascular system, as 
well as suffermg from oxygen want, is senously 
affected by the excessive loss of carbon dioxide 
(see p 292) Owmg to the narrowed state of the 
cutaneous vessels the cyanosis is of the pale leaden- 
gray type (p 437) and if the anoxia is not relieved, 
faibng circulation adds to the oxygen want (anoxia 
of the stagnant type) The arapma would also 
tend to magnify the oxygen want of the tissues 
for, as we have seen, the hemoglobin gives up its 
oxygen less readily at low carbon dioxide tensions 

ASTHMA 

This IS a paroxysmal disease m which acute 
oxygen want is caused by a spasm of the smooth 

mi^es_pfjhe_finer, bronchioles Edenirof the 
bronc^olar mucosa is probably also present The 
alveoh are poorly ventilated and some may be 


a very large volume of residual air is present in the 
lungs (fig 344) The volume of t he tidal air is 
greatly reduced and corresponds to t he v'lt al ca- 
paaty at the moment Since the subject is already 
cxertmg the greatest inspiratory and expiratory’ 
efforts of which he is capable there can be no 
supplemental or complemcntal air The changes 
m volume of the ov er-distendcd lung arc small 
and not commensurate with the excursions of the 
thoraac walls As a consequence, the high v’alue 
of the intrathoraac negative pressure induced 
dunng mspiration causes the structures at the 
root of the neck to be drawai tow ard the thoraac 
cavity to take up the space which the lungs are 
unable to fill Durmg^ expiration the v’c ms of the 
neck and face become^ engorg^ The restricted 
movements of the lung also greatly reduce the 
effect of mechamcal mixing upon the lung air, the 
slower process of diffusion bemg depended ujxin to 
a larger extent for the freshening of the alveolar 
air — 

The sputum m asthma contams spirals of dehcate 
fibnls (Curschmann’s spirals) formed of bronchiolar 
secreuon, diamond shaped crystals (Charcot-Ley den 
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crystals) and eosmoplul cells A substance possessing 
a histamme-hkc action has been demonstrated in the 
sputum by Knott, The blood m asthma shows a great 
increase, in- the-cosmophiL cells (eosinophilia) The 
efiect of the asthmatic paro'tj'sm upon the heart is 
that of partial asphyxia A-V con duction may be de- 
pressed as^ONvn by some lengthenm^rthe P-R Ibz. 
terval in the electrocardio^am or premature jaeats 
may occur The attack appears to cause no permanent 
damage to the cardiovascular system 

Causahon Asthma often shows a strong heredi- 
tary tendency The bronchiolar spasm aniy be (a) 
of a reflex- valurc an d due to the stimulation of 
hj'persensitive afferent va gal endmgs m the laryn x, 
or of trigeminal fibers by so me nasal abnonn ahty. 
the bron choconstnetor impulses travel via efferent 
vagal fibers, (b) an allergic phenomenon, i e , the 
"result of sensitization to some foreign protem 
This IS the most common cause of the condition 
It IS then frequently associated with other allergic 
conditions, e g , hay fever, urticana or eczema 
either m the patient himself or m members of his 
family The foreign protem may be inhaled Pollens 
of vanous grasses and flowers, the dandruff of ani- 
mals, e g , horse, cat or dog, or feathers are among 
the most common excitants, the excitmg cause 
may be some kind of food or the protem of bac- 
tena within the respiratory tract itself may be 
responsible The sensitivity of certain mdividuals 
to foreign proteins presents many features re- 
sembling those of anaphylactic shock m animals 
The two conditions are probably in some way 
closely related Sudden death may result from the 
injection of horse serum (e j^,jiiphthena-entitoxin 
or anti-tetanic serum) into an asthmatic subject 
A guinea pig when injected with a protem to which 
it has previously been sensitized dies rapidly from 
anaphylactic shock The bronchiolar musde is 
strongly contracted The air is trapped so that the 
lungs are maximally distended and do not collapse 
when the thorax is opened Even when the pul- 
monary tissue IS deeply inased the air does not 
escape from the distended lung This manifestation 
of anaphylaxis is assoaated with, perhaps due to, 
the liberation of histamme (see ch 27) It is well 
knowm that anaphylaxis and histamme adminis- 
tration produce almost identical effects m the 
gumea pig (fig 34 5) Histamme produemg bacteria 
have been reported m the bronchial secretions of 
^thrnatics 

The Irealmeni of asthma resolves itself into the 
relief of the paroxysm and the removal of the 
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Fig 34 4 Diagram showing subdivisions of the lung 
air in asthma (U) and emphysema (ni) compared 
with the normal (D A, complemental air, B, tidal air, 
C, supplemental (reserve) an, D, residual air The 
horizontal Imes above and below the area representmg 
tidal air m n and III indicate the extent of the respira- 
tory movements (After Coke.) 
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Fig 34 S Gumea-pig Reaction of bronchikl muscle 
to 0 01 mg histamme (After Thornton) 
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underlying cause Adrenaline or ephednne acts 
by inhibiting the bronchiolar muscle dunng the 
attack Atropme^paralyzes the broncho-constnctor 
(vagall'fibers Of the three drugs, adrenalme is 
the most effective In the allergic form of the 
disease every effort is made to identify the offend- 
mg protem Antihistairune drugs (p 296) have 
been employed 

CHRONIC EURHVSEilA 

(Greek em + physcma, a blowmg) 

The lungs m emphysema are m a state of ex- 
treme distention as a result of the enlargement of 
the air sacs The latter, however, show fewer 
alveoh m their walls owmg to the atrophy of the 
"mtetalveolar sgita Contiguous air sacs withm a 
lobule coalesce or even adjacent lobules may fuse 
to form large air spaces For this reason the total 
respiratory s urface is red uced . The alveolar and 
capillary walls become thi(i.ened and the mter- 
stitial puhnonaiy tissue mcreased Many cap3- 
lanes become occluded The pulmonary elastic 
tissue IS reduced m amount so that the lungs, when 
removed from the thorax, do not collapse normally 
but remam m an over expanded state The penph- 


thc chest returns to its ongmal size Furthermore, 
he cannot expel nearly as large a volume of reserve 
(supplemental) air immediately after a deep in- 
spiration These phenomena arc due to the fact 
that the melastic lungs have been overstretched 
and are brought back to their ongmal volume with 
difficulty 

In emphysema there are anoxemia and rc^tion 
of carbon dioxide The oxjgen saturation of the 
arterial blood runs from a little below normal to 
around 75 per cent or even less The carbon dioxide 
tension m the alveolar air in well marked cases is 
from 50 to o\cr 60 mm Hg (7 to 8 per'ccnl)'and 
e the carbon dioxide content of the artcnal_blo^ 
Icorrespondingly high 

Owmg to the obliteration of many capfllancs in 
the lungs, the rwislance in the plenary arcuit 
js mcreased, a greater burden bemg thus put upon 
the nght % cntndB 

The cause of the impaired gaseous exchange is 
not altogether dear Thickening of the alveo lar 
and capillary walls and the obliteration of capil- 
lancs have been considered to be. a factor Yet if 
t^ were so one would not expect the retention ,of 
car^n _dioxide which, owmg to its greater solu- 
bflitv (30 times that of oxvccn) has a much 


eral lobules, which m health expand to the great- 
est extent, are those mamly affected in emphysema, 
the enlarged lobules appearmg as blebs upon the 
surface of the lung 

The chest is what is known as barrel-shaped 
The nbs are more horizontal than normally, the 
thoraac spme is bowed ba^wards (kyphosis) so 
that the anteropostenor diameter of the chest is 
as great as or exceeds the transverse The position 
of the chest is one of nearly full inspiration The 
nud-position of the diaphragm js at a mu ch lower 
than usual and its excursions above and bdow 


this levd are restricted The respiration is there- 
fore mainly costal In some instances the dia- 
-Pracbcally fixed oP^^J^may be 
drawn jip^'dunng^inspir ation (paradoxical mwe- 
ment) As m the paroxysm of asthma the residual 


air IS 2 or 3 times the normal and the complement 
air IS reduced The tidal air is normal or oh 
moderately reduced and the vital capacity (fi 
34.4) is lowered by from 20 to 60 per cent Owu 
to th^ss j)f,the dastiaty oithe hmg, expiration 
no longer simply a passive movement but is aidi 
by a fordble contraction of the expiratory musdi 
men the patient is asked to make a deep inspu 
bon he does not expel all the au durmg the ne 
expirabon, A senes of respirabons occur befo 


higher rate of diffusion through the pulmonary 
membrane, to be so much more pronounced 
than the anoxia The sharp rebound at the 
end of mspirabon which occurs m the healthy 
lung causes mechanical mixmg of the lung air and 
is an important factor in the effiaent vcntHabon 
of the alveoh The absence of this effect in the 
emphysematous lung and its greater dependence, 
m consequence, upon the slower process of diffu- 
'■'sion 15 probably an important factor leadmg to the 
^.jlefecbve aerabon of the blood According to 
Chnsbe, the unpaired gaseous exchange is due 
mamly to the fact that, as a result of the loss of 
elasbaty, the intrathoraac pressure is not dis- 
tributed exxnly throughout the lung As a conse- 
quence, the outlymg alveoh which arc largely 
funcUonless with obliterated vessels arc ventilated 
to a greater extent than the relabvcly healthy ones 
more centrally placed Owmg to the shapes of the 
respeebve dissociabon curves such unden'entila- 
bon of the funebomng alveoh will tend to have a 
greater effect m preventmg the elimmabon of 
COj than m mterfenng with the absorpbon of 
oxygen Another factor which is probably of im- 
portance is the ?lawer_rate_of diffusio n of CO ., 
owing, to-its larger molecule, m the alv^lar air 
The red cell count, hemoglobm percentage, and 
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consequently the q^gen capaats^of the blood, 
are increased above the normal m emphysema 
The tyanosiF^ 437) is often pronounced, yet the 
patient’s dyspnea is less than might be expected 
from his color, often starthng, and from the carbon 
dioxide retention which exists This is explamed 
by the well estabbshed fact that m jniphysema jhe 
respiratory center is relativel y msensitive to c ar- 
bt)ir*di5xide“ Abnormal person when breathing a 
carboiTclioxide nch mixture (8 per cent) mcreases 
his pulmonary ventilation by 300 per cent or more, 
the breathing of the emphysematous patient on 
the other hand shows relatively httle change as a 
result of breathmg a much stronger mixture (see 
fig 346) 

Causahoti Two factors are concerned m the 
production of emphysema (a) reduction m the 
elastic tissue of the lung and (b) mcrec ^ed d isten- 



It is very questionable whether, m the absence of 
some abnormahty of the lung tissue itself, eniph3rsema 
can result from mcreased mtrapu lmonary_prKsure,~' 
such as occurs in those following certain occupations, 
e g , glass blowers and the play ers of w mdjnstruments 
The study of ^oups of men foUomng such occupations 
does not mdicate that emphysema is produced m this 
way Emphysema has, however, been mduced mjim- 
mals,by^sten6sis_oj_th.e_trachea or_btDnchi or by the 
insettion.of,ayalYed_apparatusjnto the trachea which 
allowed the free ingress of air but offere<^an_obstniction 
To" ei^natiordt iTprobable that m these instances the 
persistently high intraalveolar pressure by stretchmg 
the lung structures during tnspiraiton first caused 
atrophy of the elastic tissue Dunng inspiration the am 
spaces are dilated by the negative pressure upon them 
outer surfaces The trapped inspmed am causes an ever- 
mcreasmg distending pressure to be exerted upon the 
alveolar walls Inasmuch as tfi^ mtrathoracic pressure 
IS “less negative” dunng expmation, a reduction rather 
than an enlargement of alveolar capacity would result 
at this time (see p 168) Asthma and chroi^ bronchitis 
which frequently are forerunners of emphysema also, ^ 
probably, exert them damagin g effect upon A e alyeolar 
structure durmg the inspmatory phase ^^ In the former 
condition tim spasm of the bron c^olar muscle_exerte a 
valve-hke action (see p 359) In chrome bronchitis 
mucousjiiu^^ould act similarly Coughing, it has been 
supposed, places a stram upon "The alveolar walls But 
dunng the phase of coughmg when the glottis is closed 
the alveolar walls are supported When the glottis opens, 
the air escapes from the alveoh if the obstrucUng ma- 
tenal has been dislodged, and no stram upon the alveo- 
lar wall would result If, however, the am remains en- 
trapped its sudden re-expansion (re-bound), as the 
pressure Jn the surroundmg pulmonary tissue falls at the 
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Fig 34 6 Chart showing the percentile mcrease in 
tidal am per mmute as the percentage of mspmed car- 
bon dioxide IS raised Note that when the normal sub- 
ject inspires am containing 8 per cent carbon dioxide, 
the tidal am is mcreased about 300 per cent, whereas 
m the emphysematous subject it is mcreased only about 
25 per cent (After R W Scott) 

end of a cough, may mjure the alveolar membrane and 
start the emphysematous process 

What may be termed a physiological or compensatory 
emph ysema o ccurs when part,ofJhe pulmonary surface 
is reduced as bv _the_CQllapse-Pf-.a pa rt or the who le 
of one lung This is more m the nature of an hyper- 
trophy A similar enlargement of both lungs occurs at 
high altitudes 

A type of emphysema also occurs m the elderly — 
senile or postural emphysema — and is secondary to the 
change m the shape of the thorax which becomes more 
barrel-shaped and mcreased in capaaty The lungs 
enlarge to fill the mcreased space This condition is 
associated with few symptoms There is httle reduction 
m the vital capaaty and the oxygen saturation of the 
arterial blood is practically normal 

COLLAPSE OF THE LUNGS OR ATELECTASIS 

(Gk at^, incomplete, ek lasts, distention) 

Any condition which low^ the pressure (mtra- 
puhnonary) within the alveoh or mcreases the pres- 
sure upon the lung surface, i e , reduces the “nega- 
tive” intrapleural pressure, may lead to collapse 
of,the Jjmg Thus pleural effusions, pneumothorax, 
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tnmors, etc., p-esscg from vitncrzt o* tne_fr^tio3 
of the ElvEoli from them ^ s:rppH_b% theofrstruc- 
ticn of a tmacis -mli tcerefoie rerft n. coHapse 
^ tlie Idc o- of the porticn of the Icig afrec^ecJ 
Atdectass li abo the term appLed to the co=i- 
fcoa la the cemDom ra *^ 0 , 02 , as a resalt o the 
y ocrage o: a bicncic= or of a grcap 0 ' fa*oacnio’ es 
bv maoutts secrehcn, or o ■ lag to *~eah lasp.iator' 
movemeats, a portion of the Itmg tails to become 
cistendea •r-tn as 

When a b-oncnxis or b-oncn.r>’e m a p*E— omly 
cistenced Icng is onstmcted the inipisoned air 
s-vm becomes abiofr>ed frcm the anected alveclu 
Cohapse c. tne air sacs cannot tahe place until 
tins has occnrrea. Ahs-o-phon is b-ongnt about in 
the foHomrag may, as pomted out b Henderson. 
The air m the .solated alveoli has a total p-essnie 
of 760 rrn-. Hg (p 367) The partial p-essnres are 
m round numbers, O- iOO rnra., 1C , 570 cm. 
ZOi, 40 mm and aoneons capo', 47 mm. In the 
venous b’ocd the total p*essure is 703 mm, tee 
nitrogen ana aqueous vapor bemz the same as that 
of the alveolar as, but the partial p-essure of oxv- 
gen IS only 40 mm and o' camon tLomde 46 mm 
ka mtsenange 0 : the latter gases thsrero*e occurs 
bet~een the alveolar as and the venous b’ood. 
It mignt oe thought tnat tne unpusonea as vould 
then be m equflibrnsn mth the fa’oed and no fur- 
tner aaso-ption occur But tne alveolar as loses 
more cFivgen than it gams canyon cLomce where- 
upon its vo’ume IS reduced. The atmo^uere artir? 
rmon the body surface and through the veldsig 
s-ofr tismes comp-esss the as so as to 
its total p-essure p-acticaHv constant at 760 cm 
-4s a result of the abs-o-ptiou o' oiygen the i>er- 
centagE and consequently the partial p-essure o' 
caroon CLomde and of nitrogen are mcreased. 
These gases non cmnse mto the o^ood. Tne volume 

o the alveolar aiT IS further reducea thereby but Its 

total p-esure stSl remains unaltered. The perccut- 
age aud there-o-t the partial p-essure of oxygen 
rises ana more of tuis gas passes mto the bood. The 
p-ocess coutmues in this manner until no air re- 
and the walls of the ongrual space are 
ultimately app-omnated bv the p-essure of the 
atmosnhere. An- .s absonyed from the plemal 
c^vuv or from nny other dosed cavity of the body 
n the same way (Henaerson and' Henderson) 
Tee Eb=.TpPon of the air confined withm th“ 
cavitv pennits the Inng, n the am p-^sure 
tad caused its colbrse, to re-erpand (see als-o 
p ocS) 


The ceSaDse ana shrrnhage o^ tne Icng which 
results rrem b’odmgt o' a b'onchus increases the 
mtratho-acc negative p-esr.-e, since the dosed 
tho-acc boi is less comp'etely filed- The dia- 
phiaum is tnerino-e dm— a up— ards and unco’'- 
portions o. the lungs are erparded to a 
greater extent (compensato-y emphj-sema) m 
o-der to fill the unoccup ed space 

sHtn— 

In the letcs the vessels o' the a-r-'ess longs arc 
bv-passed by the greate- fart c' the b’o-od 
b-ougnt to tee hea-t. Teat is to sav, cost of tee 
b’ood IS snurted to the artenal rde terough chan- 
nels -'‘e.ca nounallv dose at, o" sno-tiy after, 
b'jth. It IS dear tnat li one o- otecr c' these chan- 
nels pe-r-st after bath o- l the m'crvenlncular 
sep cm IS defective so teat a la-ge part n' the 
venons firco does nOi. trave-se the lungs but is 
sho-t erected i-om the rgni. lO tee left heart o" 
Gi-ectly in'o the ao-ta, the oivgee £atunit.ou 0 ' 
the arteralb'ooa —ill be seroudy reduced Anoxe- 
mia, ev-cerced hr cr-an'-^.s fp 455 ) and dv-spnea 
(p 414) "tD reset (fig 34 7) These riH be espe- 
, call- p-ono_no£d upon exction smee the ensatn- 
‘ ration c' tne pointing v enous b’ood -ml pejhereb- 
inccased 

l Trj jdJ rrciS^^- Be:c-ectco=jen.jdabuo-maZ- 
Ps are deKrced the feud arcclaPon and the circula- 
te — -eadjusunm,! —men ccorr at buth, tr sno-tlv 
ths^'ter, -T be b-efi- re-r-ca. 

In ibe f*tui ti: or-g en a ea b f-om tie placenui 
i£ car— ed tr- Jie to the Ever, —here it 

separa*es cm two streams, cue cf wmeh rs (LsOrTnu-ed 
to tne left i tr so c' the L— cr; the remamdrr passes 
dfrectiv vcTie da:!.,! c o tne inferw vena 

cava, tens rmre; w-i b ood -e-umeg f-om the lo— er 
part c tie body The pirtai vec. s up pLes tne res* cf 
o' >nelfver Tha-pcrtioncfthefc’oodf-oujlieuu'hfncal 
vec -much raa tra-ersed the veseh c' the Eve- is also 
deavered bv the hepauo veni c,o tie infer- o- vena 
The h-panc veins are a numoer o' wwtE vessels 
and t— o muon laigm ones, Joe lal,er fcrc a juncticn 
v-th the ductus venoms jur before the lat er jo-ms the 
mfenc" vena ca-va. The b’cod tn tie -ena cava be— tmd 
the pom* IS, vhtrefore, parti mygenated (f-cm pla- 
'^oa cmbfEnai vcm and d uc*u 5 ven-msl and partiv 
'^--®^ha-ing tra ersed the tisrucs c'thelcTwcrlimbs, 
i r . f es pnes and Even. The caval b'otd, upon leaclung tie 
ndit au.-de, separates c o t-o unequal parts. The 
much lang-r stream passes chectlv Jmou^ lie feramea 
•r-r.r'fi.) mto the left aurcle, the smaEer 
sh-eam cn,ers the rudu veatnde. The b’cod wh.i± has 
reached the li,t acncle,__after being jomed by a <--*-0 
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but by no means inconsiderable volume of blood re- 
turned from the pulmonary tissue, flows into the left 
1 entnde, and is discharged into the aorta and distnb- 
utcd to the bram by the brachio-cephahc arte^', and to 
the myocardium by the coronary artenes The re- 
mamdcr flows down the aorta*'"' 

The blood returned from the head and entermg the 
nght auricle by the supenor vena cava, together with 
the Small fraction of blood of the inferior vena cava 
which was not directed through the foramen ovale, 
enters the nght \ entnde and is ejected into the 
pulmonary arterj’ A smaller part, yet, as shown by 
Frankhn and his associates, more than has been gen- 
erally supposed IS convejed to the lungs by two 
branches of the latter vessels The mam stream, dis- 
charged from the nght ventnde, passes by a wide 
vessel, the d«c/t« ar/crionir, mto the aorta, and mnong 
with the blood commg from the left ventnde, is dis- 
tnbuted throtighout the body That porbon which is 
supplied to the lower limbs is returned by two vessels — 
the umhtltcal arteries — to the placenta 

Dnnng birth, or \ ery shortly after, the three umbih- 
cal \ essels dose (even though the cord has not been 
bed or broken) by the contracUon of smooth musde 
in the vascular walls The flow through the ductus 
venosus ceases as a result of contracbon of a smooth 
musde sphmeter at the pomt where it leaves the um- 
bihcal vem This occurs m the sheep fetus, accordmg to 
Fr anklin and his associates, m from 5 to 25 mmutes 
after the umbihcal vessels have dosed Withm 5 mmutes 


blood for gas analysis from the nght aunde or ventnde, 
ur from the pulmonary artery (See fig 34 8 ) 

Potent foramen ovale or other defect in the snterauncular 
septum In patency of the foramen ovale, the openmg is 
guarded by a valve-hke membrane which prevents blood 
from passmg from the left to the nght auricle, and none 
passes m the opposite direcbon unless the pressure m 
the nght aunde is high 'With other defects of the mter- 
auncular septum, a shunt from nght to left with cya- 
nosis may occur, but if there is mibal stenosis and a 


Lung capuinnea 
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or so after the commencement of breathmg the foramen 
ovale doses, and a httle later (apparently never before 
thc^ obhterabon of the foramen ovale) the ductus 
artenosus becomes oeduded All the blood from the 
right side of Uie heart is normally from now on directed 
through the lungs Fra nklin and his associates found, 
however, in the case of the new-born lamb, that 
should the general condibon of the latter senously 
detenorate, the ductus artenosus may open agam 
The mechanism of dosure of the ductus appears to be 
mibated m some w ay by the acbon_ ofjthe oxygenated 
blood upon the vascular musd e and not through a 
nervous Tnp rbnriis m th tficTamb this channel has never 
been observed to dose before ocdusion of the umbihcal 
vessels 



Congenital cardiac defects 

I Patent ductus artenosus, or foramen ovrale mter- 
ventncular septal defects, stenosis of the pulmonary 
^artery and coarctabon of the aorta (narrowmg of aorta 
/ m the neighborhood of the ductus artenosus) are among 
the congemtal defects most commonly met with 

The development of the direct Pick method 
(cathetenzabon of the nght side of the heart) for de- 
temunmg the cardiac output has provided means of 
the greatest value m diagnosmg congenital defects of 
the mrculabon It is now possible to obtam samples of 


FractlontJ totiJ hemoglobin, 
in reduced form 
FracUonoJ total hemoglobin, 
k — In oxygeneStd form 

Fig 34 7 Diagram (upper) showmg the proporbon 
of oxj'hemoglobm to reduced hemoglobin m different 
parts of the arculabon m an mstance where a porbon 
of the blood passes through unaerated channels (shunt) 
from the venous to the arterial system Lower diagram 
represents a case m which the oxygen unsaturabon of 
the blood is abnormally high m a part of the penpheral 
capiUanes but normal m the arterial blood (stagnant 
type of anoxia) (Alter Limdsgaard and Van Slyke ) 
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large defect {Lulembachtr’s syndrome) the high pressure 
in the left auncle causes a shunt from left to nght 

Potent ductus arteriosus Blood enters the pulmonary 
system from the arterial side, the oxygen content m 
the pulmonary artery is mcreased, but is normal m 
the right auncle and ventnde 

If a d^cci of the tntervenirtcular septum exists alone 
the oxygen content of the blood m the nght ventricle 
and pulmonary arterj' is mcreased but not of that m 
the nght auncle 

Neither of these last two defects, if it exists alone, 
will cause cj anosis, smce the shunt is from left to right 
(artenovenous shunt) Rarely, however, m the case of a 
patent ductus artenosus, the direction of flow is re- 
versed temporarily at certain times (dunng crymg or 
coughmg), blood passmg from the pulmonary artery 
mto the aorta, 

Often the abnormahties are multiple For example, 
a patent foramen ovale, together with stenosis of the 
pulmonary artery, results m the passage of venous 
blood to the artenal side, i e., through the aimcular 
defect, shght or moderate cjanosis is seen The com- 
bmntion of congemtal defects, ongmally descnbed by 
John Hunter and later by Fallot, and now generally 
known as the tetralogy of Fallot, consists of, (a) an mt«- 
ventncular septal defect, (b) najrowmg of the pul 
monarj artery, or stenosis of its orifice, and (c) dextro- 
position of the aorta, the orifice of this vessel bemg 
shifted to the nght to straddle the septal def^L (d) 
The fourth element makmg up the tetrad is, nght yen- 
tncular -hypertrophy The blood flow through the 
lungs and the pulmonary pressure are reduced Owing 
to the high pressure developed in thejight ventnde 
blood IS dnven through the defect mto the ovemding 
aor^ If the pulmonary stenosis is very severe, the 
ductus artenosus must be patent in order to provide 



i 1 ‘0 mdicate the posi 

from which blood samples may be taken bv mem 
^^e^mtracardiac catheter (After Groom Ld 


suffiaent blood flow through the lungs to support 
Cyanosis and dyspnea are usually pronounced. Blalock 
ancPTaussig Imve devised an operation for the correction 
of the chief effects of these conditions It consists of 
anastomosmg a large branch of the aortic arch (usually 
carotid or subclavian) to the nght or left pulmonary 
artery 

Another combmation of defects has three features of 
the tetralogy of Fallot, namely, d efect of the mtra - 
ventncular septum, dextroposition ol_ the _ aorta and' 
nght ventncular hj-pertrophy, but pulmonary stenosis 
IS absent. It is known as Etsenmenger’s contflex The 
shunt IS from left to nght in early life, but later, when 
as a result of the large volume of blood entering the nght 
ventnde from the left side as well as through the nor- 
mal charmels this chamber enlarges and hypertrophies, 
the high pressure devdoped may force venous blood 
mto the ovemdmg aorta, cyanosis them appears 

In those congemtal cardiac anomalies showmg 
cyanosis, the artenal ox> gen saturation is Jound to be, 
dunng rest, from 45 per cent m sev erer deg rees of 
cyanosis to 90 per cent m the milde r cas es The red 
cell count, however, is hkel> to be increasSl and the 
hemoglobin concentration may be as high as 26 grams 
per cent. The artenal oxj gen content, l e., the volumes 
of oxygen perJjX) cc. of Jilood, in those with the higher 
hemoglobm concentration is, consequently, much 
higher than normal and ma> reach a value of 29 volum es 
per cent, as agamst the normal maximum of 22 vqlumes 
per cent (see Cjanosis, p 435) Exercise, which m 
. normal subjects causes httle or no change m artenal 
1 oxygen saturation, produces a profound fall m the con- 
I gemtal heart cases, amountmg in some to a reduction 
(of over 30 per cent. 

Cakbon Monoxide and Cyanide Poisoning 
CARBON monoxide TOISONING 

References to carbon monoxide poisoning are 
contained m the earhest medical wntmgs This 
gas was used by the Greeks and Romans for the 
execution of cnnimals and as a means of commit- 
ting suiade Carbon monoxide is today the most 
important gaseous poison agamst which physicians 
have to contend Dunng times of peace it accounts 
for more deaths than all the other gases combined 
Carbon monoxide combmes with the hemoglobm 
of the blood and thus renders it unavailable for 
oxygen carnage The aflumty of hemoglobm for 
carbon monoxide is approximately 300 tunes its 
uffimty for oxygen Therefore, when the at- 
mosphere contains only a very small percentage 
of CO the hemoglobm takes up the pioisonous gas 
and in so domg prevents its combmmg with an 
equivalent volume of oxj''geti 

Recovery from carbon monoxide poisonmg is 
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usually complete when the exposure has not been 
too long or the concentration too high It is un- 
portant that the carbon monoxide hemoglobm 
should be broken up as soon as possible smce injury 
to the tissues is produced by the anoxia It is pos- 
sible to displace the carbon monoxid e by oxygen 
if t he tension *of oxygen is suffiaently.|iigh andj^t 
"of ^rbon monoxide low Mixtures with a high 
percentage of oxygen and from 6 to 7 per cent 
carbon dioxide combined with artifiaal respiration 
are used in the treatment of CO poisoning The 
carbon dioxide, as well as acting as a respiratory 
stimulant, reduces the a ^nity,of hemoglob in for 
^bon monoxide Intravenous mjections of meth- 
'ylene blue have been advocated but are valueless 
Carbon monoxide, as well as its action m dis- 
placmg oxygen from hemoglobin, has histotoxic 
properties, inhibitmg the tissue respuatory en- 
zymes This fact has no practical beanng, how- 
ever, upon carbon monoxide poisoning m man, for 
the concentrations at which such action occurs is 
many times greater than could ever occur in tne 
body 

CYANIDE POISONING 

The mechanism of production of anoxia by cyanide 
is quite different from the action of carbon j ionoxide 
No interference with oxygen carnage is caused by 
cyanide but there is inhib iUon-of tissuerJespiration 
Cyamde inhibits the nction of cytochrome oxidase , car- 
bomc anhydrase and probably of other enzyme systems 
[sSHTh^Z and'p ' 420 r ItloUQ^rfrom thi s tha t_^y 
^tidote for cyanide poisoning _must h ave one of tw o 
actions Either the cyan ide must be removed or deto xi- 
"fied _or ^^macdyated catalyst jnust ^^repl^^ 
hT^ylrae blue does ac^ ^ a cat alyst fo^ ertam b^logi;^ 
'caVonSatioS^mia thifled to its use as an^mitidote for 
cyanide poisonmg When methylene blue is given to the 
mtact animal there is a marked nse m b ody temperat ure 
which is due to mcreased-metabohsm Methylene blue 
permits ihhibitmg effects of cyanide on cellular oxida- 
tions This fact has been estabhshed from investigation 
on a great number of tissues Sahlin m 1926 pro vided the 
first experimental demonstration that rnethylene blue 
antagonizes t he action of cyanide in the_intact anim al 
He used rats and the observation has been confirmed on 
■other animals — dogs , rab bits , mice The evidence sug- 
gests that methylene blue acts by removmg thej iyanide 
from tissue Methylene blue and cyamde do not *-nni- 
bme directly t^uimictliyiene blue-foi uiSTh ethemogloErn 
' a^d me.tnemoglobi n com lnU es witBTh e cyanide to_ 
form cyanm ethemog lobin The cyanmethemoglobm is 
relatively non-toxic and is broken down slowly, the 
detoxification probably bemg brought about by con- 
version of the c yamde to thio cya nate ( Smith and Mal- 


colm) Other substances which form methemoglobin 
(Hug, Wendel) such as sodium jutate, amul mtnte, 
pyrogal lol, etc , are also effective in the treatment of 
cyamde poisoning Such methods of course are limited 
by the quantity of hemoglobm that can safely be con- 
verted to methemoglobin 

A number of sulphur compounds have been found 
effective m cyamde poisonmg Chen, Rose and Clowes 
showed that sodium thio sul phate a nd sodium tetra - 
thionate .may protect dogs agamst as much as three 
lethal doses of cyanide 

CYANOSIS 

(Greek, cyanos, blue) 

Cyanosis may be defined as the diffuse, du^ 
or bluish color of the skin and mucous membranes 
caused by the presence m the blood of the super- 
ficial capiUanes (subpapiUary venous plexus, see 
p 314) or reduced hemoglobm above a certam 
definite amount * Cyanosis in seen m the anoxic and 
stagnant types of anoxia '‘but ilot m the anemic or 
histotoxic forms It seems scarcely necessarv to 
state that the retention of carbon dioxide m the 
blood -has no d%rect effect upon the production of 
cyanosi s The blue color of the skm depends 
fundamentally upon the absohUe amount of r e- 
duced hemog lobm an the.capillary.blood^ancLjiof-^' 
upon iherelahve pr^ofHons of reduced Jiemoglobm 
and oxyhemog lobm^ For example, m anemia the 
hemoglobm content of the blood may be only 20 
per cent of the normal In the capiUary blood all 
of this could be m the reduced form yet cyanosis 
would not result, smce the absolute amount of 
reduced hemoglobm (i e , “blue pigment”) would 
be msufiScient to produce any blue discoloration 
On the other hand, m polycythemia the hemo- 
globm may be 100 per cent above normal Cyanosis 
will occur when the hemoglobm of the capillary 
blood is only 20 per cent reduced, for the absolute 
concentration of reduced hemoglobm wiU then be 
raised to threshold value The greater quantity of 
the bnght-colored oxyhemoglobm present exerts 
httie or no influence, that is, it does not, as rmght 

• The presence of abnormal compounds of hemo- 
globm, e g , methemoglobm and sulphohemoglobm, 
resultmg from the action of ■vanous toxic substances, 
causes a type of cyanosis (enterogenous cyanosis), 
but these will not be considered here (see p 59) 
Cyanosis may result from anoxia of either the anoxic 
or stagnant type It obviously cannot occur m the 
anetmc type, which is due essentially to a low hhmo- 
globm concentration, m the histotoxic type m which 
the hemoglobm gives up less of its oxygen store than 
m health, nor m the anoxic and stagnant types if a 
severe grade of anemia exists 
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J respectively and C the average unsaturabon of the 

he e^ted. tend to neutralize the co or 


For^mple, m a normal ^ 

uDsatniation is 0 5 volume per cent (19^ %olum« 
per cent saturation), another 5 volumes per cimt 
are gl^ en up m the capillary , the v euous unsatura- 
tion IS therefore 5 5 volumes per cent So 

4(0 5 + 5^) = 3 0 volumes per cent average 
unsaturation of capillary blood 
(3 0 X 0 75) = 2 2 gram reduced lib 

We hav e seen that the av crage unsaturaUon of the 
capUlarj blood must be betaeen 6 and 7 

^ c «-if r/wilirtbfi xlD) 


the reduced hemoglobm 

L^d^inrd found that the capil- 

^rS^oXmoIlobin, themfore, 
td about 6 7 cc. of ovy^gen, and 5 gra^ of re- 
duced hemoglobm are formed when «« bl^^^com 

Wot^r^ecS^ to appLr when the ^pjjarj blood must be bctucen o u,.u . 
riddle capmS IS on the average around ^ ,ent (approvimately 5 grams of reduced Ift) 
^^titurated As a result of ccr- ^f.^e cvanosis appears This decree of un^ra- 
IL modif^E factors (p 437) the precise level of t^c capillar, blood mav be brought alwut 

capillary' unsaturation at which cyanosis makes its increase in the ^ 

ap^iearance vanes in different cases between 6 and type of anovia) or as a result 

7 ^^^of osy'gen per cent amount of oirjgen being lost from the bl^ m lU 

The osvgen^nsaturation of the capillary blood p^gj, through the capiUancs (stagnant tvpe of 

does not of course occur abruptly at the artenal ^^^via) That is, bv an increase in the venous un 

tnd but IS progressive from point to point along saturation IX) alone In order to produce an av cr- 

the course of the vessel The loss of ovygen may j,gg unsaturation of from 6 to 7 volumes per 

be uniform from the artenal to the venous end of capiUary’ blood the artenal unsaturation 

the capillary as shown in Curve I, figure 34 9, or to be from 4 to 4 S v olumcs per cent, 

the desaturation may occur mainly toward the jhe unsaturaUon of the venous blood— that in 
venous end (Curve D) when the capillary blood the artenes being normal— 11 to 13 volumes i«r 
would approximate artenal blood m its content of ^ilealans and Davacs found that when the 

reduced bemo^obm Under other arcumstances the arm were obstructed (stagnant tvpe of 

the greatest oxygen loss may occur toward the anoxia) in normal indinduals cyanosis was just 

artenal end (Curvmin) when the unsaturaUon of - .. .n 


aneriiii cuu \v-uv> v- — 

the capillary blood throughout would approach 
that of venous blood It is difficult to obtain data 
from wbich the true curve may be drawn The 
simplest of these curves (Cun e 1) is assumed and 
the average imsaturatiou of the capillary blood is 
taken as midway between that of artenal and 
V'enous bloods respecUvely Thus 

i(A. 4- •= C 


anoxia/ ui liuiiiiiu 4nuiv*t-»uv*4-7 

detectable when the venous blood reached an 
unsaturation oF 11 4 \ olumcs per cent 
These facts ina> be danfied b> exampte IF 
the blood as it leav es the lungs contains only 15 5 
volumes per cent of oxygen, i c , if it has an un- 
saturahon of 4 5 v olumcs per cent and tne Ussuk 
abstract the usual quantity of oxvgcn, namclv 5 
volumes per cent, the unsaturation of the venous 
blood will be 9JS volumes per cent and that of the 


where A and V represent the unsaturation m 
volumes x>er cent of artenal and venous bloods 


Arteries 

Tissue 

capillars 

Veins 

■U 


JFractfcoef tatJTJctnS^" 

L 


frertirn cT totil bero- 


Fig 34:.9 Fhagtain shcrvrmg hypothetical vanations 
m the shape o5 tiie leduction curve oi oiyhetnoglohm 
during the passage of the Mood through tissue capil- 
lanes, (After Lundsgaard and Van Sljke.) 


4(4 5 -f 5,5) *= 7 V olumes per cent 
(7 X 0 75 = 5.2 grams Hb) 

If on the other hand the artenal unsaturation is 
around the normal value of 03 volume per cent 
but as a result of slowing of the circulation each 
unit V olume of the blood giv es up a greater quan- 
tity of oxygen, and the venous unsaturation is 
mcreased to say 13 v olumes p>cr cent, the average 
unsaturation of the capfllaty blood will be 

4(03 -f 13) =67 volumes per cent 
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In either of these instances shght cyanosis would 
be expected to appear 

Let us now consider what occurs when the hemo- 
globin percentage is above or below the normal 
value 

In anemia the hemoglobm is below normal and 
the oxj'gen capacity of the blood is correspondmgly 
lowered If the hemoglobm content be only 30 per 
cent of the normal, the volumes per cent of oxygen 
m the artenal blood, though the latter be fully 
saturated, will be only about 6 volumes per cent, 
1 e , the quantity of hemoglobin m 100 cc of blood 
IS less than 5 grams It is obvious that such a per- 
son could not become cyanosed even if, as a result 
of defective oxygenation of the blood or of slowing 
of the circulation, all his hemoglobm were m the 
reduced state A patient whose hemoglobm was, 
say, 60 per cent (oxygen capaaty 12 volumes per 
cent) would, like one with a normal hemoglobm 
content, become cyanosed when his artenal blood 
reached an unsaturation of about 4 5 volumes per 
cent, that is when his capdlary blood had an aver- 
age unsaturation of around 7 volumes per cent 
But the oxygen want of the anemic subject would 
be greater than that of the subject with a normal 
hemoglobm content smce m the case of the former 
4 5 volumes per cent constitute nearly 40 per cent 
of the oxygen capaaty of his blood In a less en- 
lightened age when bleeding was resorted to for 
the rehef of cyanosis, the brilliant success of that 
procedure is not to be wondered at — ^nor that the 
patient died In the stagnant type of anoxia the 
unsaturation of the venous blood of a subject with 
60 per cent hemoglobm content could not reach 
the value necessary to produce cyanosis until all 
the hemoglobm was m the reduced state Thus 
i(l 4-12) =65 volumes per cent unsaturation of 
the capillary blood 

In polycythemia, m which the hemoglobm con- 
tent IS, say, double the normal (oxygen capaaty 
40 volumes per cent), cyanosis occurs m very mild 
degrees of anoxemia At an artenal unsaturation of 
4 5 volumes per cent the polycythemic subject 
would have the same degree of cyanosis as an 
ordmary person with this quantity (5 grams) of 
reduced hemoglobm m his blood But m the poly- 
cythermc subject with a hemoglobin content of 
200 per cent, 4 5 volumes per cent is only 11 per 
cent of the oxygen capaaty of his blood, m the 
person with a normal hemoglobm content it con- 
stitutes 22 5 per cent The oxygen want m the 
former would be relatively shght as compared with 


that of the latter Or put m another way and 
mcludmg the anemic subject — if the anoxemia were 
of the same degree m each, the anemic person 
would show httle or no cyanosis, the polycythemic, 
a cyanosis of high degree and the normal subject 
a color mtermediate m mtensity In a person with 
an abnormally high blood count a degree of slowmg 
of the penpheral blood flow which would be with- 
out effect upon one possessmg a normal hemoglobm 
content will result m cyanosis Thus m regions such 
as the face, ear lobes and hands, where the cuta- 
neous vessels are well filled with blood, cyanosis 
IS readily mduced m the polycythemic subject by 
exposure to cold In certain conditions associated 
with artenal anoxemia, e g , emphysema (p 430) 
and congemtal heart disease the red ceU count is 
mcxeased and the cyanosis, m consequence, en- 
hanced It wiU be evident from these examples 
that cyanosis is not a rehable guide for the detec- 
tion of anoxia 

The factors which influence the depth of cyanosis 
caused hy a given quantity of reduced 
hemoglobin 

ia)JDte—ck!te~oJ~cittaiteous..^pjUmsi When 
these are dilated more of the dark colored blood 
will be present m the skm than when they are 
constncted In the former mstance the cyanosis 
will of course be more pronounced Increased^ 
rarbonjiioxide tension m the blood ^ses capil- 
~lary dilatat ion, fterefore, when retention of this 
gas accompanies oxygen want as m obstruction of 
the trachea, emphysema, venous congestion o? 
superficial regions, etc the cyanosis is mtense 
When, on the other hand, the carbon dioxide ten- 
sion IS low the cutaneous vessels are narrowed 
In the anoxemia resultmg from rapid shallow 
breathmg (p 426) therefore the cjmnosis tends to 
be of a pale leaden or heho trope hue, if the pe- 
ripheral vessels are strongly constncted, as m 
shock, cyanosis may be mconspicuous 

(b) Pigmentation and thickness qfJlie^hvyflhesc 
factors obviously will modify^he depth of the 
cyanotic color Cyanosis is more clearly evident in 
regions where^the skm is thm and unpigmented 
The yellow discoloration of the skm caused by an 
excess of bihrubm m the blood O^undice) tends 
to modify the cy anotic tm t, but smce the former 
stains the skm itself, while the discoloration due to 
reduced hemoglobm is confined to the capillaiy 
vessels, jaundice is likely to be just as mtense m 
regions where the skm is thick as m those where it is 
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thin. The (^'anotic discoloration can be temporarilv 
abolished by pressure upon the skin \7hereas the 
ictenc staining cannot. Cj'anosis does not appear 
m the conjunctivae but these are deepl> colored 
m jaundice. 


O'imGEN THERAPY 


Oi> gen administration is emploj ed for a greater 
number of conditions todaj than it has been m the 
past In combatmg aaite ^enal anona (anox- 
emia) as maj occur m pneumonia, pulmonary 
edema, or obstruction to breathing, it is of utmost 
v^ue, as ivell as m states such as congestive heart 
failure, or coronarv thrombosis when^ though the 
arterial blood contains the usual amount of oxy- 
gen, the tissues, owmg to impairment of the 
peripheral circulation, suffer from a defiaency of 
oxygen 

The smtabflity of a grv en case for the admmistra- 
tion of oxygen depends upon certam quite definite 
prmaples The chr^c ^oxia due to anemia, m 
which the hemoglobm is'saturated with oxygeri to 
the normal degree, is treated preferably b\ meas- 
^ ures directed to the disease itself rather than by 
oxvgen therapv In failu re of ^e pienpheral circu- 
lation, the inhalation of 100_per_cent oxvgen will 
the gen content of the blood to revive 
aflaggmgrespiratp.ry center But the anoxia due to 
a shunt of blood from the right to the left side of 
the heart (p 432) or through a sunflarlv com- 
pletely unaerated portion of the lung will not be 
much benefited by oxygen inhalations, ,t is not 
po^Tile to male the blood supplying healthy and 
well aerated alveob absorb any important amount 
of acira oxygen and so compensate for the shunted 


I\^en, however, the diffusion coeffiaent of ox 
(p 366) through thi alvMlar membrane 
rcdu^as a result of edema, thickening or a cor 
g osygen admmistraUon by t 

•Sf ^ 1 ? ' “ pulmonary epith 

tiZ wi?^“ saturation of the blood flowL 
^u^ the damaged pulmonary tissue is i 

Z pulmonary^epit hehum to flS. 




and, consequently encourages edema formation. 
In other words, a viaous orde is established — 
edema mduang anoxemia and the latter increasmg 
the edema — which is broken by oxygen adminis- 
tration ^ 

Anoxemia due to rapid shaUov_^cath:ng ^ re- 
beved by oxygen treatment since the oxv gen ten- 
sion of poorly ventflated alv eob is raised thereby 
The shallow breathmg itsdf is likely to persist 
smee It IS primarily due to the local process in the 
lung actmg upon the nerve endings rather than to 
the anoxemia Therefore this type of breathmg 
could, no more than the pulmonary lesion itself, 
be expected to be abolished by oxygen treatment 
Nev ertheless, smee shallow breathing is aggravated 
by oxygen want it will be amdiorated by oxygen 
treatment— the vaaous aide is broken 
It IS often said that when the arterial blood con- 
tarns the normal quantity of oxygen, namdy 
about 19 5 volumes per cent (saturation 97 5 per 
cent) as m the stagnant tvpc of anoxia of con- 
gestive heart failure, oxygen inhalation cannot be 
of anv great value, smee the oxygen saturation 
can be raised only to 100 per cent, and the total 
oxygen content mexeased by 2.2 volumes per cent 
(an mcrease of 1 7 volumes m simple solution 
together with 0.5 volumes combined with hemo- 
globm) That is, the total oxygen content of a 
person breathmg 100 per cent oxygen wall be 21 7 
volumes per cent But this mcrease of 2 2 volumes 
per cent (representmg an mcrease m O 2 content 
of 11 per cent) is as pomted out by Comroe and 
Dnpps of the highest imporUnce m anoxia, for 
It raises verv considerably the pressure at which 
o^gen IS ddiv ered to the tissues Say , for example 
that, when a patient is breathing ordmary air, 
eveo 100 cc. of blood m passmg through the 
capillanes loses 7 volumes of O; (normal about 5 
'o ), and, therefore, leaves the venous end of the 
^piilar> Tvith a content of 12^ vols per cent, is 
per ant saturated, and has a pO; of around 32 
J Now when 100 pier cent oxygen is 
^ c extra 2.2 volumes per cent m the 
ood is giv en up on entermg the capil- 
tn reduces the oxypen saturation only 

a e^tmg under ordinary conditions m the 
blood, namdy, 97.5 per cent But the 
^ slowmg of the circulation 
their neZ f T ^ ^ ® Volumes per cent to satisfy 

therefor ° cent- The v enous blood, 

^er^ore, contains 14 7 v olumes per cent of oxy-gen, 

ver 73 per cent saturated, instead of about 
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63 per cent without oxygen administration, the 
pOj IS nearly 40^ mm Hg Thus the tissues are 
supplied with oxygen at a virtually normal head 
of pi^ure In congestive heart failure, th erefore, 
especially if there is generalized edema, the ad- 
mmistration of oxygen is often of great be nefit 

Methods of adnnmstraiion 

Ox>'gen IS given usually in a concentration of 
from 70 to 100 per cent by means of a nasal or 
oral-nasal catheter, by a specially designed face- 
mask, or the patient is placed in a hood-tent or 
air-tight cabinet m which the 0: percentage is 
mamtamed at the required concentration Carbon 
dioxide (S-10 per cent) is sometimes added, es- 
pecially in CO poisoning, persistent hiccough and 
postoperative atelectasis, m order to encourage 
lung expansion * 

Effects of the inhalation of 100 per cent oxygen 

In normal persons the breathmg of 100 per cent 
ox>'gen often causes a slight mitial reduction of 
breathing of about 3 per cent This is atmbuted 
to the removal of the tome action of the chemo- 
receptors of the carotid and aortic bodies (glomera) 
which are stimulated evidently by the unsatura- 
tion (2 5 per cent) of the blood existing at sea- 
level If the admmistration is continued the 
respirations are stimulated as a result of afferent 
impulses set up m the respiratory tract by the 
inhalation and conveyed to the medullary center 
In anoxia, a much more pronounced depression or 
even complete cessation of breathing may occur I 
This socaUed oxygen apnea may be very alarmmg, { 
especially dunng anesthesia But it is a sure m-' 
dication of the existence of anoxia and the need 
for oxygen therapy, for it shows thatjthe_respira^ 
tory cent er has been profoundly de pressed to the 
direct sHmulatuig ^tion^ fjCOz Before oxygen 
admmistration the center had been driven by 
impulses from the peripheral chemoreceptors, 
the relief of the anoxia has abolished this source of 
stimulation In chronic anoxia, such as may be 
seen m congestive heart failure and pulmonary 
emphysema, especially when there is also carbon 
di^de retenti on, the patient may pass into coma 
when oxygen is administered The loss of con- 
saoushesS is the_ result— of— withdrawal— of the 
stimulatmg effect of the anoxia upon th e peripheral, 

*■ The patient’s own breath adds from 1 to 2 per cent 
to the atmosphere of the ten^ 
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chemoreceptors and the consequent_acute anoxia 
of the cerebr al cortex_^The carotid and aortic 
bodies which had been under stimulation by both 
anoxia and the high pC 02 of the artenal blood are, 
after oxygen is inhaled, dependent upon COj 
alone for their exatation, while the respiratory 
center itself has become tolerant, i e , msensitive 
to carbon dioxide The high level of CO 2 m em- 
physema (sometunes as high as 150 volumes per 
cent) also exerts a narcotic effect upon the cortical 
cells 

”]^other effect of oxygen inhalation is the elimi- 
nation of nitrogen A man of average weight (70 
kg) breathmg oxygen ehmmates about 18 cc of 
nitrogen per mmute The rate of removal of the 
gas from all tissues is not however the same, it 
IS removed most rapidly from the blood and the 
most vascular parts of the bram Pure oxygen is, 
therefore, administered to divers to prevent de- 
compression sickness, and to pilots before high 
altitude flights (p 425) 

High concentrations of oxygen, especially under 
pressures of more than one atmosphere, may 
exert irritant effects upon the respiratory tract 
and has certain other deleterious actions These, 
which will be merely listed, mclude substemal 
distress, reduced vital capacity, bronchitis At 
Oj mhalations at a pressure of more than one 
atmosphere neurological symptoms may develop 

Hehum (atomic weight 4, 1- density that of nitrogen) 
IS lighter than any other gas except hydrogen Barach 
has applied this physical fact to reduce the respiratory 
effort in asthmatic attacks, in those suffering from 
Iar 3 Tigeal or trachial obstruction and m certain other 
types of dyspnea A gas mixture is used in which helium 
IS substituted for nitrogen (oxygen 21 per cent, hehum 
79 per cent) For the rehef of anoxemia the oxygen per- 
centage may be mcreased to 60 or 70 per cent. 
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THE STRHCnjRE OF THE HUMAN KIDNEY 

The Nephron This is the functional unit of the 
kidney It compnses (1) the renal {or Malptghan) 
corpuscle, and (2) the renal tubule, which is divisible 
into (a) the proximal convoluted tubule, (b) the loop 
of Henle, and (c) the distal convoluted tubule. There 
are about 1 milhon* nephrons m each human kidney 
(figs 35 1 and 35.2) 

(1) The Renae Corpuscle consists of what ap 
pears to be a twisted skein of capillarj channels — the 
capillary tuft or glomerulus — which m development has 
become mvaginated mto the upper bhnd end of the 
primitive renal tubule. The narrow , ftmnel like cavity 
resultmg from this invagination, and which almost 
completely surrounds the capillary tuft is known as 
Bowman’s capsule (fig 35 1) The capsular waU there- 
fore consists of a visceral and a parietal layer The former 
IS a dehcate membrane of flat cells It envelopes each 
capillary loop and blends with the vascular wall This 
layer becomes folded upon itself and conUnuous with 
the parietal layer at the pomt where the afferent and 
efferent vessels (see below) enter and leave the glomeru- 
lus The cells of the paneUl laye^are for the most part 
squamous m type but become cuboidal near the pomt 
where the capsule empties mto the tubule The renal 
corpuscle measures about 2 00 micr ons m diameter The 
total surface of the capillary loops of both kidneys is 
about J_^square meters The renal corpuscles and the 
convoluted tubules he mostly m the ^cortex of the 
kidney 

The Proximal Convoluted Tubule is a tortuous 
tube (about 55 m diameter and 14 mm long) Ijmg m 
close relation to the renal corpuscle, and into which the 
latter empUes Its walls are composed of a Mgle lajer 
of cub^al_cells which differ from those hning’'othe'r 
parts of the renal tubule m possessing dehcate stnations 
perpen^dicularjo tteir bee borde^t/ie brush or bristle 
border This appear£nce is suggestive of the stnations 
^n m tte epithehal cells lining the small intestme 
(Cowdry) The basal portions of the cells show a reheu- 
lum of protoplasmic threads radially arranged-the 
Eo^ed rods The length of the proximal tubule when 


5.demb“;Cb“‘ft“'''= " figure cor 


uncoiled is some 15 mm Its lumen vanes in diameter 
from 15 to 25 microns in accordance with the quantit) 
of flmd passing through it The combined area of the 
1,0(X),000 proximal tubules in a human kidney is nearl> 

1 square meter 

Henle’s Loop follows the proximal convoluted 
tubule and consists of a descending and an ascending 
hmb The distal third or so of the loop dips mto the 
renal medulla The proximal four fifths of the descend 
mg lunb, though it follows a ncarlj straight or a moder 
ately tortuous course, has about the same diameter as 
that of the proximal conv olutcd tubule and is lined bj 
similar cells The distal fifth of the descending limb 
becomes greatly narrowed and is lined by clear flat 
cells The function of this part of Hcnle’s loop is not 
definitely known (seep 450) Be>ond the narrowed por- 
tion the tubule (ascending hmb) widens again to its 
previous diameter This portion is hned b> cuboidal or 
columnar epithelium and is continued into the distal 
convoluted tubule The average length of Henle’s loop 
IS about 20 mm 

The Distal Convoluted Tubule resembles the 
proximal convoluted tubule and lies coiled in close 
relation to the renal corpuscle Its cells, however, have 
no brush border but resemble those forming the ascend 
mg hmb of Hcnle’s loop Its length when uncoiled is 
about 5 mm The distal tubule comes into contact over 
a limited area with the wall of the afferent vessel just 
before the latter enters the glomerulus At this point the 
Iming cells of the tubule assume a columnar shape, then 
nuclei are densely packed The whole structure has a 
plaque-like appearance and is knowu as the maetda 
densa, the term first applied to it by Zimmerman This 
part of the afferent artenolc also undergoes a conspicu 
ous structural change (p 441) The distal convoluted 
tubule drains mto the collectmg duct sjatem 

The length of a single nephron when straightened 
out IS between 1 and 1 J inches (30-38 mm ), and a con 
servaUve estimate of the total length of the tubules of 
both kidneja from Bowman’s capsule to the first col- 
lecting duct IS some 40 miles The total tubular surface 
cannot be far from 6 square meters 

The nephrons whose glomeruli he in the outer two- 
thirds or so of the cortex, and to which the foregomg 
description especially applies, differ m certam respects 
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from those m the deeper third In the latter regionf 
called j«i/amedMllory by Heggie, the glomeruh are some- ( \ 
what larger and the tubules, which he almost entirely 
in"^e medulla, much longer Mofeoi^ the" loops "of 
H^e are elongated as compared with those of the more 
s^Trfiaally placed nephrons, and their thin segments 
constitute a much greater proportion of the total tubu- 
lar length In the more superfiaal nephrons this part of 
H^e’s loop, as mentioned above, is only about j of 
the total length of the tubule, whereas m the juxta- 
medullary nephrons the length of this part is nearly 
one-half of the total and is contmued mto the ascendmg 
limETf the loop The blood supphes of the two types of 
renal umt also show distmctive features (p 442) The 
juxtamedullary nephrons constitute about IS per cent 
of the total number of the nephrons m the kidney 

A System or Collecting Tubules conveys the 
urme to the kidney pelvis These tubules have generally 
been considered to possess no function beyond actmg as 
mere condmts for the urme, and have therefore not been 
mcluded as part of the nephron But there is now evi- 
dence that they absorb water and, thus have some 
concentratmg power The smallest of the coUectmg 
tubules (the initial or connecting tubules) receive urme 
from the distal convoluted tubules Several connectmg 
tubules from neighbonng nephrons jom to form a larger 
channel Through a succession of such imions, relatively 
large short tubes — the papillary ducts (or ducts of 
Bellini) are finally formed which open mto the renal 
pelvis at the apices of the papillae (fig 35 2) 

Blood Supply The renal artery upon entenng the 
hilus of the kidney breaks up mto numerous branches — 
interlobar arteries — which pass outward between the 
renal pyramids to the junction of the cortex with the 
medu^ Here they turn to follow a more horizontal 
course and form arterial arches across the bases of the 
pyramids From these vessels — called arcuate arteries — 
arise the inierlobidar arteries which run outwards 
through the cortex for variable distances From this 
pomt onwards the arculations of the superfiaal and 
the juxtameduUary nephrons are separate and different. 

The superficial glomeruli receive twigs from the inter- 
lobular artenes at mtervaJs along the latter’s outward 
course Each of these offshoots with few exceptions 
enters a renal corpuscle and constitutes the afferent 
vessel of the glomerulus The afferent vessel throughout 
the greater part of its course heis the features of an 
arteriole, it contams muscle fiber and has a diameter 
of about 50 microns Upon entenng the renal corpuscle 
and breaking up into a hmited number of primary and 
secondary branches it gives rise to a leash of some 50 
capillary loops which constitute the glomerular tuft. 
There is no anastomosis between any of these loops, and 
each IS enveloped in a prolongation of the visceral layer of 
'Bowman's capsule, much as the small mtestine is cov- 
ered by Its serous coat, or as Vimtrup expresses it, “as 
a finger is covered by a glove ’’ Nothing therefore 
separates the blood m each capillary from the cavity 




Fig 35 1 Upper drawmg, cross-section through the 
ocnvoluted tubule of a dog’s kidney, showmg brush 
border (From Maxunow and Bloom ) Lower diawmg, 
diagram of Malpighian corpuscle Note that capillaries 
pass from the afferent to the efferent artenole m sepa- 
rate loops There are many more capillary loops than 
are showm here 


of Bowman’s capsule except two dehcate membranes 
which together have a thickness of about 1 rmcron 
The capillary loops after a course of some 0 5 mm 
converge to form the efferent vessel, which leaves the 
renal corpuscle close to the pomt of entrance of the 
afferent vessel The diameter of the efferent vessel is 
only about one-half that of the afferent, its sectional 
area is therefore only about one-quarter that of the 
latter (see figs 35 3 and 35 4) 

The wall of the afferent vessel just before it enters 
the glomerulus loses its elastic membrane, the endo 
thehum becomes discontinuous and the muscle fibers 
are overlaid and in part replaced by a cushion of myo- 
epithebod cells (the polkissen or “pole-cushion" of Zim- 
merman) We have seen (p 440) that the distal tubule 
comes into contact with this part of the afferent vessel 
Cells possibly of a neural or secretory character are 
found, as well, m the angle between the afferent and 
efferent artenoles These, together ivith the myo epithe- 
hoid cells in the wall of the afferent vessel constitute 
what has been termed the “juxta-glomerular appa- 
ratus” This structure, which also contains numerous 
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Fig 35 2 Diagram of a cortical (1) and of a juxtameduUan (2) nephron P C T , pronmal convoluted tubule, 
D CT , distal convoluted tubule, CT , collecting tubule, H.L , Henle’s loop, R P , renal peUns 


nerve fibers, has been thought b> some to serve an 
endocrine function, namelj, the regulation of the 
glomerular blood flow by the liberation of rerun (p 157) 
The macula densa is possibly assoaated functionally 
with the juitaglomerular apparatus (p 441) 

In the jiixtamedulhry rcguin, the afferent arteriole 
arises from an mterlobular artery near its origin from 
the arcuate artery, or directly from the latter vessel 
itself The efferent artenoles break up into a number of 
straight, relativ ely large caUbered vessels — the arterwlae 
TUlae or rojo rata — which course through the medulla • 

* Some of the afferent artenoles have been desenbed 
as giving off a commumcating vessel {Isaacs-Ludwig 


There is much less dispantj between the diameter of 
afferent and efferent vessels of the glomeruli ot this 

artenole) which by passes the glomerulus and connKls 
vnth the capillary plexus surrounding the tubmcs 
Occasionally an mterlobular artery also gives °' 
branch which joins the capillary pluxus directly The 
number of these extra glomerular v esscls and conse- 
quently their functional impiortnnce is a matter of 
dispute They are said to increase in size and number in 
old age, as well as m chronic kidney disease and thw 
prob^lj' play a more important role than in health 
Trueta and his colleagues believe that they are always 
pathological and are formed simply by the contmuation 
of the afferent mto the efferent artenole, the glomerular 
capiUancs, except for a single expanded channel, having 
degenerated and disappeared 
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region than is seen m the corresponding artenoles m 
the outer part of the cortex The vasa recta, when in- 
jected or filled with blood, appear as dark, straight lines 
convergmg toward the apices of the pyramids of the 
medulla For the most they enter venous channels 
without passmg through a pentubular capillary net- 
work, and many after a short course loop sharply back- 
wards (proximally) to reach their destinations The"' 
walls of these vessels are capillary m structure, that is,> 
they consist of a smgle layer of endothehal cells 

Under ordmary circumstances the renal blood flow 
passes almost entirely, it is beheved, through the more 
superficially placed glomeruh But, as Trueta and his 
assoaates have found m animals, the vessels of the jux- 
tamedullary nephrons provide a “by-pass” through 
which blood may be diverted, and thus leave the cortex 
partially, or completely, deprived of blood Such a 
diversion has been shown to occur m tourmquet shock 
(ch 27), or as a result of prolonged afferent nerve 
(saatic) stimulation, and m traumatic anunas (eg, 
the crush syndrome) m man The time taken for the 
passage of blood from renal artery to renal vem is then 
much reduced, and bnght stream-hnes appear m the 
venous blood (fig 36 1, p 479) 

The kidneys of frogs, fish and snakes have a double 
blood supply The renal artery supphes the glomeruh, 
but the capillary network around the tubules is denved 
from the renal portal vem 

The Venous Retton The blood havmg traversed 
the capillary vessels surroundmg the convoluted tubules 
IS collected mto a venous plexus m the cortex The 
blood from this plexus passes successively through 
mterlobular, arcuate and mterlobar veins which accom- 
pany the correspondmg artenes The mterlobar vems 
become confluent near the hilus of the kidney to form 
the renal vem 

There are certain anatomical features of the 
renal circulation of speaal physiological mterest 
which should be emphasized 

(1) Nearly all the blood which enters the kid- 
ney passes through the glomerular tufts 

(2) The tubules of the normal kidney are there- 
fore supphed largely by blood which has first 
passed through the glomeruh 

(3) The renal artery breaks up quite suddenly 
mto short branches This fact, to which attention 
was first drawn by Bowman, ensures that blood is 
dehvered to the glomeruli under a high head of 
pressure It should also be remembered that the 
renal artery is short, arises directly from the aorta, 
and is very large proportionately to the mass of 
tissue which it supphes 

(4) There is a striking disparity between the 
diameters of the afferent and efferent vessels 

(5) There are two separate arculations m the 
kidney, a greater, which ordmanly cames 85 per 



hlack, vems shaded, c, vasa recta, d, pentubular plexus 
of vessels In 2 and 3 pientubular plexus and all but 
two glomeruli are omitted 

cent of the blood and supphes the more super- 
ficially placed glomeruh, and a lesser, which dis- 
tnbutes blood to the juxtamedullary nephrons and 
may serve upon occasion as a “by-pass” 

The renal nerves 

The kidney receives a sympathetic and a parasym- 
pathetic innervation 

(1) The Sympathetic Fibeks arise from the sixth 
thoraac segment to the third lumbar mclusive Func- 
tionally the fibers are of two types, vasoconstrictor and 
afferent They are conveyed to the kidney m the greater, 
lesser and least splanchnic nerves The greater and lesser 
splanclmic fibers synapse m the semilunar ganghon 
The postganghomc fibers upon leavmg the ganghon 
enter mto the formation of the renal plexus, m which 
fibers of the vagus are also mtermmgled From this 
plexus, which surrounds the renal vessels, non-medul- 
lated fibers may be traced to the artenoles and to the 
glomerular and tubular capillaries Nerve filaments 
have even been descnbed between the cells of the 
tubules and of Bowman’s capsule The presence of 
ganghon cells withm the substance of the kidney is a 
disputed question The fibers of the least or lowest 
splanchmc nerve connect with cells within the renal 
ganghon situated m the hilus of the kidney, post- 
ganghomc fibers enter the renal substance 

(2) The Paeasympathetic Fibers are denved from 
the vagus Their functions are unknown The evidence 
IS against either this nerve or the sympathetic supplying 
true secretoiy fibers to the renal cells The effects upon 
unne formation caused by section or by the stimulation 
of any of the renal nerves are beheved to be entirely 
the result of the vascular change which such section 
or stimulation has brought about Carrel and Guthne 
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excretion of UREvE 


StctKm IV 



and Qimbv erased the kidney and transplanted it into 
another pcatiox Thoagh comp’etelv denervated bv 
tins p-ocedme, the kidney eiaeted onne oi the nsnal 
compoaPoa. 

The hypothalamus and the orbitofrontal part 
(area 13) oi the cerebral corter is capiable of af- 
fecting the renal circulation Stunulation of either 
of these regions causes a shunt of blood from the 
cortical to the juztamedullary glomeruli (Cort) 

theohus or eenal ruscnox 
Bo-Tnan (1S42) discovered the fundamental fact 
that the capsules surroundmg the glomerular tufts 
are simplv the espanded ertremities of the renal 
tubules Struck by the design of the glomerulus, 
vh'ch seemed to fit it so admirabli to the purposes 
of a filter, he bdieved that this structure filtered 
ivater but that the solids of the urme vere sccrdcd 
bi the cells of the tubules Heidenham mam- 
tamed that the formation of urme vras entirelN a 
secretory process Water and salts vere the 
products of the ^omenilar membrane, while the 
more characteristic unnary constituents, urea, 
unc aad, etc., and under certain conditions water 
as well, were secreted by the tubular epitbdium 
(seep 431) He and his follo'^is ha,i e endeai ored 
bi aim 0*4, countless expemnents — largeiv mioli- 
mg the mjection of dyes and the demonstration 
that the:^e appeared m high concentration m the 
tubule cells— to pro\-e the secretory function of the 
tubules The theory of Imd^mg was based upon 


purely physical conceptions He bebeved that the 
^omemlus acted as a filter to remoie from the 
plasma, water and all substances other than the 
proteins, and that the filtrate was concentrated 
m the tubular lumen through the return of the 
greater part of the water to the blood, by means 
of a simple process of diffuHon. 

CusJ ry^s “voiern I! a>ry” 

It IS quite obnous that Ludwig’s theory cannot 
be correct m its entirety, if filtration be granted, 
then the se\ eial unnary sobds should not onlv be 
the same as those of plasma Qess the protems) but, 
if water alone underwent reabsorption, they should 
all be concentrated m the urme to precisely the 
same degree. We know that this is not so Urea, 
for mstance, is concentrated some 60 tunes, cre- 
atnune 70 tunes or more, whereas chlonde may be 
concentrated only twice, and sugar appears m the 
urme m traces, li at all (see table 34) Either sim- 
ple filtration must be deleted from Ludwig’s theon 
and selectn e secretion substituted, or the conceji- 
tion of the reabsorption ot water alone must be 
replaced by one postulatmg the reabsorption of 
water and certam solids m different relatiie pro- 
portions Cushny’s theory retains simple filtration 
by the glomerulus but postulates such a seledre 
re-absoTplion by the tubules Accordmg to this 
view the reabsorbed flmd is of constant composi- 
tion under all conditions of health and resembles 
Locke’s solution ne., one contammg sodium, cal- 
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TABLE 34 


Shovnng composthon of plasma, glomerular filtrate, reahsorhed fluid and unne {modified from Cushny) 



90 LITERS PLASMA 


CONTAIN 


per cent 

Total 

Water 

92 

83 hters 

Colloids 

in 

6750 gr 1 

Glucose 

0 1 

90 gr 

Sodium 

0 3 

270 gr 

Chlonde 

0 37 

333 gr 

Urea 

0 03 

27 gr 

Unc aad 

0 004 

3 6 gr 

Potassium 

0 02 

18 0 gr 

Phosphate 

0 009 

8 1 gr 

Sulphate 

0 002 

1 8gr 

Creatinme 

0 001 

0 7 gr 


83 UTESS 
ITLTRATE 
CONTAIN 


83 liters 


90 gr 
270 gr 
333 gr 
27 gr 
3 6gr 
18 0 gr 
8 1 gr 
1 8 gr 
0 7 gr 


82 LITERS REABSORBED 
IXUID CONTAIN 


Per cent 


0 11 
0 32 
0 4 
0 008 
0 003 
0 02 
0 0008 


Total 


82 liters 


90 gr 
266 5 gr 
327 gr 

7 gr 

3 1 gr 
16 5 gr 
6 6gr 


1 LITER URINE 
CONTAINS 


Per cent 

Total 


950 cc 

0 35 

0 6 

2 0 

0 05 

0 15 

0 15 

0 18 

0 07 

3 5 gr 

6 0 gr 
20 Ogr 

0 5 gr 

1 5 gr 

1 5 gr 

1 8 gr 

0 7 gr 


aum, potassium, magnesium, chlorine and sugar, 
and m addition, vanable quantities of urea, unc 
acid, and phosphate A selective process of this 
nature cannot be explamed upon the basis of 
known physical laws, but entails “vital” activity, 
1 e , the performance of work by the tubular epi- 
thelium Filtration, on the other hand, is “due to a 
blmd physical force ” The glomerular membrane 
plays a passive r61e, performmg no work (see 
table 34) These two processes, glomerular filtra- 
tion and tubular re-absorption wfll be consid- 
ered m detail 

Though the mam tenets of the Ludwig-Cushmg 
theory, namely filtration by the glomerulus and 
reabsorption of water, glucose, essential salts and 
"certam other solids by the tubules, are firmly es- 
tablished, later research has added greatly to our 
"'knowledge of renal function, and has required 
many emendations and additions The reabsorbed 
fluid, for example, is not of constant composition, 
but shows considerable variation 

EVIDENCE EOR GLOUEEDLAR ETLTRATION 

(1) Strdctuee The pecuhar features of the 
renal^circulation-— llie great number of capiUary 
loops m the glomerular tuft, the dispanty between 
the'calibres of its afferent and efferent .vessels, the 
ongin of the reiial artery directly_from.the_aorta, 
"andjte abrupt division mto Inanches (p m- 
dicate lhat the development of pr^mre withm 
the tuft IS an important requirement for urme 
formation, and consequently strongly suggest that 
this part of the renal umt acts sunply as a filter 
On the other hand, a dose exammation of the 


glomerulus reveals nothmg which might suggest 
its performmg a secretory function 

(2) The Filtration Pressure In order to 
dnve flmd through a permeable membrane, there 
must be a higher pressure on one side Vanations 
m this pressure wfll alter the volume buFhot the 
composition of the filtrate If urme formation m- 
volves filtration, alterations m the glomerular pres- 
sure should cause correspondmg changes m urme 
volume The glomerular pressure, however, de- 
pends not only upon the difference between the 
blood pressure withm the capillary loops and the 
pressure m Bowman’s capsule, but also upon the 
osmotic pressure of the colloids (protems) of the 
plasma This coUoid pressure, which amounts to 
between 25 and 30 mm Hg, opposes the pressure 
of the blood withm the glomerular tuft In other 
words, such an osmotic pressure requires that, m 
order for filtration to occur, the blood pressure 
shall be 25 or 30 mm higher than it would need to 
be were the plasma protem-free The elective fil- 
tration pressure, or actual dnvmg force, may be 
expressed thus — 

Where Pb = blood pressure, Po = osmotic pressure 
of protems, Pc = pressure m Bowman’s capsule 
andPf = effective filtration pressure (see fig 35 5) 
Hayman measured the pressure m the afferent 
artenoles and the capfllanes of the frog’s kidney 
simultaneously with the aortic pressure The 
method employed m measurmg the pressure m the 
renal vessels was one based upon the general 
prmaple employed m human blood pressure esti- 
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Fio 33 5 Diagram illustrating the relation of blood 
pressure (Pb), osmotic pressure (Po) and capsular pres- 
sure (Pc) upon the formabon of urme Aff =■ afferent 
artenole, Eff = efferent artenole 

mations A fine pipette was inserted into Bow- 
man’s capsule and the proximal convoluted tubule 
occluded by compression with a glass rod Fluid 
was then run mto the capsule under measured 
pressures The pressure at which blood was ob- 
served to enter the vessels of the tuft, dunng 
systole only, was taken as the mdex of the systohc 
pressure in the afferent vessel As the pressure was 
gradually lowered below this level the flow m the 
capiUanes became contmuous The pressure at 
which this occurred was taken to correspond to 
the pressure (diastohc) m the capillary loops 
The followmg mean values were obtained 

Systohc pressure m aorta 37 4 cm HjO 
Systohc pressure m affer- 
ent vessel 31 6 cm HiO 

Diastohc pressure m cap- 

20 2 cm HiO, or 54 per 
cent of the systohc 
aotbc pressure 

Capillary pressures as high as 70 per cent of the 
aorbc pressure were observed 
Numerous experiments of vanous types have 
been earned out to mvestigate the effects of one 
^ other of the three factors mentioned above 
fRb, Po and ?„) upon the formation of urine In 
general the results accord with a filtrabon process 


(a) Blood pressure Raismg the general blood pres- 
sure causes a correspondmg change m the unnary flow, 
provided that the agent which raises the systemic 
pressure does not cause a reverse change in the blood 
pressure wnthin the kidney itself Stunulabon of the 
splanchnic nerves, for example, with the renal nerves 
mtact IS likely to rhsult in a reduebon in unne volume 
from the kidney of that side, since its vessels share in 
the general vasoconstnebon and the glomerular pres- 
sure is reduced If the renal nerves are first cut, how- 
ever, the general vasoconstnebon and the renal vaso- 
dilatabon (removal of constnetor tone) caused a higher 
pressure wuthm the vessels of the kidney and a profuse 
flow of unne Division of the cord m the thoracic region, 
by reducing the general blood pressure through the 
removal of the vasoconstnetor tone, reduces the un 
nary flow The fall m blood pressure foUoivmg hemor 
rhage acts similarly 

The rate of the renal blood flow as well as the pres- 
sure within the glomerulus will be altered by the fore- 
going measures, and the altered blood flow, rather than 
the change m blood pressure, might be held responsible 
for the greater unne produebon It was shown, how- 
ever, by Richards and his assoaates that vanabons m 
glomerular pressure m itself caused parallel changes m 
unnary flow when special means were employed to 
keep the renal blood flow constant It was also shown 
by these observers that in certam dosage adrenahne 
causes a relaUvely greater constnction of the efferent 
than of the afferent vessel A nsc m glomerular pressure 
and an increased flow of urme resulted 

(b) Osmotic pressure of proteins As already stated, 
this amounts to between 25 and 30 mm Hg The blood 
pressure m the capillaries of the tuft must therefore 
exceed the osmobc pressure m order that filtrabon 
shall occur (see also p 31) The blood pressure m the 
capillary loop is around 60 per cent of the systohc aorbc 
pressure, or from 70 to 80 mm Hg So then, over and 
above the sum of osmobc and mtracapsular pressures, 
there exists a capillary pressure of from 35 to SO mm 
Hg which serves to dnve fluid across the glomerular 
membrane. Reduebon of the blood pressure by this 
amount (from 35 to 50 mm Hg) suppresses urme 
formabon 

The mtravenous mjeebon of isotonic salt soluUon 
causes profuse diuresis, resultmg from, m part at least, 
the dilubon of the plasma proteins, sahne whose 
osmobc pressure has been raised by the addibon of 
gelabn or gum acaaa causes a diuresis only about one- 
third as great (fig 35 6) Dilubon of the plasma colloids 
permits the blood pressure to be reduced to a much 
lower level (under 20 mm ) before unne formabon 
ceases It is also well known that the urme volume is 
less m the standmg position than m recumbency, this 
is attnbuted m part to the concentrabon of plasma pro- 
tem which occurs in the former posibon (p 26) 

(c) Inlracapsular pressure Under onjinarv orcum 
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stances this is low, probably not more than from 5 to 
10 mm Hg It IS largely due to the pressure of the 
surroundmg renal substance (intrarenal pressure), for 
the kidney, it wiU be recalled, is enclosed in an melasbc 
fibrous capsule When a manometer is tied mto the 
ureter, the pressure m the tubules and capsule gradually 
nses Unne formation ceases when the instrument 
registers a pressure equal to that by which the glomer- 
ular blood pressure exceeds the colloid osmotic pressure, 
1 e , when Po(30 mm ) -h Re(45 mm ) = Pb(75 mm ) 
Dilution of the protems will permit the ureter pressure 
to rise higher before unne formation ceases The effect 
of raismg the ureter pressure m suppressmg urme forma- 
tion IS, of course, strong evidence for filtration, a true 
secretory process is not dependent upon a difference 
between the pressure m the vessels and that m the 
secretory ducts The sahvary gland, for example, con- 
tmues to secrete though the duct pressure greatly ex- 
ceeds the capillary blood pressure 

(3) CoiiposraoK of the CAPStrLAB. Fluid Weam 
and Richards observed the glomeruh of the frog’s 
kidney beneath the microscope and drew off flmd from 
Bowman’s capsule by means of a fine pipette (fig 35 7) 
The fluid had the composition of proiein-free plasma 
It was alkahne in reaction and contamed urea, sodium 
chlonde and glucose m virtually the same concentra- 
tions as m plasma Dyes injected into the animal ap- 
peared m the capsular fluid in the same concentration 
as m protem-free plasma The molecular concentration 
and electncal conductivity of the capsular flmd and of 
de-proteinized plasma were also the same, the capsular 
flmd IS therefore a filtrate Walker and his assoaates 


LETZLm 

BUI£ 


Flo 35 7 Diagram showmg Weam and Richards 
method of obtauung a sample of fluid from Bowman's 
capsule A fine glass rod (not shown m figure) is used 
to compress the proximal tubule just below tie capsule 
and so to prevent flmd from bemg drawn from the 
tubule When the glass bulb and tubmg contammg 
mercury is lowered, capsular fluid alone is withdrawn 

have succeeded m recovenng samples of flmd for analy- 
sis from the capsule and tubules of the mammalian 
kidney (gumea-pig and rat) The observations of Weam 




Fig 35 6 lUustratmg the effect of the mtravenous 
mjection of salme and of a gelatme salme solution, 
respective^ upon the flow of unne BP <= blood 
pressure Tie figures along the absassa mdicate the 
time m half-hours (After i^owlton ) 


and Richards upon the amphibian nephron have m 
general been confirmed 

(4) The Plasma Peoxeins when they pass mto the 
unne do so m amounts which are mversely related to 
their molecular weights, showmg that secretion plays 
no part, but that molecules escape through “pores” 
m the glomerular membrane In kidney disease, serum 
albumm, which has a molecular weighty of _around 
— 70;0007 appears m the "unne, as a rule, m greater 
amounts than does serum ^ohuhn (molecular weight 
about 165,000) * Fibnnogen with a stdl larger molecule 
rarely escapes across the glomemlar bamer Hemo- 
globm, which has a molecular weight of a httle over 
68,000, when free m the plasma passes m the unne 
fairly rapidly,'* whereas hemocyanm, which has a huge 

* Osmotic pressme determmation 

* Monke and Yuile esfamate that only about 3 per 
cent of the “pores” of the glomerular membrane are 
suffiaently large to allow the passage of the hemoglobm 
molecule It is possible, however, that the relatively 
free excretion of hemoglobin is due to the fact that a 
propiortion of the molecules are of smaller size than 
68,000 These mvestigators find that part of the hemo- 
globm filtered through the glomerulus is reabsorbed 
from the tubules by phagocytosis 
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Fig 35 8 Graph of oxygen consumption by the 
kidney during diuresis following the mtraienous mjec- 
tion of Ringer’s solution and sodium sulphate. The 
black hue represents the oxygen m cc. taken up by 
each gram of kidney per minute The shaded areas 
denote the volume of unne secreted each mmute. Time 
m half hours A marked rise m oxygen consumption 
results from sodium suphate but not from Ringer’s 
Eolubon (After Barcroft and Straub ) 


molecule (moL wL 5,000,000) is not excreted Inuhn 
(mol wt. 5200) and certain foreign proteins, such as 
egg white and gelatin with molecular weights between 
35,000 and 45,0(X), and the abnormal Bence Jones 
protein (p 474) with a molecule of about the same 
size as the former two proteins are freely excreted 
The ‘pores” of the glomerular membrane appear, there- 
fore, to be of such a size as to allow the passage of 
molecules of a weight less than about 70,000 (see Bay- 
hss and assoaates and Bott and Richards) Hemoglobm 

and serum albumm are, therefore, near the border hne, 
the former appeanng m the unne only when its con’ 
centrabon m the plasma rises above 100 mg per 100 
cc. Senun albumm maj escape mto the unne as a result, 
app^nUy, of even a shght change m the permeability 
of the glomerular membrane as m funcbonal albumm 
“™(p 474) 


(5) Oxygen Consduption Certam measures si 
as the mjeebon of sahne or the elevaUon of blood pi 
sure, cause profuse diuresis but htOe or no mcreasc 
^gen consumpbon(fig 35B) This is further evide 
that physical processes are concerned, rather tl 
s^on, the latter, of course, would entaU oxidat 
professes and the expenditure of enei®^ Van Sb 

Mr i f 7^®'^ widely-from 0 04 to 0 30 
^tw^ P" mmuti^but no relat 

^tw^ the oxygen consumpboa and the quanbty 
’^ter or urea excreted was observ ed ‘ 

whiA the obs^SlnT" the other, e 

to a subcutaneous posifa^n'^ transplai 


It has been calculated that only about 1 per cent of 
the oxygen consumed by th e kidney is used m providmg 
energy for its excretory funebon (reabsorpbon) The 
remainder is used m non excretory processes It may 
also be menboned incidentally here that the bloodTiT 
the renal vein is usually more than 85 per cent saturated 
with oxygen, indicabng that the oxygen tension is 
mamtaincd at a higher level in the renal bssue than in 
most other bssues 


The evidence m the foregoing paragraphs is 
conclusive for the view that the mammalian 
glomerulus acts simply as a filter 
Smith and his associates found by means of the 
muhn clearance method (p 471) that the quantity 
of filtrate formed by the human kidney was around 
125 cc per minute At this rate nearly 200 liters 
of fluid would be filtered in 24 hours Of this, 
about 99 per cent is reabsorbed by the tubules 


tubular RRABSORPnOV 


Smee glomerular filtrabon is an established fact, 
some measure, at least, of reabsorption by the 
tubules must be admitted This is sdf-cvident, 
inasmuch as bladder unne contains less water, no 
sugar and usually less chloride than the glomeru- 
lar filtrate docs Weam and Richards found chlo- 
ride and glucose absent from frogs’ unne, yet 
these substances were present in the capsular 
fluid Also, the volume of the unne was only about 
to iS of the calculated volume of the filtrate 


Water, chlonde and sugar quite evidently were 
reabsorbed from the filtrate dunng its passage 
along the tubules Those substances, such as glu- 
cose, amino-acids, \atamm C, chlonne, sodium, 
potassium and calaum, which are absorbed with 
water to a relativ'cly large extent and consequently' 
are absent from the urme, or m low concentrabon, 
are called /itg/i threshold substances High threshold ' 
substences, however, appear in the unne m greater 
founts if their concentrations in the plasma nse~ 
e;^nd a certain opbmal threshold The glycosuna 
m diabetes and the hypercalcuna of parathyroid 
wcess (p 858) are examples Low threshold sub- 
J JKcej are those which are highly concentrated in 
e unne, smee they are reabsorbed m relatively 
^ , amounts or not at all Urea, unc acid, phos- 
phates and sulphates are reabsorbed m vanable 
counts Creatimiie is concentrated to a greater 
ent an any other unnary consbtuent smee 
t IS not normaUy reabsorbed (see table 34) , though 
m certam pathological states of the kidney, cre- 
e may undergo passive reabsorpbon This 
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substance is also normally secreted by the cells of 
the tubules 

The mam constituents of the glomerular filtrate 
are grouped by Rehberg mto three classes accordmg 
to the manner m which they behave towards the 
reabsorption process (a) Substances which are ac- 
tively reabsorbed, namely, those already referred to 
on page 448 as high threshold substances (glucose, 
Na, K, Ca, Mg and Cl as well as P and S) These 
substances are conserved to the body and are usu- 
ally in lower concentration m the urine and m 
higher, concentration m the reabsorbed fluid than 
in the plasma (b) Substances which pass back 
through the tubular epithelium by a simple process 
of diffusion These are the substances already re- 
ferred to as low threshold substances, namely, urea, 
unc acid, endogenous sulphate and phosphates 
They are passively, never actively, reabsorbed It 
has been estimated that m health from 40 to 50 
per cent of the filtered urea is returned m this way 
to the blood These materials are never m lower 
concentration m the urine nor m higher concentra- 
tion m the reabsorbed fluid than m the plasm^(c) 
Non-threshold substances, which sufier neither ac- 
tive reabsorption nor back diffusion They are 
therefore absent from the reabsorbed fluid 

If reabsorption takes place across tubular mem- 
brane, rapid flow of fluid should reduce both active 
reabsorption as well as the passive process of back 
■^diffusion A slower tubular flow should have the 
opposite effect, such a relationship between the 
composition of the unne and the time that the 
filtrate is m contact with cells of the tubules was 
shown by Cushny When the ureter of one kidney 
was partially obstructed and the flow along the 
tubules thereby delayed, the urme from the ob- 
structed side was more con centrated.but contained 
less total blonde t ha.n that from the opposite kid- 
ney These changes can be accounted for only by a 
greater feabsorptioru of salt and water Diuretics, 
by mcreasmg the flow, caused the production of a 
more dilute imne but mcreased^the-totaDunnary,. 
chloride and urea The more rapid flow along the 
^Tubules reduces the time dunng which the absorp- 
tion of water and reabsorbable solids can occur 
Evidence for reabsorption is also provided by the 
use of dyes Bieter and Hirschfelder mjected dye 
mto frogs and observed the kidneys by Richards’ 
method (p 447) The glomerular fluid was stamed 
within 20 minutes Concentration (reabsorption of 
water) occurred progressively along the tubule, the 
color being deepest m the distal convoluted tubule 


Somejother,dyes, e g , trypan blue, are taken up b> 
the cdls of the proxunaTconvoluted tubules which 
become deeply stamed After the tubules have been 
poisoned by mercury or cyamde, concentration 
does not occur Poisonmg-of the tubule, however . 
thou gh _it abol ishes t he specific r^bsorptive proces s 
pennits„wn.ter-,and^oth?iL substances to pass back 
mto the blood by a simple pro cess of di^slqn (see 
passive reabsorption) „ This latter process has been 
clearly demonstrated by Richards, who found that 
complete suppression of urme fomation (anuna) 

I may follow the admmistration of a tubular poison 
> ^ough filtration Continues at t he-nonnaLmte 

The proximal convoluted tubules re absorb be - 
tween 80 and 90 per cen t o f the filtered water,* 
about the same percent age of the filtered sodium 
and chloride, all the glucose, and most of the other 
esse ntially valua ble matenals, mcluding calcium, 
^tassium, magnesium and vitamin C, potas sium 
IS also secreted by the renal cells, probably of the, 
distal tubule s, about 85 per cent-ot the faltered 
Tohosphal'e isTreabsorbed, part m the proximal and 
part m the distal tubule , sulfate is reabsorbed only 
m mmute amounts, less ^an 0 5 p^ cenr~ Rearlv, 
air the sodium which is not reabsorbed m the prox - 
imal tubule IS -returned to the blood further along 
tSetubul e, only about 0 3 per cent appears m the, 
urme The filtrate m the proximal tubule is iso - 
tomc , for solids and water are reabsorbed m the 
same proportion as they exist m plasma In more 
distal portions of the nephron — the exact site is 
unknown (see p 450) — the filtrate loses a smaller 
proportion of sohds Here, the remainder of the . 
water of the filtrate, b etween 10 and 20 per cen t, 
is taken up from the tubular lumen, thus concen^ 
trating the s olids of the fluid whidi is now hyper - 
tonic and comes to have the composition charac 
tenstic of urme The proHmal tupuies reabsorb a 
proportion of the filtered water , for this 
reason it is called the obligatory moiety . The water 
YeahsorTirpTtrmnrR riisrallv (avera^g 15 per cent) 
vanes m volume and depends upon the activi ty of 
the cells of the tubules a s influen ced by the anti -~ 
diuretic hormone of the hypophysis and the adrena l 
cortical prmciples This fraction of the reabsorbed 
w ater is7 thereiore, termed jacmtatir e * 

The urme undergoes acidification m the distal 

* The reabsorption of water from the proximal tubule 
IS generally considered to be a passive process (that is, 
one which does not mvolve the expenditure of energy) 

It is secondary to the active reabsorption of glucose and 
sgltg, and governed by osmotic difference between 
tubular and peritubular fluids 
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tubule. Hemoglobm, when m)ected into the cir- 
culation, IS deposited as the inso luble ac id ^matin 
when acted upon by the acid unne, this^^ ten 
observed to take place in the dist^tubule of the 
frog's kidney', where aadification of the unne 
occurs 

In its transfer aaoss the tubular membrane, 
phosphorylation of the glucose* molecule appears 
Wbe*a,nec^sarynrehmmary step_^ The change 
iTbrou^ifaSoute^a^eci^enzyme, kidney 
pho^phbrylase Dephosphorylation of the hexose 
'phosphate thus^fbrmed'is "egected by a second 
enzyme, “alkdwe”_ ilmphalase, present m the 
ceSs oHhe proxunal-Gonvoluteddubules 

The glomerular filtrate contams small amounts 
of protem— from 0 5 to 5 mg per 100 cc Part of 
this_is reabsorbed from the proximal convoluted i 
tubule The remamder is exacted but normally its 
amount m the urine is so small — ^less than 35 mg 
daily (Addis)-^that specially delicate methods are 
requned for its detection When the passage of 
protem through the glomerulus is considerable, as 
m fevers, anemia and certain otha states, the re- 
absorbed protein can l^seen asAie globules^hicb 
give a cloudSCTppearance to the cells — the so- 
called “dou^PTswelling” of pathologists ' ' ’ 

Glomerulo IttMar balance 


The glomeruh as well as the tubules vary con* 
siderably m size, and presumably m then capacities 
for filtration or reabsorption, respectively But it 
appears from studies of glucose Tm (p 471), and 
of glomerular filtration rates, that in the structure 
of the kidney a mce balance has been set between 
these two parts of the nephron Glomeruli of large 
capaaty filter mto tubules of similar capacity, and 
glomeruh of low capacity mto low capacity tubules 
If there were many nephrons in which this did not 
obtam, and small glomeruh filtered mto tubules of 


' T3iislacthas.a practicalbeanngwhenJarge amounts 
of hemoglobm are liberated, as may occur after the 
transfusion of mcompatible blood (p 44) "■ 

*£hlQndzm.acts selectively upon the proximal tubule 
preventing the reabsorption of glucose This action la 
tte ca^ of ae “diabetes” followmg ae admmistra- 
t Rhlondzin exerts this action most 

probablyjiy inhibitmgphosphorylase (Kalcar, Kntzler 
ana tiutman), but has no effect upon tte “alkahne” 
tedsgaard suggested aat phlondrm 
, P*'^botylation and dephosporhylation by 
^ *®''®'al observations have since been 

wXf ,0PI^ to this Idea hXu 

Walker for example, found ftat lodoacetate which 
glucose" by phosphataS 

hvity of toe kiciiiey abolished by phlond4 


high reabsorptive capaaty then, in order to sat- 
urate the entire kidney with glucose (Tm) it would 
require an extremely high level of plasma glucose, 
but conversely the presence of many nephrons in 
which glomeruh of large filtermg capaatylvere-as- 
sociated with small capacity tubules, definite 
glycosuria would occur at quite low plasma levels 
of glucose Such a range m plasma levels between 
the appearance of glycosuna and complete satura- 
tion of the kidney (Tm) is not found m the normal 
kidney In renal disease, however, as a result of 
uneven distribution of the pathological changes m 
glomeruh and tubules, the normal glomerulo-tubu- 
lar balance may be upset 

The rdatton of hormones to the reabsorption of water 
and electrolytes 

The reabsorption of sodium, chloride, potassium 
and water is mfluenced by the adrenal cortex and 
the postenor lobe of the hypophysis (neurohypo 
physis) The latter exhibits an inhibitory action 
upmn the reabsorption of Na and 'Cl, but macascs 
the absorption of water That is, the excretion of 
salt IS maeased, while that of water is reduced In 
diabetes msipidus, m which the antidiuretic hor- 
mone (ADH) of the neurohypophysis is defiaent, 
the exaetion of a large volume of unne and a re 
duced exaetion of salt occurs The mjection of a 
postenor lobe extract (pituitnn) restores the nor- 
mal unne volume and salt exaction 
The unne volume is varied through the action of 
ADH on the facultative moietv of the reabsorbed 
water We have seen that most of the salt also is 
reabsorbed from the proximal convoluted tubule, it 
IS thought that the small proportion reabsorbed 
more distaUy is alone under hormone control 
Though, as stated above, the exact site of the re- 
absorption of facultative water is unknown, it is 
highly probable from mduect or circumstantial 
evidence that the antidiuretic action is exerted 
upon the thm segment of Henle’s loop Hypertonic 
urine is formed by birds and mammals only, and 
only m these classes does this segment of Henle’s 
loop exist, Moreova, though the antidiuretic 
pnnaple is not mefiective m other ways upon water 
metabolism (see Bnmn reaction p 794), of those 
forms, e g , the frog, m which the thm segment of 
the loop IS absent, it exerts no influence upon the 
reabsorption of water by their kidneys ® 

In the new bom mfant the unne is hypotonic, 
related to the undeveloped 
te of Henle s loop which is said to exist at birth. 
Also, m the joung mfant the antidiuretic response to 
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The adrenal cortex is cs-jcnlial for the reabsorp- 
tion of normal quantities of sodium and chlondc. 
In adrenalcctomized animals, or in adrenal in- 
sufficicna in man (Addison’s disease, ch 59) loss 
of salt IS an outstaivding feature, the reabsorption 
of i\atcr Ls al'^o reduced, but the rcabsorption of 
pota'^sium IS increased (or its secretion by the 
tubules reduced) Thus salt and isatcr excretion 
arc increased, uhilc more potassium than normall}' 
is retained in the bod> These defects arc cor- 
rected by the administration of cortical steroids 
Tlic renal cfTccts of these steroids arc therefore to 
increase the excretion of K and to reduce the ex- 
cretion of Na and water The action of the adrenal 
cortex on the excretion of salt is thus antagonistic 
to that of the postenor lobe of the hj-pophx’sis But 
the action of the adrenal corticoids upon water ex- 
cretion is not alw ax's tov, ard a reduction , it depends 
upon the degree of salt retention, unless the latter 
IS sufficient to present increased excretion of water 
(reduced reabsorption), this is the effect of the 
cortical steroids in the normal animal 

The cortical steroids arc behexed to exert their 
action, not upon the proximal conxoluted tubules 
(xxherc the great proportion of the minerals of the 
filtrate arc absorbed) but on some more distal part 
of the nephron The percentile difference in sodium 
excretion in an adrcnalcctomizcd animal, before 
and after tlic administration of cortical hormone, is 
quite small (about 2 per cent), but since the rcab- 
sorption defect IS continuous, a profound depletion 
of the bod>'s sodium stores results xxith a conse- 
quent shrinkage of the extracellular fluid x’olumc 
After adrenalectomy the excretion of titratablc 
aad in the urine is diminished, and the alkali rc- 
scrx'c of the body fluids reduced (probablj as a 
result of a defect in the mechanism responsible for 
the excretion of H and K ions for Na ions 

There is evidence that the parathyroid hormone 
lowers Uic renal threshold for phosphate Thyrox- 

nituitnn IS slight, the diuresis of water ingesUon much 
less pronounced than in liter life, and the ncurohx poph- 
ysis of >oung animals contains only a small fraction 
of the antidiuretic activity of the adult gland Before 
birth the excretory functions, xvhidi in after life are 
served by the kidnej are earned out mainly by the pla- 
centa But the fetal kidney is not enUrely functionlcss 
for the urea and unc aad concentrations of the amniotic 
fluid nse steadily to the time of deliveo' and the blad- 
der of the newborn contains small amounts of hypo- 
tonic, aad unne 

't' Though a pronounced diuresis occurs in adrcnalcc- 
tomircd animals, strangely enough, the response of the 
kidney to ingested water is defective (ch 59), and water 
intoxication is readily induced by the administration of 
water 


me appears to antagonize the antidiuretic action 
of the pituitary hormone, water cxcrebon is in- 
creased In h> 7 )othyroid!sm (myxedema) the 
excretion of w atcr is diminished and the fluid stores 
augmented 

CRinaSMS AND MODinCATIONS OF CDSHNY’s 
'THEORY 

r/ic qucslton of sccrciton by the tubular epithelum 

From Hcidcnham’s time to the present m- 
numcrable experiments have been performed m 
attempts to prove or disprove the secretory hy- 
pothesis Only a few of the more important and 
more recent expenmcntal results can be given 

(a) Marshall and Vickers found that injected phenol 
red appeared in the plasma m two forms, of which one 
was protein-hound (unfilterable) and the other free 
(filterable) Following injection, more dye appeared m 
the unne than the quantity of blood which was calcu- 
lated to have passed through the kidney dunng the 
experiment could have contamed in filterable form 
Part of the d> c, it w as argued, must therefore have been 
secreted bj the tubules Also, when the blood pres- 
sure was reduced to the point where glomerular filtra- 
tion ceased and the dye then injected, the kidney con- 
tained a higher concentration of dj e than the serum or 
other tissues Microscopical examination showed deposi- 
tion of the dje in the cells of the convoluted tubules. 
It was absent from the lumen The dj e therefore entered 
the cells from the blood and not simply by re-absorption 
from the tubules Sheehan has earned out cognate 
expenments and amved at a similar conclusion con 
coming tubular function 

(b) Chambers and his assoaates have demonstrated 
the excretion of phenol red by the mesonephne tubule 
of the embrj onic chick and by the metanephne tubule 
of a 3J months human cmbrj'O Employmg a micro- 
manipulative technique the tubules were broken up 
into sections Withm the first few hours or so of meuba- 
tion the open ends of the fragmented tubules close and 
their lumina then become distended with fluid trans- 
ferred from the surrounding culture medium Phenol 
red added to the culture medium was taken up by the 
tubular cells and concentrated within the cjst-like 
structures Cooling the culture to 30°C , CO, HjS or 
Jack of Oj stops the process, the tubular epithehum 
being then permeable m both direcbons to water and 
dye. 

(c) Evidence for the tubular excrebon of creatmine 
in man has been obtained by companng its clearance 
with that of mulin (p 471) Inuhn is nather reab- 
sorbed nor excreted by the tubules Its clearance, which 
IS therefore a measure of glomerular filtrabon, is con- 
siderably lower than that of mgested creabnme The 
latter must therefore be excreted by the tubules 
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(d) The kidneys of certain fish (e.g toad fish) possess 
no glomeruh. Each nephron consists of a segment 
analogous to the promnal convoluted tubule of mam- 
mals Nevertheless, urea, creatimne, phenol red and 
such lodme compounds as diodrast and hippuran, vhen 
mjected appear m relatively large amounts m the unne. 
Also, as shown by Marshall, the glomerular function 
of the sculpm can be abolished bj phlondzm The func- 
tionally aglomerular kidney , ne\ ertheless, escretes 
urea, unc aad and mjected dy es 

Tubular excretion (of unc aad) is also a promment 
feature of renal function m birds and reptiles 

Though the tubules secrete creatmme, H-ions, 
potassium,*^ and a number of foreign substances, 
e g , diodrast and dyes, their secretory function, 
except m so far as it enters mto the removal of aad 
and the conservation of base, appears to be of rela- 
tively httle importance m man under ordmary' con- 
ditions of health This function, however, appears 
to play' a much more important role m chrome renal 
disease, and is of essential importance m reptiles 
and buds whose renal tubules secrete large amounts 
of unc aad 


THE REGHLAHON of the TOINARy FLOW 


The lolume of the urme may be increased by 
(1) maeased rate of filtration, (2) reduced rate of 
reabsorption, or (3) by a combmation of both 
Reduction m urmary volume results from corre- 
spondmg changes m a reverse direction It should 
be remembered that a relatively slight percentile 
alteration m (1) or (2) will cause a relati\ elv great 
change m the urme volume If, for instance, the 
quantity of the reabsorbed flmd remains constant 
but filtration is maeased by only I per cent, say, 
from 100 to 101 hters m twentv-four hours, the 
unne flow (ta kin g 1S(X) cc. as the average daily 
exaetion) will be maeased by o\er 60 per cent. 
A reduction of 1 pa cent m the quantity' of reab- 
sorbed fluid (filtration remammg constant) will 
maease the urme volume to a comparable extent 
In the human kidney , howex er, x anations m the 
\ olume of reabsorbed fluid axe of much greater im- 
portance m altermg the urme flow than are changes 
m filtration rate, which remams constant under 
most circumstances 

(1) Factors Which Inflt3e\ce the Filtra- 


that potassium is exchang 
1 tubular membrane for sodium which is rei 
sorted (see p 459), and that H and K lon^ are 
two mechamsm, the utilization of wS* 

«ch“nKT'^ f of the H , 


tion Rate (a) Vartalioits in the size of the filtering 
surface Richards and Schmidt showed that the 
number of patent glomeruh m the kidneys of frogs 
vaned from tune to time under vanous nervous 
and chemical mfluences (fig 35 9) Nor is the num- 
ber of open capiUanes m an active glomerulus 
fixed At one moment, under a certam condition, 
only a few loops may be patent, at another mo- 
ment, under changed conditions, the glomerulus 
appears as a red ball with all its vessels dilated 
(Ekehom) This mtermittcncy of glomerular func- 
tion, though undoubted m the amphibian kidney, 
probably does not occur m mammals, the glomeruli 
m the kidnevs of the dog, rabbit and man arc con- 
tmuously actixe, though it cannot be said that the 
capiUary' loops of the glomeruh do not vary to some 
extent m cahber from time to time 

(b) Changes in pressure within the capillary 
loops which cause a larger fraction of fluid to be 
filtered from the plasma Such may' result from 
alterations m caliber of the afferent or efferent 
vessels (dilatation of the former or constriction of 
the latter will maease the glomerular pressure), 
or from changes m the systemic blood pressure. 
A nse m general arterial pressure, apart from any 
vascular changes within the kidney itself, will 
maease both renal blood flow and glomerular 
pressure Accordmg to Erlanger and Hooker the 
magnitude of the pulse pressure is also an im- 
portant factor m renal actixaty 

(c) Changes in the renal blood fiozo The extent 
to which a nse m glomerular pressure alone can 
augment filtration is Imiitcd by the fact that as 
fluid IS expressed from the capillary' loops the con- 




Fig 35 9 Variations m capillary pathway withm a 
single glomerulus a, 5 minutes before an rntraxenous 
injection of 0 1 ca of 10 per cent glucose blood flow 
slow b, 10 mmutes afta glucose blood flow still 
sow c and d, 25 and 30 minutes afta glucose blood 
How more rapid and cells less closely packed e, 45 
glucose blood flow slow , cells denselv 
" niinutes after intraxenous injection of 0 5 
0 / per cent NaCl flow more rapid and cells less 
mjection of 0 1 ca adren- 
5 minutes afta 

g blood flow rapid (Afta Richards and Schmidt) 
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tents of the latter undergo a considerable reduction 
in bulk As a consequence, tht'- glomerular blood 
pressure tends to fall and the Q^motic pressure to 
nse These effects will, of course, 'slow the filtration 
It has been estimated that under ordinary 
circumstances from about 20 td 25 per cent of the 
plasma is filtered from the blood m its passage 
through the glomerulus^./rhe blood withm the 
capillary must therefore undergo renewal at a 
certam rate m orf r to mamtam filtration at a high 
level 

(d) Changes tn protein content and so m the 
osmotic pressure of the plasma (p 445) 

(e) Changes in the rate of reabsorption In the 
absence of any other means of facilitatmg the 
progress of the filtered fluid through the long and 
narrow tubules to the renal pelvis, a high pressure 
withm Bowman’s capsule would be required (80 
mm Hg, accordmg to Brodie) There would then 
be the need for a glomerular blood pressure sufh- 
aent not only for filtration but for the creation of 
this high mtracapsular pressure m order to over- 
come the resistance m the urmary channels Re- 
absorption renders such a pressure unnecessary 
In the first place a certam proportion of the filtered 
flmd need be dnven only as far as the proxi- 
mal convoluted tubule where the reabsorption 
process commences The passage of the remamder 
of the filtrate beyond this to the distal convoluted 
tubule IS faahtated by the withdrawal by reab- 
sorption of the layer of fluid m immediate contact 
with the wall of the tubule In the passage of flmd 
along an ordmary capiUary tube the layer of fluid 
m contact with the wall of the tube is stationary, 
fnction develops between this and the next layer 
and between successive layers toward the axis of 
the stream As a result of the reabsorption process 
fnctional resistance is reduced to a mmimum 
When, on the other hand, tubular function is 
impaired the development of a high mtracapsular 
pressure is required m order to overcome the 
mcreased resistance and drive fluid along the 
tubule Filtration may be matenaily reduced m 
consequence 

(2) The Regulation oe Reabsorption The 
chief factors are (a) the rate of flow along the 
tubules, the faster the flow, the shorter is the time 
permitted for reabsorption to occur (b) When 
suffiaent tune is allowed, the osmotic pressure of 
the fluid m the tubules is the factor which brmgs 
reabsorption to an end As a result of the reabsorp- 
tion from the filtrate of a more dilute fluid than 
the filtrate itself, concentration of nonthreshold n 


substances m the tubular flmd and a nse m its 
osmotic pressure must occur Reabsorption ceases 
when the epithelial cells are mcapable of perform- 
mg the work necessary to overcome the osmotic 
resistance Back chfiusion of low thrediold sub- 
stances tends to mcrease, however, as the concen- 
tration nses The concentration of the solute m 
the mterstitial flmds, i e , the flmds on the other 
side of the tubular membrane, is a factor of equal 
importance As this concentration approaches 
that of the tubular flmd, reabsorption becomes 
progressively lower and ultimately ceases 

In the reabsorption of a substance from the 
filtrate there is a maximum rate which may be 
expressed m milhgraios per mmute and is con- 
vemently designated by the symbol Tm (maxi- 
mum transfer) Thus the maximal rate of reab- 
sorption of glucose, or glucose Tm , amounts to 
about 320 mg per mmute m man It is deter- 
mmed by raismg the plasma glucose concentration 
and measurmg sunultaneously the rate of filtra- 
tion (muhn clearance method, p 47 1) and the urin- 
ary excretion of sugar When reabsorption reaches 
a maximum, i e , when the kidney is saturated the 
excess of unabsorbed glucose of the filtrate appears 
in large amounts m the unne, subtractmg the 
quantity excreted from the amount filtered gives 
the quantity of glucose reabsorbed The figure for 
the filtration rate multiphed by that for the glucose 
concentration of the filtrate (i e , of the plasma) 
gives the glucose Tm 

The reabsorption process is not subject to direct 
nervous influences, nor, of course, is the purely 
passive process of filtration The effects upon 
renal function exerted by the nervous system are 
the result of its action upon the circulation and, 
possibly, upon the activity of certam ductless 
glands In the latter connection the results of 
Theobald and Vemey may be ated These ob- 
servers found that afferent nerve stimulation 
caused inhibition of water diuresis of the com- 
pletely denervated kidney They suggest that the 
anUdiuretvc effect is brought about through pitui- 
tary secretion 

THE RENAX BLOOD FLOW 

The blood flow through the human kidneys un- 
der various conditions has been measured by Smith 
and his associates by means of the diodrast plasma 
clearance method They obtamed a value between 
1200 and 1300 cc. per mmute (both kidneys), or 
ore than one-fifth of the cardiac output Di- 
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odrast an iodine compound, when in low concen- 
tration m the plasma, imdergoes virtually complete 
clearance, i e , it is removed from the plasma m a 
smgle passage of the blood through the kidney 
This substance is excreted largely by the tubules, 
only a small fraction (approxunately 16 per cent) 
bemg filtered through the glomerulus Knowmg the 
amount excreted m the urme withm a unit of tune 
and the concentration m the plasma, it is a simple 
matter to calculate the quanUty of blood which 
has passed through active renal tissue By way of 
illustration let us take some representative figures 
Say that 650 mg of diodrast are excreted in the urme 
each mmute and each cubic centimeter of plasma 
contams 1 mg , obviously then m the dehvery of 
the 650 mg of diodrast 650 cc of plasma, or a little 
over 1200 cc. of blood, must have passed per mmute 
through the kidneys ” The human kidneys together 
weigh about 300 grams A blood flow of around 1200 
cc per mmute therefore amounts to about 4 cc. per 
gram of renal tissue per mmute This figure is in 
close agreement with that obtamed by direct de- 
termmations of renal blood flow made upon lab- 
oratory ammals, the mmute flow for the rabbit 
bemg given as between 4 and 7 cc per gram of 
tissue “ If the filtration rate as well as the plasma 
flow IS known, the percentage of the plasma filtered 
from the blood can be readily calculated from the 

glomerular filtration rate „ 

ratio — Thus, with the 

renal plasma now 

usual filtration rate of 125 cc. per mmute and a 
plasma flow of 650 cc. per mmute, the plasma m its 
passage through the glomerular capillaries loses 
about X 100) “> about 19 per cent of its bulk 
This figure is not constant, but, as mdicated above, 
IS altered by several normal and diseased condi- 


tions, eg, the 

capillanes, the ratr^" blood flow through them, etc. 

Knowing the fr(,j|Clion of plasma filtered, as uell 
as the direction o^^ change-mcrease or deaeasc- 
in the renal bloodV^A"". changes m the calibers of 
the eSerent and aP decent actccioks can be asccc- 
tamed Thus, a narre^mg of cither vessel tends to 
slow the blood flow tlV :ough the glomerulus, but 
constriction of the cflerei>,|t artcnolc increases 
glomerular pressure and the |,]['tered fraction, 
whereas a fall m glomerular pressure and a .arduced 
filtration fraction follows afferent arteriolar con- 
striction Therefore, reduced blood flow, combined 
with an mcrease in the filtered fraction, mdicates 
efferent artenolar constnction, reduction in the 
filtered fraction and a fall in renal blood flow pomts 
to constnction of the afferent artcnolc The first 
mentioned effect is caused by adrenaline and by 
renin, the second by exercise Increased blood Sow 
and a greater filtration fraction indicates afferent 
artenolar dilatation The glomerular circulation is 
governed largely by the activity of the efferent 
rather than of the afferent vessel 
Some of the more mtcrcstmg physiological fea- 
tures of the blood supply to the kidney may be 
mentioned here The renal circulation possesses a 
greater degree of mdepcndcnce m respect to the 
general arculation than do most other vascular 
areas There is httle definite information concem- 
mg the basis of this autonomy, though the juxta- 
glomerular apparatus (p 441) has been suspected 
of playmg a dominant r61e, the controlling mechan- 
ism IS not impaired by denervation of the kidney 
The renal vessels do not share m the reflex vaso- 
constriction whiui lollow's hemorrhage nor in other 
reflexes mitiated from the carotid sinus or aortic 


“Diodone and pj-ammohippunc aad are also used 
for the same purpose 

"In order for a substance to serve as a means of 
m^unng the plasma flow it must not be stored by the 
kiMey nor taken up by the blood cells All the evidence 
mdicates that in the human subiect, at least, these re- 
quuements are for all practical purposes fulfilled by 
diodrast. Diodrast measures only the plasma supplying 
tte pareniiyma of the kidney— the eSecitve plasma 
JUn^not the small amount supphed to the renal capsule 
and interstitial tissue 


" Van Slyke and associates obtamed values m un 
anesthetized dogs of from 2 to 10 cc per gram pei 
mmute The blood flow was calculated from the urea N 
excretion per minute m milhgrams (E) and the differ- 
ence between the uiea N contents of renal arterial (A 


where F 


M ,J-e/(a-r) 

•= blood flow m cubic centimeter per mmute. 


arch Reactive hyperemia (p 318) which is readily 
induced in other vascular areas, c g , skin and 
cardiac muscle, is not shown by the renal arcula- 
tion, nor IS denervation of the kidney followed by 
augmentahon of the blood flow Certain fever-pro- 
duemg agents (pyrogens), such as typhoid vaceme, 
however, cause a pronounced increase in renal 
blood flow 

clearances and tubular transfer tests 
(see ch 36) 

DTORESIS 

Substances such as caffeine, sodium sulphate, urea, 
mercunal salts, acidifying salts, e g , CaClj, NHiCl, and 
under certam circumstances dtgUolts, act as powerful 
dtuTeltcs Calcine and the other xanthines, theophylline 
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and theobromine, exert their diuretic action by depress- 
ing the reabsorption of ater They cause no sigmficant 
effect, as was once presumed, upon the renal blood flow 
or filtration rate Caffeine increases the chlonde concen- 
tration of the unne and lowers the concentration of 
urea, but the absolute amount of the latter substance 
excreted is increased (Verney and Winton) The action 
of sod turn sulphate is ascribed by Cushny chiefly to 
reduced re absorption Since the epithehal celts are rela- 
tivelj' impermeable to sulphate, it increases the osmotic 
pressure of the fluid within the lumen of the tubules, 
the work demanded for the reabsorption of the usual 
quantitj of fluid exceeds the capacity of the tubular 
epithelium According to Eadie and his associates sul- 
phate also increases the renal blood flow’ and the filtra- 
tion rate Urea, and the ammonium salts which are re- 
constituted in the body into urea, act as diuretics m a 
similar manner Urea may also increase the filtenng 
surface, more glomeruli becoming active The polyuria 
‘ of diabetes is due to the high concentration of sugar in 
the glomerular filtrate, as in the case of sulphate diuresis 
the osmotic pressure level at which reabsorption ceases 
IS reached sooner than under normal circumstances The 
polj’una and glycosuria followang the administration of 
phloridztn is due to the paralysis of tubular reabsorp- 
U\e function The acUon of this drug is mainly upon 
the proximal tubules Salyrgan, a raercunal diureUc, 
probably acts also by depressmg re-absorption Dig- 
italis has pracbcally no diuretic action in a healthy 
person nor in a patient suffering from cardial failure 
but with no edema On cardiac edema, but not on other 
types, the effect is striking, marked diuresis occurs and 
the edema is reduced The result is undoubtedly due to 
the speafic action of the drug upon the failing circula- 
tion Alcohol IS a powerful diuretic, the diuresis resem- 
bles water diuresis, it is antagonized by pituitnn 

Water and saline diuresis 

The ingestion of large quantities of w'ater by a 
normal person causes the unne output to mcrease 
many-fold The extra w’ater is eliminated within 
4 hours or so, and the greater part of it wnthin 2 
hours The diuresis does not commence until 
from 30 to 60 minutes after the water has been 
drunk Normal or hypertomc saline given by 
mouth, on the contrary, causes relatively httle 
effect upon the production of unne but when 
given intravenously causes profuse diuresis The 
diuretic effect of the admmistration of water is 
much less in anesthetized than in conscious ani- 
mals Water diuresis is also inhibited (as a result 
apparently of the release of the pituitary anti- 
diuretic substance) by muscular exercise, by af- 
ferent nerve stimulation (Theobald and Vemey) 
and m certam emotional states 


After water drinking the unne is very dilute, 
the specific gravity rangmg between 1 000 and 
1 002, 1 e , considerably lower than that of the 
plasma The percentage of chlonde as well as the 
total quantity excreted is greatly reduced The 
urea percentage is also reduced, though the ab- 
solute quantity excreted may be doubled The 
unne m the diuresis, caused by drinking alcohol, 
shows similar charactenstics 
The processes mvolved m the diuresis following 
the mgestion of water are complex and not fully 
understood, the phenomenon has been the sub- 
ject of numerous mvestigations In the expen- 
ments of Pnestley, from 2 to 3 hters of water were 
drunk withm a few mmutes The diuresis was 
accompamed byan mcrease of onlyabout 2 per cent 
m the water of the blood, and this is quite made- 
quate to explam the large quantity of unne ex- 
creted on the basis of dilution of the plasma pro- 
tems Nor could a nse of 2 per cent m the total 
blood water account for more than a small fraction 
of the water mgested Furthermore, the blood 
dilution actually passes its maximum and is de- 
cluung agam before the diuresis commences, and 
if pituitnn is admmistered at the same tune as the 
water is drunk, diuresis is mhibited, yet the blood 
dilution IS much greater than usual In these ex- 
periments, the results of which have been con- 
firmed m general by others, the blood chlonde 
fell by 5 per cent and the electncal conductivity of 
the plasma to a correspondmg extent, obviously 
such a reduction m chlonde could be only partly 
accounted for by the blood dilution, and the fall 
m unnary chlonde is evidence that the salt does 
not escape through the kidney It appears that 
the great bulk of the mgested fluid leaves the ves- 
sels and IS followed, or accompanied by salt which 
serves to preserve the isotomcity of the tissue 
fluids Such a migration of salt would account to 
a large extent for the fall m blood chlonde The 
load of fluid IS subsequently discharged from the 
tissues m a slow but steady stream and transported 
to the kidneys 

From all this it has been clearly established that 
the diuresis foUowmg water dnnkmg is not due 
to dilution of the plasma colloids by the absorbed 
water and, as a consequence, to a change m the 
hydrostatic-osmotic pressure balance (i e , to an 
mcrease m effective glomerular pressure) upon 
renal function, nor to any direct effect of the water 
content of the blood upon the kidney Moreover, 
if any such factor had this effect, the glomerular 
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filtration rate should increase But this does not 
occur The delayed onset of diuresis following the 
ingestion of water is not due simply to the tune 
reqiured for absorption from the mtestme, for a 
sunilar delay occurs when the diuresis is caused by 
the mtravenous administration of water 
Stmrk and associates have also earned out a 
number of instructive experiments upon water 
diuresis m man and animals By means of an m- 
gemous procedure they were able to weigh sepa- 
rately the abdomen and limbs of a human subject 
or of an mtact animal after water drmkmg They 
took the progressive reduction m weight of the 
abdomen and the mcrease m weight of the limbs 
as mdices of water absorption from the mtestinal 
tract and water deposition m the tissues, respec- 
tively The weight of the abdomen was found to 
mcrease immediately after the water was drunk, 
and then gradually dechned for a penod of from 22 
to 55 min utes while the leg weight mcreased 
After drmkmg 1 hter of water the leg weight m- 
creased by 1 5 per cent (1 hter was 1 3 per cent 
of the subject’s body weight) This figure agrees 


closely with one calculated upon the basis that 
the absorbed uatcr was distributed gcnerallj 
throughout the tissues of the body The leg weight 
gradually fell dunng the diuresis The dechne was 
delayed by pituitnn (antidiuretic hormone) Ab- 
sorption was found to be complete and the dilution 
of the blood was falhng from its maximum before 
the diuresis commenced (fig 35 10) The intra- 
renal factor responsible for the diuresis of water 
dnnkmg is undoubtedly inhibition of tubular re- 
absorption, chlonde, on the contrary, is reabsorbed 
more complete!} Such unne wnth its low chlonde 
content resembles that formed by the isolated 
kidney (that is, one freed from pituitary' con- 
trol) The diuresis following lesions in the region 
of the pituitary (ch 57) also resembles the di- 
uresis of water drinking, and like the latter, can 
be inhibited for several hours by the admmistration 
of pituitnn, the chlonde content of the unne durmg 
the penod of inhibition is raised to the normal lc\ el 
It has been mentioned, page 455, that afferent 
nerve stimulation inhibits water diuresis Since the 
inhibition occurs though the kidney has been de- 
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nervated, it must be brought about through the 
blood stream 

These several observations, especially the char- 
acteristics of the urme secreted (extremely low 
specific gravity and low content of sodium chlo- 
nde), leave httle doubt that the diuresis of water 
dnnkmg is due to the withdrawal of an anti- 
diuretic influence orchnarily exhibited by the pitu- 
itary, what might be called a ph 3 ^ioIogical diabetes 
msipidus IS mduced (see also fig 35 11) 

Suppression of the antidiuretic action of the 
pitmtary m water diuresis has been dearly demon- 
strated by Vemey and his associates, who have 
also shown that the liberation of the antidiuretic 
pnnaple is governed by changes m the osmotic 
pressure of the blood water, i e , m the osmotic 
pressure due to crystalloids, especially sodium 
chlonde, but not to changes m coUoid osmotic 
(oncotic) pressure The mjection of a hypertomc 
solution of NaCl mto the common carotid artery 
of the dog caused inhibition of water diuresis, 
resembimg that resultmg from posterior pituitary 
extract The mtravenous administration of 1 0 
;i-umt caused a dimin ution of unne flow equivalent 


(0) (b) 



Fig 35 12 (o) Simiknty between resjjonses to eqmv- 
alent increases m the osmotic pressure of the carotid 
plasma. At the arrow 10 0 c cm of 2 50% NaCl was 
mjected mto the nght carotid m 12 sec (mph A), 
100 c-cm. of 15 4% dextrose m 11 sec (gra^ B), and 
2 0 c.cm of 8 00% NaCl m 10 sec (graph C) , (6) at 
the arrow postpituitary extract 3 0 m/i was mjected 
mto the m^eolar vem (graph A), 2 0 mji (graph B), 
and 1 0 mu (graph C) (After Vemey) 

to that foUowmg the mtracardiac mjection of 21 
cc. of 2 50 per cent solution of NaCl (fig 35 12) 
The effect of the latter was abolished by hypophy- 
sectomy, or by hgation of the internal carotid 
artery Nor were isotomc solutions effective Equal 
amounts of isosmobc solutions of NaCl, glucose 
or sucrose gave eqmvalent antidiuretic responses 
— an mdication that the essential factor m the 
inhibitory effect on diuresis is the nse m the os- 
motic pressure of the plasma, rather than to 
any specific chemical effect of sodium chlonde 
It is concluded, therefore, that structures sensi- 
tive to small changes m the osmotic pressure of 
the plasma water (osmoreceptors) are situated 
withm the area supphed by the mtemal carotid 
arter>% and that through a change m their activity 
mduced by the osmotically effective substances 
mentioned, the release of the antidiuretic pnnaple 
is brought about A more precise location of these 
receptors has not been ascertamed, but the supra- 
optic nudeus of the hypothalamus, which is con- 
nected wnth the neurohypophysis by a weU-defined 
nerve tract (hypothalamo-hypophyseal tract, p 
784) is the most likdy site It has been estimated 
that the minimum change m osmotic pressure 
required to evoke the antidiuretic response is 
eqmvalent to about 96 mm Hg, which would 
correspond to a nse m blood chlonde concentra- 
tion of around 2 per cent. Now, as mentioned 
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earlier, a fall m blood chlonde greater than this 
follows water drinking, and it is reasonable to 
assume that such a fall would cause a diuretic effect 
of the same order as the antidiuresis induced by 
the rise m osmotic pressure Liberation of the anti- 
diuretic prmaple would thus be suppressed This 
latter effect would explam the delay m the onset 
of the diuresis of water drmkmg, for a little time 
must necessarily elapse before all pre-ensbng hor- 
mone had been removed from the circulation 
Release of the antidiuretic hormone may also 
be brought about through cerebral centers, as well 
as by afferent nerve impulses from remote parts 
of the body The observations of Theobald and 
Vemey have been mentioned, and Connor and 
Vemey have found more recently that water 
diuresis is inhibited m dogs by emotional states, 
e g , apprehension, exatement, anger, etc The 
inhibitory effect of exercise upion urme flow appears 
to be brought about mamly m this nay The irri- 
tation or exatement assoaated with the exetase, 
rather than the circulatory changes” brought 
about by the exercise itself, appears to be chiefly 
responsible It occurs after denervation of the 
kidney but IS not evident after the animal by repe- 
tition has become accustomed to the work, unless 
it IS aroused by some loud, ugly sound or is stimu- 
lated by a faiadic current The antidiuretic effect of 
emotion is nearly completely abohshed by section 
of the hypothalamo-hypophyseal tract It is not 
mediated through the liberation of adrenahne, for 
it occurs after the removal of one adrenal and de- 
nervation of the other, furthermore, adrenalme is 
more likely to mcrease than to dimmish the unne 
ffow Nor IS the antidiuretic effect due to a fall m 
systemic blood pressure for this either rises or re- 
mains unchanged Other effects mduced apparently 
through nerve impulses from psychic centers actmg 
upon the neurohypophysis are the condiUoned re- 
flex diuresis which has been demonstrated m ani- 


“pie antidiuiesia of exercise in an animal with 
renal nerves mtact may not be entirely hormonal m 
ongin, for the effect is accompamed by a reductior 
in rwal blood flow, blood apparently being diverted 
to the active muscles The dimimshed renal blood 
flow IS assoaated with constriction of the afferent 
Ebinerular arterioles and reduction of the filtrabOB 
fraction which indicate that the response to eieraw 
« not due to adrenahne (p 452) ftere is 
bibty, however, that the blood is diverted thrS 
the juitemedulkry remon which may not 
«tract the matenal (diodrast or hippurate) used foi 

flow other words 

noTbe juxtamedullary channels woulc 


mals, and the diuresis which can be provoked by 
suggestion m patients under h>T3nosis 

reduction in the tmiNAiiY now 

The urmary flow is reduced m muscular exer- 
cise (see above) , m cardiac failure, as a result of the 
reduction in renal blood flow (p 38), in acute 
inflammatory conditions of the kidney, in surgical 
shock m some stages of chronic nephntis, m fevers 
and m dehydrated states, or when the fluid intake 
IS reduced The effect of pituitnn upon the urme 
volume has been mentioned 

THE PRODUCTION OP AMMONIA BY THE UDNEV — 
HIPPURIC ACID EORMATION 

The experiments of Nash and Benedict in 1921 
furnished evidence for the renal origin of unnary 
ammonia (1) The blood of the renal vein contains 
2 or 3 times more ammoma than does the blood of 
the renal artery (2) The ammonia of the general 
arculation is not altered by conditions which m 
crease the ammonia of the unne (p 461) (3) In 
animals the blood ammonia docs not nsc after 
bilateral nephrectomy, nor in nephntis though the 
unnary ammonia is often reduced (4) In diabetic 
acidosis the blood ammonia is not greater than 
normal, yet the unnary ammonia is greatly m- 
creased 

Unnary ammoma has been thought to be dc- 
nved mainly from urea and to a less extent from 
the deammations of ammo aads However, Van 
Slyke and his colleagues have shown that gluta- 
mme is the chief source The hydrolysis of gluta- 
mme is catalyzed by an enzyme m the kidney — 
ghciaminase Ammo aads furnish a smaller propor- 
tion, but none is denved from urea They found 
that all the urea removed from the blood by the 
kidney was exacted unchanged, whereas the glu- 
tamme so removed accounted for at least 60 per 
cent of the unnary ammonia 
The kidney (as well as the liver) conjugates 
glycocol and benzoic aad wnth the production of 
hippunc aad (benzoyl-glyane) This is a detoxi- 
cating process which probably occurs m the distal 
tubules 

The Reaction op the Ubine and the R6le 
Played by the Kidney in the Regulation 
OF THE Acid-Base Balance 

Regufation of the aad-base balance of the body 
fluids and the maintenance of the normal concea- 
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trations of electrolytes are two of the most im- 
portant functions of the kidney 
The aadity of the unne may be expressed m 
two ways, either with regard to (a) its conceiiira- 
Uon in hydrogen ions, i e , its true acidity, or (b) 
the total quantity of free acid present as deter- 
mmed by titration with n/10 sodium hydroxide 
using neutral red or phenolphthalem as mdicator 
This measurement, which is expressed as the num- 
ber of cubic centimeters of n/10 alkah used for 
the titration, is called the titrataUe acidity 

(a) The pH of Normal Urine usually hes 
betw een 5 0 and 7 0 with a mean of 6 0 The ex- 
tremes in health are 4 7 and 8 0 The pH of urme 
IS determmed mainly by the proportions of the 
di-basic (alkahne) and mono-basic (aad) phos- 
phates which it con tarns The kidney receives blood 
at a pH of about 7 40 and forms urme with a pH 
of around 6 0 It accomphshes this partly by alter- 
mg the proportions of the aad and alkahne phos- 
phates The ratio of these m the plasma is 

NaHiPO^ _ 1 vnth a pH of 6 the 

Na!!HIP04 5 

NaHjPO< 9 

ratio IS more than reversed, bemg— =— 

WTien the urme is at its greatest aadity the ratio is 
50 1 By this device a large amount of the body’s 
fixed base (Na chiefly, but also K, Mg and Ca) is 
conserved The change from di-basic to the mono- 
basic salt probably takes place durmg the passage 
of the urine through the distal tubule (see fig 35 13) 
Weam and Richards found that the glomerular fil- 
trate of frogs was alkahne m reaction whereas the 



urme was aad Cushny found that m dogs the m- 
jection of di-sodium (alkahne) phosphate mcreased 
the aadity of the urme A portion of the sodium of 
the mjected salt was retamed while the resultmg 
acid phosphate was excreted It was also observed 
that when the di-basic salt was mjected mto an 
animal with one ureter partially obstructed (to m- 
crease absorption from the tubules) the urme from 
that side was more aad than was the urme commg 
from the free ureter The mjection of such sub- 
stances as sodium chlonde or sodium sulphate was 
found to reduce the aadity of the urme smee they 
caused diuresis, the rapid flow of urme through the 
tubules curtaihng the conversion of di-basic phos- 
phate to the mono-basic salt 

One or other of two mechanisms has been sug- 
gested for the maease m the proportion of aad 
phosphate m the urme Either conversion takes 
place m the tubules as shown below, the bicar- 
bonate bemg reabsorbed Or, the alkahne salt may 
be preferentially reabsorbed leavmg the aad phos 
phate to be excreted (see fig 35 14) 

NazHRO^ -1- H 2 CO 3 = NaHzPOi -f NaHCO, 
glomerular filtrate exacted reabsorbed 

Pitts and his associates offer evidence for an 
additional and apparently more important mecha- 
nism m the ehmmation of acid by the kidneys 
They found that much more aad per umt of time 
was exaeted m the urme than could be derived 
from the glomerular filtrate The excess aad must 
be seaeted by the tubules But it is not defimtely 
established whetha its ehmmation is as molecular 
aad, e g , HCl, or by lomc exchange In the former 
nstance the HCl would combme with base m the 
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Fig 35 14 Ulustratmg theones of aad production 
by the kidney (After Pitts) 
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Fio^S 15 Showing the cellular mechaniEm, accordmg 
to the lon-exchange theory, for aadification of the 
unne (After Pitts) 


tubules to form NaCl, which would then be reab- 
sorbed In an ionic exchange mechanism, which is 
the most probable, H ions m the plasma denved 
from HjCOj would be exchanged for ions of fixed 
base, chiefly Na'^, across the tubular membrane 
The high concentration of carbomc anhydrase (pp 
132 and 398) and the depressmg effect upon the 
renal excretion of aad by sulfamlamide, which in- 
hibits the action of carbonic anhydrase, lends sup- 
port to the existence of an lomc exchange mechan- 
ism In either case, however, the end results would 
be identical (see figs 35 14 and 35 15) In alkalosis 
the unnarj pH rises and may become alkalme, 
then relatively large amounts of bicarbonate are 
excreted The pH of the unne is thus mainly de- 
pendent upon the carbonic acid-bicarbonate ratio 


H,CO, 

NaHCO, 


(see below) 


The pH and volume of the unne m health and 
under usual conditions vary together and m the 
same direction, a unne of small volume bemg 
usually of a lower pH than one of larger volume A 
unne of average aadity (pH 6 0) may have its pH 
raised to 7 0 by maxunum diuresis but rarely higher 
than this 


(b) TiraATABii oeTotai, Acmmr By this is me 
the quantity of acid m excess of basic substances (i 
the free acid) present in the unne The greater pan 
the titratable aad is phosphonc in the form of 
mono-basic (chiefly sodium) salt A Rmnll part of 
titratable aad is due, however, to free orgamc ac 
unc, lacUc, hippunc, etc. The usual amount of Ute 
ble aad m a 24-hour specimen of unne hes between 
and 400 cc. of n/ 10 standard aad Its amount, h 
ever, depends m health upon several condiUons i 

may be as low as 100 cc or as great as 600 cc. In sev 

diabetes it may be 2 or 3 times the latter figure, a 

IhvT quantibes of acetoac 

and (S-hydroxybutync aads (acetone bodies) 


The total aadity is determined by titraPng the unne 
with n/10 sodium or potassium hydroxide, the result 
being expressed as the number of cc. of n/10 atkaU 
requned to bnng 100 cc of unne to near the neutral 
pomt, the precise reaction attained depending upon the 
mdicator used When the titration is earned out to the 
pH of blood (7 4) the result obtained has a greater 
physiological significance than if the unne were exactly 
neutralised (pH 7 0) In Henderson and Palmer’s 
method neutral red, which turns a brownish red at the 
normal blood reaction, is used ns indicator When the 
unne is titrated to the reaction of the blood, the pro- 
cedure obviously reverses the change in reaction w hich 
the kidney had effected dunng the formation of the unne 
from plasma The quantity of all ah added is therefore 
a measure of the quantity of fixed base which the kidney 
has saved to the body by the com ersion (chiefly ) of the 
di sodium phosphate to the corresponding aad salt 
Frequently, phenolphthalan is used as the indicator 
in titrations of urinary aadity (Folin’s method) but 
smee this indicator turns color (colorless to pink) at a 
pH of 8 2, it IS clear that the result w ill be considerably 
higher than when neutral red is employed, and unne 
which IS actually neutral or alkaline, or even blood 
plasma itself will then have a titratable “aadity” 

BASE CONSERVATION BY TIIE KIDNEY 

The stores of base m the body fluids can be re- 
plenished only from without The kidney plays 
an important r61e m preventmg the depletion of 
these stores In the conversion of the di basic to the 
mono-basic phosphate, mentioned m the preceding 
section, one molecule of NaHCOj is returned to the 
body’s store of alkah for each molecule of the al- 
kalme phosphate converted in the tubules to the 
acid salt Or, put m another way, about 40 per cent 
of the base bound to phosphonc acid m the plasma 
is saved by the conversion of the di-basic phosphate 
to the mono-basic form 

Another means of conservmg base is the reten 
tion of part of the base combined in the blood 
with orgamc aads and the excretion of the latter 
m the free state, this though of little importance 
m health is of great importance m disease Or- 
ganic aads may pass mto the unne in three w aj's 
(a) in combmation with fixed base (urates, hip- 
purates, lactates, etc.), (b) m combmation with 
ammonia, or (c) free In highly acid unnes ac- 
cording to Henderson and Palmer unc aad is 91 
per cent free, lactic 12 per cent and hippunc 8 per 
cent The organic aads acetoacetic and ^-hydroxy- 
butync formed m excess m diabetes though com- 
bmed with fixed base to the extent of 100 per cent 
in the plasma with consequent reduction m the 
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alkali reserve are excreted free m considerable 
quantities (acetoacetic, 5 to 11 per cent, /5-hydroxy- 
but 3 Tic, 20 to 55 per cent) Any acid excreted m the 
free state obviously represents a clear saving of the 
body’s alkali Palmer and Van Slyke state that the 
measurement of the mcrease in the excretion of 
total organic aads in diabetes is a reliable approxi- 
mated guide to the quantity of acetone bodies The 
total quantity of organic aad (bound and free) 
excreted daily by a healthy man is between 240 and 
600 cc of n/ 10 organic acid (average of 6 0 cc per 
kg of body weight) 

Still another method by w hich fixed base is saved 
by the kidney is m the manufacture of ammonia** 
(p 458) for the neutralization of acids The kidney 
separates certam acid radicals from the fixed bases 
with which they were combmed m the plasma, 
joins them to ammonia, and excretes them as am- 
monium salts In order therefore to amve at a 
true estimate of acid excretion and the base saved 
to the body, the quantity of the ammonia excreted 
should be added to that of the titratable aad 
(titration to 7 4) The aad + ammoma value 
represents what may be termed the base economy 
exercised by the kidney In health the daily excre- 
tion of ammonia amounts to from 300 to 500 cc 
of n/ 10 ammonia In severe diabetes it may be 
ten times this value The hydrogen ion concentra- 
tion, titratable aadity and ammonia of the unne 
usually vary together and m the same direction, 
though there is no exact proportional relationship 
All three are determmed by the relative concentra- 
tions of basic and acid radicals m the plasma The 
value of the aad -f- ammonia excretion may there- 
fore be emplo 3 'ed as an approximate mdex of the 
lowcnng of the alkaU reserve m such conditions as 
diabetes The ralto of ammoma excretion to titra- 
table acid m health is usually 1 or over (NHj/ti- 
tratable acid = 1 to 2 5) In moderate degrees of 
kidney disease in which the urea concentratmg 
function IS impaired the ratio is low (01 to 0 7) 
owing to the fact that the power of the kidney to 
form ammonia is depressed while the excretion of 
acid is little altered When however the renal m- 
sufficiency becomes extreme, the ratio may be 
higher than the impairment of renal function would 
lead one to expect The nse m the ratio is due, not 
to an mcrease m the output of ammoma, but to a 
reduction m the exaction of aad In the nephrotic 

'“Pitts postulates that undissociated ammoma dif- 
fuses into the unne and then forms ammomum ions by 
combmabon with H-ions 


type of nephritis m which there is no impairment 
of urea exaetion the production of ammoma is 
not mterfered with and the ratio is normal 

Fbced base enters the urme other than m combma- 
bon with phosphonc aad Sulphunc and hydrochJonc 
aads formed dunng protem catabohsm differ from 
phosphonc acid in that they are not excreted in the 
free state except m infinitesimal amounts but carry 
with them their full base equivalent, appearmg m the 
unne as the neutral salts of either fixed base (NaCl, 
Na«S 04 ) or of ammonia (NH 4 CI, (NHdiSOd 

The free carbomc acid in the unne does not vary m 
amount with changes m unnary pH The bicarbonate 
content of the unne, on the contrary, vanes directly 
with the pH, in alkahne unnes its quanUty is large (up 
to 8 grams per hter), whereas m highly aad unnes its 
quanbty is neghgible (0 02 gram per hter) When, 
therefore, the alkah reserve of the blood is normal or 
low, the unne is aad and pracbcally no base is lost 
as bicarbonate When, on the other hand, the bicar- 
bonate of the plasma is above normal the unne is 
alkahne and large quanbbes of base pass mto the unne 
as bicarbonate Smee the free carbonic aad remains 
unchanged at varying unnary pHs while the bicarbonate 
content vanes, the rabo HiCOj/NaHCOj m the unne 
vanes with changes in pH The rabo in unne on the 
aad side is from J to i, whereas m neutral or alkahne 
unnes it is from { to liu The small quantifies of free 
carbonic aad and bicarbonate present m acid unnes 
render these ‘'buffers” of neghgible importance m 
determmmg the unnary pH as compared with the alka- 
hne and aad phosphates In alkahne urme the reverse 
is true, the carbomc acid-bicarbonate rabo bemg of 
pnmary importance 

The tnflnence of starvation, diet, and of acid and alkah 
tngeshon, upon unnary acid 

Starvation inaeases the fitratable acidity and am- 
moma, and lowers the pH of the urme After exhaus- 
bon of the glycogen stores maeased protem breakdown 
occurs with the produebon of phosphonc and sulphunc 
aads As a result of the mcomplete combusbon of fat 
acetoacebc and /9-hydroxybutync aads are formed 
and exaeted 

Diet Cereals, meat and fish maease the btratable 
aad and ammoma of the urme and lower the pH 
Most fruits (apples, pears, peaches, lemons, oranges, 
grapes, figs and raisms) contain the salts of organic 
aads, the aad radical undergoes oxidabon m the body, 
the alkah bemg hberated These fruits therefore tend 
to raise the alkah reserve of the plasma and to reduce 
the aadity of the urme Plums, prunes and cranbemes, 
on the contrary, maease unnary acidity smee they 
contam benzoic and qmme acids which are converted 
to hippunc aad m the kidney The herbivora normally 
pass alkahne urme, though if starved and so forced to 
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use their body protein or if fed upon flesh, the unne 
becomes aad The pH of the urme of men upon a 
vegetarian diet is from 5 JO to 7 48 -mth a mean of 6 64 
instead of the usual mean of 6 0 

Ingestion of actd and alkaltne chtmtcal mbstances 
When aads such as sulphuric or hydrochlonc, or aadi- 
fymg salts (CaCl , NHiCl, {NH4),S0i) are taken by 
mouth m large amounts, a reduction m the alkah 
reserve of the plasma, an mcrease m the total excretion 
of phosphate, chiefl> of the mono-basic salt, a rise in 
titratable aadit> and a fall m pH of the unne result. 
The umiarj ammonia increases. The foUoiving reaction 
results from the absorption of hydrochlonc aad 

HCl + NaHCO, = HiCO, -f NaCl 

A proportion of the Cl“ radical is excreted m the unne 
as NaCl and so entails an equivalent loss of fixed base. 
Some excretion of aad over basic substances is effected 
b> the excretion of a greater proportion of the mono- 
basic phosphate This factor, however, is limited since 
at the usual reaction of the unne 90 per cent of the di 
basic phosphate has already been converted to the 
mono-basic form Also, the body's available stores of 
phosphate after a time become exhausted, the excre 
bon of aad b> this means must then come to an end 
It has been pomted out that normaUj a most important 
factor m the eliminabon of aad radicals and the con- 
servabon of fixed base is the produebon of ammonia 
by the kidnej , after the mgesUon of HCl a part of the 
Cl" IS exacted as the ammomum salt 
Similar changes to those just desenbed follow the 
mgesbon of CaCl or of NHiCl m large doses In the 
case of calaum chlonde mgesbon Cl" displaces HCO»~ 
from the bicarbonate of the bodj fluids according to the 
following equabon 

CaClj + 2 NaHCOi •= CaCO, + 2 NaCl + CO. + HiO 

The NaCl and CaCOj are excreted There is thus a 
net loss of base from the bodj , a sev ere aadosis results 
The calaum is excreted mainlj m the feces, though it is 
possible that a proportion is also deposited m the bones, 
nnce calaum m the form of the chlonde when fed to 
dogs cannot all be recovered from the eiaeta As m 
the case of HCl mgesbon. Cl" is also excreted m the 
unne combmed with ammonia. 

The aadifymg effect of NH,C1 is probably due to 
the conversion of NH, to urea, the Ch radical bemg 
freed When 20 grams or so of NH*C1 are administered 
the urinary excrebon of urea and of sodium chlonde 
rises abrupUy The reacUon is shown as follows 

2 NHiCl -1- COi = CONjH, + HjO + 2HC1 

The HCl then reacts with bicarbonate of the plasma 
with the produebon of sodium chlonde and carbomc 
lad The i^ge of the large quanbbes of base mto 
the unne when calaum chlonde or ammomum chlonde 


are administered requires the exaebon of large quan- 
tities of wata These two salts therefore act as power- 
ful diureUcs and agents for the removal of edema flmd 
When large quanbbes of aad sodium phosphate are 
ingested, though there is a great maease m the btrata- 
ble aaditj of the unne, no change in ammonia exaction 
occurs Smee this salt can be eiaeted as such there is 
no call apparently for the produebon of ammonia for 
the conservabon of base such ns occurs after the mges- 
bon of hydrochlonc and other aads 
The effects of the admtntsiralton of alhalts are, as 
might be expected, the reverse of those following the 
mgesbon of aad substances Large doses of bicarbonate 
augment the alkah reserve, reduce the exaebon of total 
phosphates, and maease the proporbon of those m the 
di basic form The exaebon of the btratable aad plus 
ammonia falls while the bicarbonate content and pH 
of the unne nse Though large doses (45 grams daily) 
of bicarbonate are required to render the unne alkaline 
and keep it so, a wave of unnary alkalinity will result 
from the admmistrabon of much smalla doses Palmer 
and Henderson make use of this fact in thar {ncarbonate 
tolerance test for reduebon in alkali reserv e Four grams 
of sodium bicarbonate when admmistered to a normal 
person cause a perceptible nse in unnary pH, whereas 
larger doses are required to produce a similar effect in 
one with a lowered alkabnc reserv e A similar clinical 
test has been devised by Sellards These tests are of 
value m some condibons, but m nephnbs the power 
of the kidney to excrete bicarbonate may be impaired, 
under which arcumstanccs the test would indicate a 
lower alkahne reserve than actually existed In diabetes 
also the test may mdicate aadosis m its absence. Salts 
of orgamc aads — acetates, atrates, lactates — are also 
a lk ali n i xi ng m their acbon, the organic aad radical is 
oxidized, the base jommg with H.COi to form bi 
carbonate 

The “alkahne tide" of the unne 
Leathes found that the unne passed a short 
tune after rising in the morning was less aad than 
that formed dunng sleep This change m unnary 
reacbon is spoken of as the inomtng alkahne hde 
CThe unne does not necessarily become alkaline 
but may only become less aad — an elev'abon in 
pH or deaeased titratable aadity) The greater 
aadity of the mght urme over the unne of the 
early wakmg hours was ascribed by Leathes to 
depression of the respiratory center dunng sleep 
and the retenbon of carbon dioxide The maeased 
pulmonary venblabon which occurred after nsmg 
supposedly removed carbon dioxide, the effect 
upon the aad base balance bemg reflected m the 
reduced aad exaebon by the kidney I.eathes 
found that samples of alveolar air taken imme- 
diately upon awakerung had a higher piercentage 
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of carbon dioxide (6 8 per cent) than those taken 
an hour or so after rising (COj, 5 7 per cent) It 
has been shown by Hubbard, however, that merely 
awakenmg causes a nse m unne pH which may be 
actually higher than after getting out of bed Now, 
it is well known that a change m the reaction of the 
unne towards alkalmity may be demonstrated by 
voluntary forced breathmg (If the forced breath- 
ing IS contmued for some tune the unne may be- 
come alkalme to htmus, the bicarbonate content 
is increased, the aad + ammonia is reduced and 
acetone bodies may appear) Nevertheless, smce 
the mommg alkaline tide is more pronounced im- 
mediately after waking than later, when the exer- 
ase of dressmg, etc., should mcrease the pulmonary 
ventilation, the mechanism underlymg the fall in 
unne aadity is not so simply explamed It is asso- 
aated m some unexplamed way with respiratory 
changes mcident to the return of consaousness 

An alkahne tide also occurs withm an hour after 
a meal — postprandial alkahne tide The titratable 
aadity and ammonia excretion are reduced and 
the unnary pH rises 

A nse m the COj tension of the alveolar au was 
first shown by Higgins to occur almost immedi- 
ately after takmg food Dodds found the nse to 
amount to from 2 to 6 mm Hg, and Van Slyke, 
Stillman and Cullen observed a correspondmg nse 
m the plasma bicarbonate These changes — re- 
duced excretion of aad by the kidney and reten- 
tion of carbon dioxide — ^have been generally at- 
tnbuted to compensatory adjustments m the aad- 
base balance resulting from the loss of hydroddonc 
aad m the gastnc juice Dodds also reported a 
fall m alveolar COj tension m from one to two 
hours after a meal, which was put down to the 
seaetion of alkali m the pancreatic jmce The view 
that gastnc secretion is the cause of the alkahne 
tide of the unne was supported apparently by the 
fact that it was most pronoimced after the mges- 
tion of meat — a powerful gastnc stimulant — 
whereas it was much less likely to appear after a 
meal of carbohydrate or fat Nevertheless, there 
are many difiSculties m the way of acceptmg this 
view A well-marked alkalme tide foUowmg meals 
has been observed m subjects of achlorhydna 

” Brunton points out that the aad output per min- 
ute, that IS, tne titratable aadity value mulbphed by 
the unue volume (cubic centimeter) per minute is a 
more rehable mdex of aad excretion than simply the 
titratable aadity per itntl volume of unne The latter 
may be reduced as a result of diuresis without the 
actual quantity of aad seaeted m a given time being 
altered 


Brunton and Wilson, on the other hand, have pro- 
duced good gastnc secretion m subjects by means 
of a meal of Bovnl without any decrease m the 
total excretion of aad by the kidney Brunton and 
Israels also report that a nse m alveolar COj ten- 
sion of an mcrease m the quantity of COi expired 
per mmute does not, as a rule, occur when a profuse 
secretion of gastnc juice is mduced by the mjecbon 
of histamine A fall m COz tension after a meal 
comadent with the calculated time of pancreatic 
secretion was not observed Such observations are 
strongly opposed to the idea that the nse m alveolar 
COz tension followmg meals is a consequence of 
gastnc secretion It is more likely connected m 
some way with the drowsmess and the reduction 
m pulmonary ventilation which occurs at this 
time Mam attnbutes it to the removal of the stimu- 
latmg effect of the hunger contractions on the 
respiratory center It is also improbable, on theo- 
retical grounds, that the loss of HCl is a factor, 
smce pancreatic secretion foUows so closely upon 
gastnc secretion that one effect would be expected 
to balance the other These remarks also apply to 
the postprandial alkalme tide of the unne Possible 
additional factors m the production of the latter 
are excess of basic over aad radicals absorbed from 
the food Itself or the spanng effect of the meal upon 
protem catabolism In some mstances the decreased 
urmary acidity is simply due to diuresis, the aad 
content per umt volume of unne bemg reduced 
without any change occurrmg m the total aad 
excretion 

The Volume oe the Ukine 

The quantity of urme excreted m 24 hours by a 
healthy adult under ordinary circumstances is 
between 1000 and 1800 cc. The normal kidney 
may, dependmg upon the requirements at the 
tune, ebmmate per hour as httle as 25 cc of flmd 
or as much as 1200 cc Usually from 40 to 60 per 
cent of the total flmd mtake of the 24 hours is 
excreted by the kidneys, but the quantity of urme 
formed must necessarily vary mversely with the 
quantity of fluid elimmated by other channels, — 
lungs, skm and bowels Diet, the quantity of flmd 
drunk, environmental temperature and humidity, 
posture, exercise, mental exatement, weight, age 
and sex, are among some of the physiological 
factors which influence the urme volume The out- 
put IS greater upon a high than upon a low protem 
diet, the end products of protem metabolism 
exertmg a diuretic effect High temperature, espe- 
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aally if accompanied by visible sweatmg, reduces 
the urme volume Muscular exercise has a sunilar 
effect. The volume is greater when the subject is 
lying down and awake than when upright, as a re- 
sult of reflex vasoconstnction (of afferent glomeru- 
Jar arterioles) and also probably if the erect posture 
IS mamtamed for long, to the leakage of fluid from 
the cuculation m dependent parts and, m conse- 
quence, mcrease m concentration of the plasma 
proteins The urme volume is reduced below the 
normal m cardiac failure, m fevers, m acute ne- 
phntis and m stages of chronic nephritis The vol- 
ume IS markedly mcreased m diabetes insipidus (p 
802) and m diabetes melhtus (For the action of di- 
uretics see p 454 ) 

Young children, especially infants, excrete for 
theu weight 3 or 4 tunes more urme than do adults 
The abihty of the kidney to concentrate the urme 
does not develop fully until several months after 
birth, the urme therefore is isotomc or hypotonic, 
as n ell as bemg of large volume 

The urme of the day (8 30 am to 8 30 p m ) 
is normally from 2 to 4 tunes greater m amoimt 
than that secreted dunng the night (8 JO pm 
to 8 30 am ) This ratio holds even though the 
quantity of fluid drunk dunng both penods is the 
same In normal mght workers the ratio is re- 
versed An mcrease m the night urme of a day 
worker to an amount approachmg that of the day 
penod should suggest renal insufiaaency {nycturia) “ 
In many cases of renal disease the mght urine ex- 
ceeds the day urme m volume The terms polyuria 
and oliguria are apphed respecUi ely to the excre- 
tion of supernormal and subnormal quantities of 
urme Total cessation (suppression) of urmarj' ex- 
cretion IS termed anuria 

The influence of the pituitarj' upion the urme 
volume is dealt with m chapter 57 (see also pp 466 
and 477) 


Specific Gravity of the Urine 


The specific gravity of the urme of adults under 
the ordinary conditions of health vanes between 
1 015 and 1 025 and mverselj^ with the unne vol- 
ume A unne of large volume usually has a lower 


percentage of total sohds and consequently a lower 
specific gramty than one of small volume Upon a 
very high fluid mtake a urme with a specific gravity 
of 1 OOl maj be passed The urme excreted upon 
a low flmd mtake, or when much flmd is lost 


m tie volume of mght unne ; 


throu^ other channels, skin and bowels, may have 
a specific gravity as high as 1 030 In pathological 
c(MKf»/m«r this relationship between speafic gravity 
and volume does not necessarily hold, for large 
quantities of urme uith a very high specific gravity 
(1 040 or more) are elimmated m diabetes melhtus 
with much sugar m the urme, whereas in chrome 
nephntis a urme of small volume and of low specific 
gravity (1 010) may be excreted Though the fluid 
mtake be ngidly restricted a kidnej whose function 
IS seriously impaired may be unable to concentrate 
the unne sufiSciently to raise the specific granty 
above 1 010 or so Furthermore, when the fluid 
mtake is high the production of unne of very low 
specific gravity (1 008 or lower), a feat readilj ac- 
complished by the normal kidne>, is beyond the 
powers of a senously diseased kidne> Variability 
of function accordmg to the needs of the moment is 
one of the most pronounced characteristics of the 
normal kidney The diseased kidney on the con 
trarv is unable to vary the specific gra\ ity of the 
unne over a wide range, its abihty' to alter the vol- 
ume of the urme is also \ cry grcatlv impaired The 
specific gravity of the unne in health is directly pro- 
portional to the concentration of its dissoh cd sohds 
(chiefly chlondes and urea) The speafic gra\'ity of 
the infant’s urme, as mentioned abo\ e, is low owmg 
to the unmature state of the infantile kidney's — low 
concentratmg ability' 

A rough method of detennming the total unnary 
sohds IS to multiply the last two figures of the specific 
gravity of 2 66 (Long’s coeffiaent) This gives the 
quantity of total sohds m grains pier hter This method 
IS not reliable for some pathological urines, since dif- 
ferent substances vary m the extent to which they con- 
tribute to the specific gravity of a solution, it is clear 
that should the unne contain abnormal constituents 
(albumin, sugar) or should the proportions of its nor- 
mal constituents be altered greatlv, the relationship 
between total sohds and specific gravity just expressed 
will not hold Less than 1 5 grams of NaCl, for mstance, 
will produce as great a nse m specific gravity of the 
unne as nearly 4 grams of albumin 'The latter unless 
present m relativ ely large quantities will therefore have 
httle effect upon the urmary speafic gravity The fol- 
lowmg table (after Albanan) gives the amounts of 
several substances which are required to be added to a 
hter of urme m order to raise its speafic gravity 0 001 


■c 

srams 

Urea 

3 6 

Glucose 

2 7 

Aad sodium phosphate 

3 8 

Sodium chloride 

1 47 

Albuimn 

3 9 
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COVrO':iTIf>N OF Till UrIVT 

In tlif folIo’Mnp t ililc nrc f;ncn fi^,tires for Ihc 
nNcngc 'inuMints of norRnnic ntnl orr^nic jolid*; 
in 10f>l cc of iinnc of n laiUhv titluU on m onh- 
nm niisoxf c5 ct I he lolnl 'ohd< nniount to from 
■50 to 50 rnm't per liter, the uren con<tilutinp 
alKi’it o ir h''lf of thi<^ 


/ /r fC'T , cenl' ' icrlt 

frr 

tl /t 

(al t 1 ’ 1 lie clji'r' cd a NaC! 

0 0 

(b) ill,' ''w.' ex; tc' -sil rs P-O, 

2 0 

(e's lo'-t > dphur ftp'e“'c'l a* SOt 

1 5 

(dl Vxl um ex,> r-'-cd as Na-0 

A 0 

let po a- um exp'e' -c I as K-O 

2 n 

(fl ( aV u-l fXji r"<-d ns C aO 

0 2 

(gl M-g'-s' t 1 1 rij 'c^'cei as \{p{;) 

0 2 

(h) I'e" 

0 003 


11 (> f c litit irrit 
\ Nirro> r* 01 H 


1 rr- 

25 6 gtxr s rontaimng np 


Iiaiiir''atelv , lOOg-nris 


niregca 

\r'r fiowa 

0 6 gram Co taming ap 


p (niniatclv, 0-1 g-xm 


ritftfgcn 

1 j c aad 

0 (t gram tontaimig, ap 


proainatrU , 0 2 gram 


rtimgcn 

Creatimre 

I 5 grat ' contaimrg. ap 


proxmatclv, 0 5 gram 


mirogen 

I nf’e crr’tned 



ntrprc’)" n6f:r»m 

To a! niiro^cn II “ pfnnis 


Tile mo, nmtnonn, nml the inorpnnic nnd 
cSh(ro! 'ulplnto (pp 617 nrd OaH) \ ir\ v ith 
the proHin content of the diet whiro*; the ere 
ntmmc nnd nriitnl 'ulphur, pirticulnrli the 
former, ire little nfircted l)> the Ic%el of the pro 
tcin intnl c (<(r nho tahlc 5*?, p 617) 

It Onii p Oiri (c Siii'.mNri'- Rkku. t jn Suitx 

Qt AmiTio OB MrPi m r Tkacii 

(a) I’lpr-enP, e f , urochromc and urohiltn, (IraccA 
of the htlcr mil) 

(h) Sufnr, minute amounts (2 to 3 mp I>cr cent) 
of fermentable ‘^upar arc found m the urine 
m £0 per cent of normal persons after the 
noon meal (Hardinp and associates) 


” This includes the mtrupcnmis sub fanccs of the 
urine otlirr than thmc rnumeratid nlKi\c- ammo 
acids, hippiinc acid (as sjKlium hippurale), allantoin, 
tiurine ba'-es, etc 


(c) Tatlj aads, accto-acclic and 0 hsdroTjbut>nc 

acids 

(d) Carlionatcs, bicarbonalcs and free carbonic 

and 

(c) Mucin and mucin lil c substances 
(0 Dmsta«c 

Pfpsf'Jonis IS found in the untie hrgch com- 
bined iMth sodium ns the tnoiw sodtuir and dt- 
sodtiim pi ps}d alts NaTI POi and Xn-HPOi, and 
to a mucli less extent v ith potassium to form the 
corresponding salts of this mineral About three- 
quarters of the total unnarx phosphorus exists m 
thc'c forms Hie remaining quarter or so of the 
total phosphate is present as saU« of the alkaline 
earths, cnlcium and magnesium Tlicsc cartln 
phosjihalts are insoluble in all aline unne and for 
this reason are preapitatcd (phosphate deposit) 
when, as a result of Inctcrnl action the urea of 
urine whicJi has stood for some time after xoiding 
Ivccomcs decomposed with the formation of am- 
monia Infection of the genito unnar> tract max 
for the same reason produce an all ahne urine v hich 
aehen xoidtai is cloudcil hx precipitated phosphates 
In pirfectU lualthx persons unne which, as a re- 
sult of a diet ncli in dl ahne carbonates, is all ahne 
tn rcact'oa max be cloudx when passed oxxing to 
the prwluction of the insoluble phosphate's of cal- 
cium anti magnesium Caj(POi)- and Mgj(POi)* 
Idle condition is called phinpl lUuna and is quite 
phx siolngical 

llic total plio'phatc content of tlic unne is tnereased 
under t-cxxral conditions, — lowerctl all ab reserxe, 
starvation higli protein dirt, severe muscular exercise, 
in gout and following the administration of large do'cs 
of parathvroid extract It is increased bx such di 
urtlics as sodium nitrate and sulphate, and bx calcium 
and ammonium chlorides, hut not in water diuresis 
llic unnxra P is lo \ in the morning but rises m the 
later Iiours of the dax, reaching a maximum in the 
night unne Though the great part of the urinarx P 
IS denxccl from the inorganic P of the plasma, a small 
pan (6 per cent) is orpnic (gKccrophosphalcs, hexose 
phosphates, ncuclcotidcNf The kidncx is ncli in pi os- 
ptatast (p fi()7) jxt it does not seem that an> consuicr- 
ablc part of the inorganic P of the urine results from 
the action of this cnixanc upon organic phosphorus 
compounds of the plasma The unnarv P is reduced in 
pregnancx , when the all ahne reserxe is high, in renal 
insufTiciencj , telanx and in certain bone diseases In 
sulin causes a marl cd fall in the unnarx P for the first 
six hours following the injection, and a rise for the next 
SIX hours Tlic work of Rrull and Eichholtr suggests 
that the jiituitarv or hj-pothalamic region of the I ram 
Is concerned in the excretion of inorginic P bx llic 
I idncj Tins was suppressed bx remoxal of the gland 
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orb} injuT} to the tuber aiiereum,}et no corresponding 
change m the le\el of plasma P (organic or inorganic) 
occurred 

Sulphur occurs m the unne m three forms (a) 
inorganic sulphates, (b) ethereal sulphates, and (c) 
neutral sulphur (see p 637 and 638) 

Urochome (Thudichum) is the normal unnar} pig- 
ment. Its chermcal constitution and the nature of its 
precursor are unknown Its output was found b} Drab- 
km to be remarkabl} constant from da} to da} under 
the ordinal} conditions of health The output is inde- 
pendent of diet but bears a relation to the Iciel of the 
basal metabolism It is therefore endogenous In fev ets, 
h}'perth}Toidism, and as a result of elevating the 
metabohe rate b} the administration of thiToxine or 
adrenahne its output is mcreased The output of uro- 
chromeisalsomcreasedb} tissue breakdown, b\ starva 
tion or b} the administration of aads Th}'roid extirpa- 
tion reduces its elimination below the normal lei el m 

“ Except m the alkalosis and h}pcrphosphaterma of 
p}lonc stenosis when the unnar} P is mcreased 


animals, and to the normal leicl in subjects of eioph 
thalmic goiter 

The chloride of the unne (chiefly in the form of 
NaCl) IS denied almost solel} from the chlondes 
of the food The concentration of chlondes m nor- 
mal unne \ancs from 0 5 to 2 0 grams (as NaCl) 
per 100 cc. as compared with about 0 6 per cent 
m the plasma Chlonde is a high threshold sub- 
stance and in prolonged starvation or upon a 'alt- 
free diet, though the unne mn> be practically 
chloride free, the chlonde of the blood remains at 
or but slightl} below the normal level '\\Ticn chlo- 
ndc IS lost through vomiting, the unnar} chlonde 
IS reduced , the Cl lost m the v omitus being denv cd 
from the blood NaCl, results in an excess of base 
(Na) being left in the plasma, this combines vvith 
H COj to increase the bicarbonate servnee 

The experiments of \ cme> and Starling demon- 
strated quite clcarl} the mfluence of the pituitaiy 
upon the c-tcrcUon of chlonde (p 456) 


1 
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Classijicalwt! of ktdticy diseases 

A logical classification of kidney disease would 
be one based upon the nature (inflammatory or 
dcgcncratiN c) and the site (glomeruli, tubules or 
\cssc1b) of the renal injury, and which would 
permit a correlation to be established, through our 
knowledge of renal phjsiolog>', between such m- 
jurj' and the signs and sjTnptoms of the disease 
Such an ideal is impossible of attamment, for 
though a certain part of the renal structure at first 
bears the brunt of the disease, there is a tendency 
for other parts of the kidney to become progres- 
si\c]> in\ol\cd, if not in anatomical changes, at 
least in function For this reason, as well as from 
the fact that cxtrarenal factors (c g , cardio-vascu- 
lar) ma\ become disturbed to react upon renal 
function, the signs and sjTnptoms of chronic kidney 
disease arc cxtraordinanlj' diverse, mixed forms of 
ncphntis rather than pure types arc common 
Nevertheless, a classification based upon the nature 
of the primary pathological process (mflammatory, 
degenerative, or artenosdcrotic) and the tj'pc of 
renal structure predominantly affected w ill be given 
\^^lerc possible an attempt will be made to explain 
signs and symptoms by the application of physi- 
ological prmaples There arc three mam tj^ies of 
renal disease 

(1) Glomerulo-ncphrttis is essentially inflamma- 
tory in nature, and the glomeruli arc priinarily 
affected 

(2) The nephroses arc the result of a degenerative 
process chicflyjnvolving the tubules - 

(3) Arlcnosclerotic kidney disease The large or 
the smalTrcnalYessels arc the seat of sclerosis 

GLOMERUXO-NEPHSinS 

Glomcrulo-nephntis is seen m an acute and a 
chronic form * Though the chronic type is be- 
lieved to be nearly always initiated by the acute 
disease, the latter may have been so mild as to 
have escaped notice So, chronic glomerulo-neph- 
ntis often appears to have arisen dc novo The 

1 Cbnically a subacute form — a IransiUon stage be- 
tween the acute and chronic forms — is recognized 


acute disease, and so the chronic form into which 
it merges, is thought to be usually due to the toxin 
of some streptococcal or pneumococcal infection, 
e g , sore throat, scarlet fever, influenza, etc 

ACUTE GLOMERULO-NEPHRITIS 

In the acute disease the glomeruli show' mflam- 
matory changes w hich vary in intensity' m different 
cases When the disease is severe, the following 
histological picture is seen Great numbers of the 
glomerular capillaries arc dilated and filled wnth a 
coagulated exudate containing a few leucocj'tes 
but almost free from red cells These capillary 
plugs completely obstruct the flow of blood through 
a large proportion of the glomeruli The endothelial 
cells of the capillancs according to most path olo- 
gists show activ'c proliferation, produemg masses 
which project into the vascular lumina The entire 
tuft IS swollen and may almost fill Bowman’s 
capsule There is often an exudation of leucocytes 
mto the interstitial tissue around the glomeruli 
Bowman’s capsule and the tubules contain masses 
of exudate and red cells, but the tubular epithelium 
itself shows little abnormality as a rule, beyond 
some slight cloudy sw'ellmg or fatty change 

Such a severe reaction must of course if wide spread 
cause a high degree of renal insufSciency The follow mg 
are among the chief features of the disease retentior 
m the blood of non-protem nitrogenous products (p 
8), edema, hypertension (ch 16) with perhaps cardiac 
dilatation, acidosis, anemia, hematuna, albummuna 
and casts (hyaline, blood, granular and epithehal), and 
the passage of a small quantity of unne with a high 
speafic gravity The majority of cases are much milder 
than this but all degrees of seventy are encountered 
Uremia occasionally termmates acute nephntis In 
most instances however, recovery occurs, or the dis- 
ease progresses to the subacute or chronic form 

CHRONIC GLOMERUXO-NEPHRinS 

The histopathology vanes according to the stage 
of the disease, but in general the picture is one of 
a healing or a healed inflammatory lesion of the 
glomeruli Many of the latter show occlusion, due 
to the proliferation of endothelial cells, and hyalme 
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degeneration of some or of all their capillary loops, 
others are replaced by fibrous tissue, and yet others 
may show compensatory hypertrophy Prolifera- 
tion of the epithehum resultmg m thickenmg of the 
membrane covermg the glomerular capillaries, i e , 
the visceral layer of Bowman’s capsule, is a prom- 
ment feature Sunilar changes are also seen in the 
panetal layer of the capsule, and the cavity may 
become obhterated Sooner or later the tubules are 
the seat of hyahne or fatty changes as a result of 
the ischemia caused by the obhteration of glomeru- 
lar capUlanes The lurmna of the tubules become 
dilated and the tubular epithehum flattened Some 
tubules may show attempts at regeneration, masses 
of newly formed epithelial cells appearing here and 
there Glomerular regeneration is never seen 
Sclerosis of artenoles and hypertrophy of their 
muscular coats are found m the later stages and are 
probably the result of the sustamed hypertension 
which IS such a common feature of the disease 
Some vessels may show obhteration of their lumina 
as a result of active proliferation of their linmg cells 
(endarteritis obhterans) Following is a summary 
of the characteristic clmical features of chrome 
glomerulo-nephntis Compare with lists on pages 
469 and 470 


(a) Albuminuria, usually not excessive (from 2 to 
10 grams per day) Albumm globulm ratio (in urme) 
between 3 and 10 (p 5) Epithebal, blood, hyahne 
and granular casts 

(b) Renal insufficiency (see p 471), reduced ammoma 
production and consequent fall in the ammoma aad 
ratio, acidosis 

(c) Edema is often absent, when present it is not so 
prominent a feature as m nephrosis Reduction of 
plasma protem and chlonde retention are also less pro- 
nounced than m nephrosis 

(d) Hypertension, cardiac hypertrophy and retinal 
changes (see ch 16) 

(e) Large unne volume {polyurui) m earher stages, 
nycturia, reduced volume (oliguria) m later stages, 
urme of low specific gravity, tendmg to become fixed' 
around that of deprotemized plasma (1 009 to 1 011) 
There may be glycosuria 

(f) Anemia 

(g) Uremia usual cause of death 


Though the disease under discussion is pnmi 
a glomeruhtis, it will be recalled that the b 
supply of the tubules is dependent solely upor 
glomerular capfllanes In the earher stages oi 
disease only a proportion of the capillary loot 
a gi\en tuft may be mvolved m the inflamma 
process The total available filtermg surface 


be reduced thereby, but the tubules may still be 
adequately supplied with blood through previous 
capillaries Later, when the glomerular flow be- 
comes greatly curtailed, the tubules of that nephron 
undergo degeneration and atrophy To this has 
been attributed the unpairment of the concentrat- 
mg function of the kidney (re absorption of water) 
m glomerulo-nephntis The reduced ammonia pro 
duction, as well as the glycosuria and the fall m 
the serum calaum which sometimes occur m the 
disease can also be attnbuted to tubular mvolve- 
ment. 

In some mstances, chronic glomerulo-nephntis 
dunng its earher stages show-s signs and symptoms 
almost identical with those of chronic lipoid neph- 
rosis (p 469), nitrogen retention, hypertension, 
etc , not appearmg until later in the course of the 
disease It is then referred to as the nephrotic type 
or stage of glomcrulo-iiephntis Edema is a prom- 
ment feature In such cases, apparently, the action 
of the toxm at first has been upon the tubules which 
undergo degenerative changes, the effect upon the 
glomeruli at this time bemg relatively mild 

The Nephroses 

(Synonyms lubtilar nephritis, degenerative Bright’s 
disease, parenchymatons nephritis) 

This term embraces those several diseases of 
the kidney, acute, subacute or chronic, mild or 
severe, m which the predommant lesion is a degen- 
erative one, implicating the tubular epithelium 
Whereas the toxin of scarlet fever, for instance, 
acts primarily as a glomerular poison, several other 
toxic substances act chiefly upon the cells of the 
tubules In many fevers albuminous degeneration 
(“cloudy swellmg”) of the tubular epithelium oc- 
curs, and albumm appears m the urme but disapi- 
pears after the fever has subsided This is referred 
to zs febrile nephrosis Similar degenerative changes 
of varjmg degrees of mtensity occur m diabetes, 
malaria, pernicious anemia, pregnancy, obstructive 
jaundice, intestinal obstruction, etc These together 
with the febrile nephroses, smee they give nse to 
few or no symptoms, are often grouped under the 
term larval nephroses (L larva, a mask) 

A much more severe form of nephrosis (called 
lower nephron nephrosis) is caused by various 
poisons, e g , salts of mercury, bismuth or uranium, 
carbolic aad, etc , and as a result of severe damage 
to muscle (e g , the crush sj ndrome), bums, trans- 
fusion acadents, or penpheral circulatory failure 
Extensive degeneration or necrosis of the tubular 
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epithelium occurs In other instances the renal 
tissue undergoes amyloid degeneration This amyl- 
oid nephrosis is seen in pulmonary tuberculosis, 
chronic pjogenic infections (e g , osteom3'ehtis), the 
tubules show amyloid degeneration and atrophy 
Many of the glomerular tufts may also be obht- 
erated by amyloid deposits The renal artenoles 
may show sunilar changes Not only in amyloid 
nephrosis, but m some of the other more severe 
forms, e g , those due to chemical poisons, the 
glomeruli may be involved in the degenerative 
changes, though usually to a much less degree than 
the tubules 

The chmeal manifestations of the different types of 
nephrosis vaiy’ wndely Manj are of mild degree and of 
a temporarj' nature, a small amount of albutmn and a 
few casts are present in the unne and renal msufibaency 
IS absent The more severe and chrome forms are as a 
class characterized by edema, a Ingh degree of albumin- 
uria, reduction of plasma protein (mainlj of the albu- 
min fraction) hpemia and hypercholesterolemia and the 
absence of hypertension and retinal changes Except m 
very severe types, such as those caused bj chemical 
poisons m which necrosis of the tubular epithelium may 
occur accompanied by anuna, renal insufficiency is 
absent or of moderate degree 

LIPOID NEPHROSIS 

(Synonym genuine or pure nephrosis) 

This IS an exceedmgly rare disease which occurs 
m children and young adults, did it not possess cer- 
tam features of great climcal and physiological 
mterest its descnption m a book of this nature 
would scarcely be justified The histopathology is 
one of a pure degenerative disease of the tubular 
epithelium The glomeruh are usually normal m 
appearance,* as are also the artenoles and larger 
vessels The degenerative change consists of the 
deposition of an anisotropic hpoid matenal (cho- 
lesterol esters) m the tubular cells and mterstitial 
tissue Cloudy swellmg, necrosis or calcification of 
the epithehum are less usual findmgs The chief 
clinical features are 

(1) Edema, frequently massive with ascites, protem 
content of edema fluid low (0 1 per cent) Low plasma 

* Though generally looked upon as a distinct and 
separate disease, Bell and some other pathologists 
consider lipoid nephrosis to be not clearly defined from 
the nephrotic tjye of glomerulonephntis, and that 
some glomerular damage always exists, as evidenced 
by the leakage of albumin through the glomerular 
membrane Bell states that thickenmg and piorosity of 
the basement membrane of the capillary loops can be 
demonstrated by appropriate siimmg 


albumin (less than 2 5 per cent) and total protem (less 
than 5 per cent) 

(2) Albuminuria, often excessive (5 to 20 grams or 
more daily), albumm-globuhn ratio in unne high (10 
to 20) and low m plasma (see p 5) 

(3) Urine of small volume, of normal or high specific 
gravity and low m chlondes when edema is present. 
Dunng recession of the edema the unne volume m- 
creases, the specific gravity falls and the chlonde excre- 
tion rises Hematuna is absent. 

(4) Absence of hypertension, cardiac hjqiertrophy or 
retmal changes 

(5) Lipemia and hypercholesterolemia (up to 1000 mg 
or more per 100 cc ) , hpoid droplets m the unne 

(6) Low metabolic rale 

(7) Absence of renal insufficiency , uremia does not 
occur, death usually results from some intercurrent 
infection, espieaally pentonitis (pneumococcal) 

The cause of the disease is unknown Two views 
are held (a) that it is pnmarily a degenerative 
disease of the renal ubules resulting from an un- 
known toxin, (b) that it is a general metabolic 
disease of which renal manifestations are merelj’^ a 
part Epstem believes that the protem m the unne 
differs from the normal plasma protem, bemg 
excreted as any “foreign” protem would be But 
none of these claims has been substantiated The 
disease may have its ongm m a disorder of some 
endoerme function 

Arteriosclerotic Eodney Disease 
(Sjmonym nephrosclerosis) 

This occurs in three forms (1) In elderly persons the 
larger renal arteries — arcuate, mterlohular or mterlobar 
— are chiefly mvolved m sclerotic changes as part of a 
general systemic artenosderosis As a result of closiue 
of some of these branches the blood supply may be 
shut off from relatively large renal areas (infarction) 
The nephrons within these areas atrophy and the re- 
serve of the kidney becomes reduced This is a picture 
of the senile kidney The changes as a rule give nse to 
nothing more than a mild degree of renal msuffiaency 
The condition is of no great chmeal or physiological 
mterest 

(2) The renal artenoles become sclerosed (prolifera- 
tion of their endothehal cells and a thickemng of then 
muscular coats) as a sequel to essential hypertension 
The persistent high pressure is looked upon as the direct 
cause of the artenolar changes The closure of numbers 
of glomerular artenoles causes a wide-spread destruc- 
tion of glomerular tufts which become hyahmzed or re- 
placed by fibrous tissue Degenerative changes occur in 
the tubules and the mterstitial tissue is mcreased, but 
effects of an inflammatory nature are absent Renal 
msuffiaency results When renal symptoms supervene 
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they resemble those of chrome glomerulo-nephntis, but 
tend to be overshadowed by the primary cardiovascular 
features The following are the mam differences be 
tween this type and chronic glomerulo nephntis 

(a) Renal msuffiaency is not, as a rule, a promment 
feature until congestive heart failure supervenes 

(b) Albummuna shght, absent or mtermittent. 

(c) Edema is not as a rule a very pronounced fea- 
ture and usually of cardiac ongm 

(d) Greater degree of hypertension and cardiac 
hypertrophy 

(e) Death usually due to cardiac failure or cerebral 
hemorrhage, rarely to uremia 

(3) As a result of malignant kyperlension (p 166) the 
renal arteriolar disease is more mtense Endarteritis 
and necrosis of the afferent vessels (malignant nepltro 
sclerosis) cause a more rapidly progressive destruction 
of the glomerular tufts Renal msuffiaency develops 
acutely, when death frequently occurs in uremia 

Sime of the more useful lesis of renal fwiclion 

A. Tests Involving an Examination ot the Blood 
The non protem mtrogen (NPN) may be estimated in 
whole blood or m plasma, or the urea alone may be 
detenmned The low mean and maaamum values of the 
blood urea m health are, respectively, 10, 30 and 48 mg 
per 100 cc. of blood In renal insuffi oerKy it may be 
anywhere, according to the degree of impairment, from 
60 to SOO mg per 100 cc. The seventy of the insuffi 
aency, whether relative or absolute, may be gauged 
by makmg the detenmnations while the patient is upon 
an ordmary diet and agam when the mtake of protan 
13 reduced to the rmnimum Examination of the blood 
will not reveal the earher stages of renal msuffiaency 
It was found by Van Slyke and his assoaates that renal 
function may be reduced to 40 per cent or even to 
25 per cent of the normal before a rise m the blood 
urea above the normal maximum occurs The creatimne 
content of the blood (normal 1 mg per 100 cc.) is also 
sometimes employed as an mdex of renal function, but 
Its nse occurs even later than that of urea. In severe 
degrees of renal msuffiaency the creatimne may rise as 
high as 60 mg or more per cent, 5 mg is a more usual 
figure. 

B Tests Involvino an Examination of the Urine. 
(a) Urea concentration test ot Maclean and de Wesse- 
low consists of givmg 15 grams of urea m 100 cc. of 
water after the bladder has been emptied The bladder 
IS agam emptied 1 hour and 2 hours later, the first unne 
specimen is discarded, smee the urea induces a diuresis 
which lowers its concentration and so gives a false re 
suit. The degree of msuffiaency is gauged from the per- 
centage of urea m the second specimen A concentration 
of 2 per cent or more mdicates normal funcUon (b) 
Phenolsulphonephthalem is injected intravenously In 
a nom^ person it dyes the unne m about 8 mmutes 
about 65 per cent or more bang excreted withm 2 hours' 


Its elimination is delayed when renal msuffiaency exists 
(c) Specific gravity test This is one of the oldest and at 
the same time one of the simplest tests of renal function 
(see pp 464 and 472) 

The dilution and concenlrotwn tests of Volhard and 
Strauss The water or dilution test consists in determin 
mg the volume and specific gravity of the unne each 
hour for 4 consecutive hours after the ingesUon of 1500 
cc of water A normal person excretes the entire 1500 
cc. withm 2 or 3, or at the longest 4 hours, and most 
of It within the first hour The specific gravity of the 
unne is from 1 001 to 1 003 The patient inth renal 
msuffiaency takes a longer time to eliminate the extra 
water, and the specific gravity of the unne is higher 
(p 472) The conuntration test is usually performed after 
ie dilution test and consists m detcrmimng the specific 
gravity of the unne after fluids have been \nthheld 
for 10 hours or more. The normal person concentrates 
the unne to a speafic gravity of 1 025 to 1 032 A 
specific gravity below 1 020 mdicates impaired concen 
trating power — defective re absorption by the tubules 

Urea clearance test This was introduced by Austm, 
Stillman and Van Slyke as a measure of renal func- 
tion The quantit> of blood “cleared” of urea per nun 
ute IS referred to as the blood urea clearance By the 
term clearance is meant the quantity of blood which 
would give up all its urea or other substance which it 
contained did such a volume of blood conceivably pass 
alone through the kidney each minute Of course, the 
total volume of blood flowing through the kidney is 
many times greater (around 1200 cc per minute) than 
the quantity specified and gives up only a small fraction 
of its urea each minute For example, if the blood urea 
concentration is 40 mg per 100 cc and a total of 30 mg 
of urea pass into the unne per minute, it can then be 
said that the quantity of urea removed from the circu- 
lation per mmute is eqmvalent to that contained m 75 
cc of blood 

It has been shown that above a certain magnitude of 
unne flow, called the augmentation limit, urea excretion 
IB maximum, urea excretion is unaffected by a further 
mcrease in urme flow the quantity of blood cleared of 
urea remains constant. Thus, the maximum clearance 
(Cm) IS calculated from the following 

UV/B = blood urea clearance (quantity of blood 
cleared of urea N per mmute) 

where U is urea N m mg per 100 cc. of unne, V, the 
Unne volume m cc , and B, mg of urea N per 100 cc of 
blood Thus, if the unne volume is 3 cc per minute 
and the urea N per 100 cc of unne, and of the blood, 
330 mg and 13 2 mg respectively, then 

(330 X 3)/13 2 “ 75 cc maximum clearance (Cm) per 
mmute 

With lower urme volumes (0 5 to 2 cc. per rmnute) the 
quantity ot urea excreted becomes progressively re- 
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duced due to the back diffusion of urea across the 
tubular membrane into the blood The excretion down 
to a \’alue of 0^5 cc per mmute is proportional to the 
square root of the urme volume (V) Thus, with an 
ordmarj unne flow (1 cc per mmute) the urea clear- 
ance — the so-called standard clearance (Cs) — is calcu- 
lated from the formula 

(U -v/vl/B = standard clearance (Cs) 

The standard clearance averages normallj 54 cc and 
the maximum clearance 75 cc per mmute 

The urea clearance test is of no value m detectmg 
renal insuf5aenc> m its earher stages, for no reducbon 
in the clearance occurs until less than 50 per cent of 
functioning renal tissue remams mtact. 

In advanced nephntis the urea clearance at a unne 
flow of 1 cc per mmute may be as low as 9 cc , and 
the maximum clearance (urme volume above 2 cc per 
mmute) onlj from 10 to 12 cc., or from 10 to 15 per 
cent of normal 

Intdin cleara nee This was mtroduced by Homer 
Smith and his colleagues to measure the rate of 
glomerular filtration Inuhn, a starch-hke polysaccha- 
nde with a relatively small molecule (mol wt 5100) 
passes freely across the glomerular membrane It is not 
metabolized, is neither excreted nor reabsorbed by the 
tubules, and does not combme with the plasma protems 
Its clearance amounts to around 130 cc, per mmute, 
and under all conditions (e.g rate of unne flow or 
plasma concentration) its clearance is equal to the rate 
of filtration hlannitol may be used for the same pur- 
pose Thus, either of these agents serve as an invaluable 
means of determming the filtration rate or of measurmg 
the reabsorption or tubular excretion of a given urmary 
constituent. For example, a substance, such as creati- 
nme, diodrast, or phenol red, which has a clearance 
greater than that of muhn, must be, m part at least, 
excreted by the tubules, if the clearance of a substance 
such as urea or glucose is less than that of mulm, it 
must have undergone partial or complete reabsorption 
Inuhn IS given by intravenous mjecUon 

Tubular transfer tests When the plasma level of 
glucose IS raised progressiv ely, a pomt is reached where 
no more can be reabsorbed by the tubules, glucose then 
appears m the unne When the quantity of sugar re- 
absorbed remams constant with nsmg plasma concen- 
tration the kidney has become saturated, i e , the 
maximal capaaty of the tubules to reabsorb glucose 
has been reached * This maximum, which is about 325 
mg per minute for the human kidnej’s is called the 
glucose Tm (maximal transfer) or Tmo The actual 
quantity of glucose reabsorbed per rmnute in mg (To) 

’ Glycosuna of moderate degree occurs a httle before 
maximum reabsorption has been reached This is at- 
tributed to a certain imperfection m the balance of 
glomeruh as to the filtermg capaaty of tubules (see 
glomerulotubular balance, ch 35) 


is the difference between the quantity filtered m mg 
per mmute filtered load and that exaeted m mg per 
mmute m the unne (UoV, whe-e Uo is the concentra- 
tion of glucose in the urme and V, the urme volume m 
cc. per mmute) The quantity of glucose filtered per 
mmute is the product of its concentration m the filtrate* 
m mg per cc. (Pq) and the rate of glomerular filtration 
m cc per mmute as determmed from the mulm clear- 
ance (Cid) Thus, 

To = PoCin - UoV 

Up to the pomt of maximum reabsorption Tq equals 
approximately PoCin In other words, under ordinary 
circumstances, all the glucose of the filtrate is reab- 
sorbed by the tubules 

In a correspondmg manner, the rate of the tubular 
exaebon of diodrast can be ascertained It will be the 
rate of the exaction of diodrast in the unne (UdV), 
less the rate of diodrast filtration This latter is the 
plasma concentration (Pd) multipbed by the rate of 
glomerular filtrabon (Cu,) by the fracbon of free Jiller- 
able diodrast in the plasma (FI\0 Thus, 

Td >= UdV - FWPdCi„ 

The maximum reabsorpbon of glucose (glucose Tm) 
IS a measure of the reabsorpbve capaatj of the kidnej , 
the tttbular absarpltve mass as it is termed The diodrast 
Tm IS used m a maimer correspondmg to the use of 
glucose Tm to estimate the mass of funebonmg exae- 
tory tubular bssue — the tubular excretory mass 

The Pathological Physiology of Some of the 
Main Feathees of Renal Disease 

I RENAL INSUFFICIENCY 

Renal insuffiaency means a reduced capaaty 
of the kidney to carry out its functions, namely 

(a) The excretion of non-prolein mirogenoiis sub- 
stances — urea, unc acid, creatinme, etc The rate 
of excretion of urea is directly proportional to (i) 
its concentration m the blood when the unne 
volume IS above a certam amount, called the aug- 
mentation limit, (u) the square root of the unne 
volume when this is below the augmentation limit 
and above a unne flow of about 0 35 cc per mm- 
ute, when a sharper reduction m urea clearance 
occurs, it then falls m direct proportion to the 
unne flow, rather than to the square root of the 

■•The concentrahon in the plasma is taken as the 
concentration m the filtrate. The latter is higher than 
the plasma concentrabon owmg to the removal of the 
plasma protems dunng filtrabon and a small correction 
(W) 15 somebmes reqmred The value of W is 1 per 
cent of plasma protein/100 This correebon is always 
necessary m the calculabon of the exaebon of diodrast, 
which is, m part, bound to the plasma protems 
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latter, and (iii) the amount of active renal tissue 
when this is less than about SO per cent of the 
normal The augmentation limit m man itomaUy 
a\erages about 2 cc. per minute At or above the 
augmentaUon lunit the urea excrebon m any m- 
dimdual is at a maxunum, bemg unaffected by 
further maease m unne flow 

(b) The excretion of water Though there may be 
polyuna (p 477) which might suggest that there 
IS no mcapaaty of the kidney to elimmate water, 

It will be found that the meffiaent kidney cannot 
respond promptly when an extra demand is made 
upon this funcbon Consequently, when a large 
quantitj’ of w ater is drunk it is not excreted withm 
the normal time Furthermore, the specific gravity 
of the unne does not fall to the low level (1 001 to 
1 003) of unne formed m health under the same or- 
cumstances, but remains around that of depro- 
teinized plasma (glomerular filtrate), namelj , 1 009 
to 1 010 

(c) Concaitrahug power (re absorpbon of water) 

£ impaired The low threshold substances, such 
as urea, unc aad, etc., are in lower concentration 
in nephnbc than m normal unne even when the 
concentrabng power of the kidney is encouraged 
b> reducmg the fimd intake If fluids are withheld 
for some time from a healthy person, he passes 
unne of a high specific graruty, 1 030 or o\ er The 
severely unpaired kidney is unable to raise the 
specific graMty much, if at all, above that of 
protemfree plasma, Takmg the two last men- 
boned funcbons, (b) and (c), together it may be 
said that as the renal mjury progresses, the specific 
graiuty of the unne after the mgesbon of a quan- 
btj of water tends to be depressed less and less 
toward the normal figure of about 1 002, when 
flmd IS withheld the specific gravity is raised with 
mcreasmg difficulty toward the normal maximum 
of about 1 030 In other words, instead of showmg 
the great swmgs m specific grainty of normal unne 
under varjmg condibons of fluid mtake, nephntic 
unne tends to become fixed at a specific gravity 
around 1 010 Hyposthenuria is the term used to 
denote subnormal concentratmg power Isothenuna 
IS a term which means that the kidney cannot form 
unne with a higher or lower specific gravity than 
that of protem-free plasma 

Normally, the tubular fluid becomes hypertonic 
by the reabsorpuon of water from the nephron 
distal to the proximal conioluted tubule It is im- 
pairment of this part of the nephron that is re- 
^Mible for the failure m concentrabng power of 
the kidnej But the msuffiaent kidney is also un- 


able to reduce the specific gravity of the unne much 
below that of the filtrate, which would suggest that 
the abihty of the tubules to increase the reabsorp- 
bon of chlondc and other salts m response to the 
mgesbon of water is also impaired The unne m 
the later stages is nearly isotonic with the plasma 
under all conditions, the reabsorbed fluid, there- 
fore, has also a concentrabon m solids similar to 
that of deprotemized plasma under all circum- 
stances the tubule cells haxe largely lost their 
power of selecbr e rcabsorption, substances m the 
filtrate bemg returned to the blood in the pentubu- 
lar capiUanes by a simple ffrocess of diffusion 
The first demonstrable impairment of renal 
function m glomertilo nephritis is a reduebon in the 
filtrabon rate, which occurs before the concen- 
trating power of the tubules is affected The low- 
ered filtration rate is associated with a reduebon 
m the filtrabon fraction (p 454), which may be no 
more than 8 or 9 per cent, i c , less than half of 
normal Smee the renal blood flow is normal or 
mcreased at this stage, the subnormal filtrabon 
rate is not the result of low ered glomerular pressure 
(as would result from afferent arteriolar constne- 
bon), but to structural changes in the filtenng bed 
(obhterabon of capillaries and thickenmg of the 
glomerular membranes) The reduebon m filtra- 
bon rate (glomerular damage) at this stage while 
tubular function is httle impaired leads to the re- 
tenbon of water and electrolytes, the unne \olume 
IS then below normal The ratio, glomerular filtra- 
bon/diodrast Tm (GF/Tm) is depressed As the 
disease advances, glomerular and tubular damage 
run more or less parallel, and the GF/Tm rabo 
remams low Later, tubular damage becomes more 
pronounced, and the GF/Tm rabo mcreases, and 
if artenal hypertension supervenes, the glomerular 
pressure rises and the blood flow dimmishes as a 
result, apparently, of efferent arteriolar constne- 
bon, the filtrabon fracbon mcreases and the 
GF/Tm rabo is elevated to normal or above In 
these later stages of chronic glomerulonephritis, as 
a result of the detenorabon of tubular reabsorpbvc 
funcbon, unne volume rises and there is a loss of 
body water and electroly tes 
The disproporbonate damage to the glomerulus 
and tubules m glomerulonephntis causes vary mg 
degrees of funcbonal imbalance between these two 
parts of the nephron (see p 450), and such im- 
balance accounts to a large extent for the disturb- 
ances m renal funcbons which are observed 
Severely mjured glomeruh, for example, filtenng 
mto relabvely normal tubules will result m those 
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nephrons producing a small volume of urme of 
normal composition Conversely, if the tubules are 
the more severely damaged parts, the filtrate m 
passing along the tubules ^\lll be little altered, the 
unne formed by such nephrons will be of relatively 
large volume and resemble the filtrate m composi- 
tion 

The nephrotic stage of glomerulonephntis m 
adults show s disturbances similar m renal function 
to those described above But m children with 
nephrosis the urea and mulin clearances are actu- 
ally greater than normal The renal blood flow 
and filtration fraction are both increased 

In renal disease due to hyperlcnston {nephro- 
sclerosis) the effects upon renal processes contrast 
sharply wnth those found in chronic glomerulo- 
nephritis Tubular insuffiaency precedes any pro- 
nounced reduction in filtration rate The earhest 
change is a fall m renal blood flow and an mcrease 
m the filtration fraction (p 454) — mdications of 
efferent artcnolar constriction Later, as a result of 
ischemia, tubular damage becomes evident, reab- 
sorption is subnormal and, as a consequence, poly- 
uria occurs The constnction of the efferent arteri- 
ole IS not affected by sympathectomy, but is 
abolished by the administration of a pyrogen, the 
renal blood flow increases These facts strongly 
suggest the action of a pressor substance, probably 
renin 

^^^lcn one speaks of renal msufiBaency it is the 
impairment in the functions referred to in the 
foregoing paragraphs that is meant, since it is for 
the measurement of the degree of impairment of 
these functions that the most reliable methods 
have been devised Yet, it should be remembered 
that renal disease does not smgle out any particu- 
lar function for attack, when one is impaired 
others also suffer more or less Nitrogen excretion, 
water elimination, concentrating power, ammonia 
and hippunc acid production, and base conservation 
(p 460) are all interfered with more or less to- 
gether There is one apparent exception, the leak- 
age mto the urme of serum protem — proteinuna — 
which IS an mdication of some abnormaUty of 
the glomerular membrane, may be present m the 
absence of other signs of disturbed renal function 
(see lipoid nephrosis and benign albuminuria) 
Proteinuna, therefore, though a fault in renal 
function IS not a efitenon of renal insuffiaency m 
the ordinarily accepted sense of this term 

Renal msufficiency may be relative, as when 
there is an accumulation of nitrogenous products 
m the blood, and water elimmation is difficult upon 


an ordmary diet, but the kidney performs its work 
if the w ater mtake and the protem of the diet are 
reduced to the minimum When the insuffiaency 
of the kidney is evident upon a ngidly restneted 
diet, it IS said to be absolute 

n ALBuiUNUEiA (or more correctly 
proteinuria) 

This IS one of the commonest accompamments 
of renal disease, but it may also occur m healthy 
persons 

Albuminuria in kidney disease 

The urmary protem is derived from the plasma 
and there is abundant evidence that it passes 
mainly or entirely through the glomerulus rather 
than through the tubular epithehum, though m 
severe tubular damage a part of the urmary protem 
is that which would otherwise have been reab- 
sorbed The quantity of albumm m the urme 
usually exceeds that of globubn, for albumm havmg 
a much smaller molecule escapes more easily 
through the "pores" of the glomerular filter The 
stdl larger molecule of fibrinogen rarely escapes 
into the urme, and when fibrm is found m the urme 
it IS usually due to hemorrhage mto the urmary 
tract The number of miUigrams of albumm m a 
hter of urme divided by the globubn content m 
milligrams gives wffiat is known as the unnary 
alburam-globulm (A/G) ratio This has a value 
of between 3 and 10 m chronic nephritis, but is 
from 10 to 20 m chrome (bpoid) nephrosis In 
amyloid nephrosis it is usually quite low — between 
1 and 2 A ratio below 5 m chronic nephntis ap- 
pears to be a grave prognostic sign When the loss 
of protem m the urme becomes excessive, as m 
lipoid nephrosis and m the nephrotic type of 
nephntis, the serum albumm cannot be regen- 
erated sufficiently rapidly to mamtam its normal 
level m the plasma, a deficit therefore occurs (see 
p 475) The albumm-globulm ratio of the plasma 
falls as that of the urine rises In the plasma the 
concentration of the globulm fraction may actually 
exceed that of albumm fraction, i e , the ratio is 
mverted and may be as low as 0 2 The protemuria 
of hpoid nephrosis is difficult to explam, since the 
glomeruh usually appear normal, whereas the 
tubules show marked degenerative changes It is 
assumed, nevertheless, that some ultramacroscopic 
change m the glomerular membrane has occurred 
which IS responsible for its abnormal permeability 
A certam small portion of the protem which escapes 
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into the filtrate is reabsorbed, unless, as mentioned 
abo\e, the tubules are senousb damaged The 
reabsorbed protem, or products of its mtracellular 
digestion, are seen as hj ahne granules or droplets, 
vrhich are responsible, according to Ohier, for 
the “doudj swelling” of the tubule cells, the name 
gi\en to a relati\el 3 mild nephrotic lesion long 
described bj pathologists (ch 35) 

Albiin 111 ina in the absence oj kidt ey disease 

This form of albummuna has been distmguished 
from the preceding bv the use of \ anous quahfjnng 
terms— adotecoi/, postural, orthostatic, bcrign, func- 
tional, physiological, etc.— which collecti\ elv denote 
its chief features The albummuna should be looked 
upon as bemg due to some nunor disorder of renal 
phj'siologj rather than the result of anj defimte 
structural change m the Lidnet It ma^ occur at 
any age, but the subjects are usual I \ y oung — ^be- 
tween the ages of 8 and 18 — and m good health, 
there bemg no endence of renal damage. It is most 
likely to occur after eaerose. The condition does 
not lead to kidne\ disease. MacLean found the 
condition m 4 per cent of healih\ Bntish soldiers 
It was found m 5 25 per cent of 16,748 healthy 
fr eshm en esammed at the Unnersitv of hlm- 
nesota CDieU and McKmlei) The protem is 
usuaH} small m amount (0 2 per cent), and is com- 
monly present onl\ when the subject is in the 
erect pmsture. The condition is probabU due to 
some disturbance m the renal cuculation leadmg 
to congestion (%enous stasis) mduced b\ the up- 
right position, with or without lordosis The latter 
IS considered bi some as an important factor 
That the albummuna is of arculatoiy ongm is 
mdicated bj the follo-vmg facts (1) compression 
of the renal \em m animals or the mjection of 
adrenahne which constncts the renal \ easels, cause 
albumm to appear m the urme, (2) Erlanger and 
Hooker obsen ed that the pulse pressure was lower 
than normal m subjects of orthostatic albummuna 
and that the degree of albummuna mcreased m 
proportion to the reduction in pulse pressure. 
The erect position lowers the pulse pressure (p 
155) In bemgn albummuna, the albumm is httle 
if at all m excess of the globuhn, ne., the urmarj 
A/G ratio is low, between 1 and 2 or less Almost 
normal person maj pass protem m the urme 
(as shown bj the ordmarj clmical tests) after 
severe muscular exertion or cold bathmg Some- 
tunes the protem of the urme is den\ed from 
mgested protem, as after eatmg a large number 


of raw eggs In animals protem appears m the 
urme after the mtraienous mjection of egg white 
(the molecular weight of egg albumm is relaUvely 
small, about 35,000) The bemgn albummuna of 
pregnancy is probablj due to interference with 
the renal \ enous return Albummuna occurs m 
(X)ngesti\e heart failure as a result probablj of 
slowing of the renal blood flow and a ccrtam de- 
gree of ischerma It also occurs m anemia, fciers, 
etc. and m these mstances there is frequently 
doudj swellmg of the cells of the tubules, the 
renal condition constitutmg a mild tiTie of neph 
rosis (pp 468 and 469) 

As mentioned on page 450, most normal urmes 
contam traces of protem which require, as a rule, 
espeoallj dehcate methods for their detection. 

Berce-Jones proteins This protem is not normally 
present m the plasma except perhaps in traces but ap- 
pears m the urme m cases of ccrtam bone tumors 
(mi elomas) The protem has a small molecule (molecu 
lar weight around 35,000) and escapes rcadiK through 
the health! glomerular membrane. When unne con- 
taimng it is aadified with acetic and and heated to 
60'C^ flocculent coagulum appears but disappears 
agam when the temperature is raised to the boding 
pomt. WTien the unne is allowed to cool, cloudmess 
reappears but again dissoKts as the temperature falls 
to around 40‘C 

m E0EUA En KniNny disease 

The general phisiological prmaples m\ol\ed 
m the passage of fluid through the capillarv 
membrane and the factors concerned m the pro- 
duction of edema ha\ e been dealt with m chapter 

3 Withoui doubt the outstanding factor in the 
production of the edema of cl ronic renal disease is 
tl c depletion of tl e scrum proteins which results from 
the excessiie protemuna. The loss of albumm, 
smee it has a smaller molecule and so exerts a 
greater osmotic pressure, is a more important 
factor m the production of edema than is the loss 
of globulin. 

The osmotic pressure exerted by 1 per cent of 
the combmed proteins of normal plasma is around 

4 cm H;0 But the osmotic pressure of a 1 per 
cent solution of serum albumm is 7.5 cm H-O, 
whereas the osmotic pressure e.xerted by the same 
concentration of the globuhn fraction is only 2 cm 
H;0, and that of fibrmogen, owmg to the large 
aze of Its molecule, is still less The albumm frac- 
tion exerts over 80 per cent of the total oncotic 
pressure of normal p l as ma . These figures, together 
with the fact that serum alb umin is diminished to 
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a greater degree tlian is the scrum globulin, explains 
\\h\ a fall in the total protein of the plasma in 
nephrosis produces a mucli greater effect upon the 
oncotic pressure than one would be led to expect 
irom a simple calculation based upon variations 
in the total jirotcin concentrations of normal 
plasma rurllicnnore, c\cn in normal plasma E H 
Fishbcrg has found that, as the total protein 
concentration decreases m arithmetical progres- 
sion, the oncotic pressure diminishes in geometric 
progression - 

It IS just those t>pcs of chronic kidncv disease 
(ntjdiro'is and the nephrotic t>pc of glomerulo- 
ntphrilis) in which large quantities of albumin arc 
lost m the urine and the plasma protein is low, 
that show the highest degrees of edema In other 
t\pcs of chronic glomerulonephritis and in arteno- 
'clerotic ktdnci tiistasc tlicre is hlllc tcndcnci to 
scaerc serum protein deficit, and edema, attribut- 
able to the renal lesion, is unusual A fall, even 
tliough pronounced, in the scrum albumin is not 
alwa%'> follow esd bv edema, since the fibrinogen and 
globulin fractions maj '^how compensatora' in- 
creases and ni'o: the total protein of the plasma 
siifficicntla to prcaeiit a fall in the plasma osmotic 
pressure below the entic'd lead of 20 mm Ilg 
(normal 25 to 30 mm ) But it is generally con- 
ceded that a reduction in tlic albumin fraction 
below 2 5 per cent (normal 4 to 5 per cent) and a 
total protein content of around 5 per cent (normal 
7 to 8 per cent) is the point at which edema com- 
mences Krogh cites a ease of nephrosis with 
edema in whidi the urine contained ncarla 3 per 
cent of protein, the total plasma protein was 5 per 
cent, gia mg an osmotic pressure below 8 mm Hg 
The capillarj blood pressure aaas considerabla 
higher than the osmotic pressure, namely, 11 mm 
Hg According to Peters, aahen the total protein 
falls below 4 per cent the edema is intractable to 
all forms of treatment Moore and Van Sljkc have 
shown that a linear relationship exists between the 
specific gra\itv of the plasma and its total protein 
content, the cntical specific gravity for edema 
formation is 1 023 (normal average 1 027) The 
edema fluid of chronic renal disease is very low m 
protein (0 1 per cent or less) and contains about 
the same sodium dilondc concentration as docs 

‘Ihis relationship is expressed m Uie following 
equation 

p = where 

p is the reciprocal of the osmotic pressure, v the reapro 
cal of the protein concentration, and a a constant de- 
pendent upon the particular serum 


plasma Dunng the discharge of the edema fluid 
the excretion of sodium m relation to that of 
potassium rises, an indication that the excess fluid 
is of extracellular origin (p 20) 

Edema has been produced experimentally in 
dogs by plaang them upon a low' protein diet (p 
39) or b> plasmapheresis (p 7) The edema pro- 
duced by the latter procedure disappears when, as 
a result of regeneration of the plasma proteins, the 
osmotic pressure rises nbo\c the critical level, the 
nutritional edema is abolished after the animals 
ha\c been gi\cn an adequate supply of protein 
It has also been demonstrated that a low protein 
diet may prcapitatc edema in a nephrotic patient 
who had previously been free from iL Conxersely, 
a high protein diet tends to raise the concentration 
of plasma proteins in nephrotic subjects and of 
causing a Tcduclion in the edema A high protein 
diet which will encourage the regeneration of 
plasma protein would appear, therefore, to be a 
rational procedure m the treatment of nephrotic 
edema It also follows that it is undesirable to 
remove large quantities of edema or ascitic fluid 
mechanically (paracentesis) for, though the pro- 
tcin content of the fluid is ver>’ low, the total 
amount lost to the body through such a procedure 
may be significant 

But the formation of edema in renal disease is a 
complex problem, and it must be admitted that it 
can not alwa3’s be explained upon the basis of a 
low scnim protein, tliough sucli is probably always 
present in some degree when the total plasma 
protein IS less tlian 5 per cent, it occurs m some 
eases with a protein concentration of over 7 per 
cent 

The distribution of the edema m renal disease 
differs from that of cardiac failure In tlie former 
tlic fluid tends to collect in sites where tlic tissues 
arc loose and inelastic, c g , beneath the eyes, and 
is commonly more pronounced after the night’s 
sleep than when the patient is up, drainage of tlie 
fluid then being aided b}' gravitj' In cardiac edema 
gravity and raised capillary pressure encourage 
the seepage of fluid into dependent parts — ankles 
and legs — and it is therefore more pronounced 
when the patient is upright, and is reduced or dis- 
appears in recumbency 

The rclalton of sail to edema 

It will be recalled tliat water can be retained in 
tlie body only as an isotonic solution, and the 
admmistration of sodium chloride to the patient 


476 


EXCRETION or URINE 


Scchon 1 V 


on the verge of edema preapitates the condition, 
the edema disappears agam upon a salt-free diet 
Sodium bicarbonate has an effect upon edema 
formation simdar to that of sodium chlonde, 
whereas other chlondes (e g , KCl, NHiCl) cither 
have no water retaming mfluence or through their 
aadifymg effect (pp 24 and 455) cause diuresis and 
the discharge of the edema fluid It has also been 
shown by Hastmgs and Van Dyke that edema can 
be produced m dogs by the administration of 
sodium bromide These and other facts have shown 
that the mfluence upon the production of edema is 
exerted by the sodium rather than by the chloride 
ion 

Edema can be produced even in healthy persons 
by the administration of very large quantities of 
salt followed by the dnnkmg of an abundance of 
water Baird and Haldane took sodium chlonde 
(38 grams) or sodium chlonde and bicarbonate in 
500 cc of water If, uhile the diuresis nhich fol- 
lowed the salt mgestion was subsidmg, 2\ liters of 
water were drunk, there was no apparent effect, the 
unne volume contmumg to fall Edema about the 
ankles was noted When, however, an additional 
500 cc were drunk, profuse diuresis resulted It was 
also found that water or isotonic salme caused a 
much greater diuresis than hypertonic sahne They 
give as the probable explanation of their results 
that the salt nas first deposited as a hypertonic 
solution m the tissues, the nater which was in- 
gested later left the capiUanes to produce an 
isotomc tissue fluid Water ingested m excess of this 
requirement was excreted The smaller diuretic 
effect, 1 e , the greater water retention, of hyper- 
tome sahne as compared with that induced by 
water or hypotonic salme finds a similar explana- 
hon (See also water diuresis, ch 35 ) 

It IS seen, therefore, that even m health the 
balance between mtra- and extra-capillary fluid 
can be upset and a temporary edema produced 
Normally fluid is forced out of the capillary near 
the arterial end where the blood pressure over- 
balances the coUoid osmotic pressure (ch 3) At 
the venous end, where the blood pressure no longer 
exceeds the pressure of the tissue fluid and the 
osmotic pressure of the plasma proteins, water is 
taken up The fluid poured mto the tissues as a 
result of the deposiUon of chlonde, therefore, soon 
undergoes reabsorption When, however, the con- 
centration of plasma protem is low, reabsorption 
becomes more difficult The water which has mi- 
grated from the vessels to dflute the tissue fluids 
to isotomaty is not readfly removed. Defiat m 


the plasma protan is therefore the pnmary cause 
of nephrotic edema, salt retention m the tissues 
IS a contributory factor, salt, like water itself 
plays a passi% e r61c simply enabling more isotonic 
tissue fluid to be formed i c , providing one of the 
essential constituents of the edema fluid In other 
words, water can only be retained as an isotonic 
fluid, if, therefore, salt is v ithhcld the c.\ccss water 
IS c-xcrctcd It is also recognized that in certain 
dehjdratcd stales ingested water is not retained 
unless salt is also supplied 

In nephrosis with massi\e edema, injections of a 
colloid solution with an osmotic pressure equal to 
that of normal plasma arc emploj cd, together \ ith 
rigid salt restriction, the former to restore the 
plasma oncotic pressure and thus to hold fluid 
wuthin the \csscls, the latter to limit the quantilj 
of extracellular fluid which can be formed In the 
less sc\crc forms of nephritic edema a more 
moderate curtailment of the salt intake ma> be 
combined w ilh the ingestion of a carboxylic (c g , 
ambcrljte) or sulfonic lon-exchangc resin Am- 
monium ions held b\ the resin arc exchanged in the 
intestinal tract for sodium ions derived from the 
food and digest i\c secretions, the Na+ is excreted 
in the fcccs 

In acute iicplinlts, cspcaallj m the earlier stages, 
edema ma> occur in the absence of plasma protein 
defiak The edema is not widespread as a rule, 
but ma> appear before the renal manifestations 
It is considered as due to increased permeability 
of the capiJIarj' wall, the high protein content of 
the edema fluid (1 per cent) supports this conclu- 
sion It IS likcl) that the toxic substance which 
has produced the inflammatory lesions in the 
glomerular capiUancs has also injured the systemic 
vessels It is significant that poisons, such as the 
toxins of diphtheria and scarlet fever, and other 
substances which cause glomerular damage, are 
also general capillary poisons 

I\' CASTS, CYllNDimiA 

Part of the protein material which has passed through 
the damaged glomerulus undergoes coagulation and 
becomes moulded m the distal tubules and the collecting 
tubules to form the microscopical unnarj bodies knoivn 
as casts Blood cells which have escaped from the 
capillanes of the glomerular tuft, epithelial cells shed 
from the tubules, or bpoid matcnal, may become 
moulded in a similar waj The several vanctics of casts 

Wood, eptlhdtal, fatly or wjxy — arc named according 
to the material of which thej are composed Tl-^altnc 
easts are formed of coagulated albunnn and are trans- 
lucent and homogeneous Granular casts arc made of a 
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conglomerate of blood or epithebal cells m a matrix of 
albiunm In the terminal stages of renal failure the shed 
epithehal cells of the larger coUectmg tubules form 
exceptionally large elements termed renal fatlure casts 
(Addis) The unne may also contain many free red and 
white cells, the numbers varymg accordmg to the type 
and seventy of the kidney lesion Nevertheless, the 
presence m the urme of relatively small numbers of 
hyaline casts or even of a few blood cells is by no means 
an indication of renal disease Addis exammed the unne 
of 74 healthy medical students and found hyaline casts 
in 45 The figures for the rates of excretion for the entire 
group are given m table 35 

The protem excreted m the urme m renal disease is 
not ordmanly coagulated, speaal means, e g , heat, 
mtnc aad, etc , must be employed to bnng this about 
Why protem forms a coagulum m the tubules is a ques- 
tion of long standmg but which has received a parted 
answer from the researches of Ohver It was found that 
hyahne casts give the metachromatic reaction with 
toluidme blue (p 116) which is charactensbc of chon- 
droitin-sulfunc and mucoitm-sulfunc aads These aads 
have the property of coagulating albuimn The casts 
are formed chiefly m the distal convoluted and col- 
lecting tubules, for m this situation not only is the 
protein more concentrated but also the reaction of the 
unne approaches the isoelectnc pomt of albumm These 
two factors alone, however, are not suffiaent to cause 
preapitation Chetmcal identification of the meta- 
chromatic substance, which is apparently the deter- 
TTiinin g factor m the formation of the coagulum, has 
not been made, nor has its source been determined 
Whether or not it is one or other of the mucopolysac- 
chandes mentioned above remams to be shown 

V POLYUEIA, OLIGUEIA AND ANURIA 

As stated on p 472, the earliest demonstrable 
change m function of the glomerulonephntic 
kidney is a reduction in the filtration rate, tubular 
concentratmg function remaining httle, if at all, 
affected This results in a reduction of unne vol- 
ume Later on m the disease the urme volume m- 
creases An mcrease m the volume of the mght 
urme — nycturia ^ — is often one of the first signs of a 
failure m concentratmg power The normal kidney 
concentrates the urme durmg sleep to a greater 
degree than durmg wakmg hours, so that the urme 
volume does not exceed the capaaty of the bladder, 
but the nephntic kidney, as a result of tubular 
damage, finds this impossible Polyiirm, or the 
production of abnormally large amounts of dilute 
urme durmg the day and night, is characteristic of 

® Tins appbes, of course, only under ordmary condi- 
tions of fluid mtiike. A healthy person may have to get 
up m the night to pass urme if he has drunk much flmd 
before retinnp 


TABLE 35 


Rate of excretion of casts, blood and epithehal cells per 
twelve hour period 
(After Addis) 



AVERAGE 

LOWEST 

HIGHEST 

Casts 

1,040 

0 

4,270 

Red blood cells 

65,750 

0 

425,000 

White blood and epi- 
thelial cells j 

322,500 

32,400 

1,835,000 


the later stages of glomerulonephntis Unhke that 
of diabetes msipidus, the polyuria of chrome renal 
disease does not respond to pituitrm In still later 
stages of renal insufiBciency, or when edema is 
formmg, the output of urme durmg the 24 hours 
IS reduced considerably below the normal 

The polyuria of chronic nephritis suggests a 
compensatory response of the kidney to the reduc- 
tion m the number of functioning renal umts Cer- 
tam experimental observations seem to support 
this conception 

Rose Bradford found that when a part — sometimes 
as small as one-eighth or one-fourth — of the renal sub- 
stance of an animal was exased, the remaining tissue 
responded within 24 hours by excreting large quantities 
of very dilute unne The polyima persisted throughout 
the penod of observation, which extended over a period 
of from 1 to 2 years When the amount of excised renal 
tissue was small, urea retention did not result. Vemey 
and his associates earned out similar experiments upon 
isolated kidneys perfused by means of a heart-lung 
preparation When a primary branch of the renal artery 
of one kidney was bgated, 50 per cent of its tissue was 
put out of action Nevertheless, though the blood flow 
was reduced by one-half, there was no reduction m the 
quantity of unne formed by this kidney It produced as 
much unne as the sound kidney of the opposite side 
In other words, the active kidney tissue which remamed 
immediately doubled its output and compensated fully 
for the functionless portion The unne flow gradually 
mcreased throughout the experiment until finally it was 
some 30 times greater than that of the sound kidney 
The composition of the unne from the mjured kidney 
was altered The urea percentage as well as the total 
quantity excreted showed a profound fall It appears, 
however, that per unit of functiomng tissue, the affected 
kidney excreted slightly more urea than the normal one 
The chlonde percentage was unchanged, so that the 
absolute amount, i e , the amount per unit of time, 
excreted by the functioning half of the kidney was 
much greater (4 times in one expenment) than that ex- 
creted by the kidney before ligation, or than that 
excreted by the kidney of the opposite side The specific 
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gravity of the unne approached that of deproteimzed 
plasma In bnef, the mjured kidney excreted much 
more water and chlonde and much less urea than the 
normal organ Polyuria and hyposthenuria were also 
produced m dogs by Hayman and his colleagues by the 
surgical reduction of kidney substances, they found that 
a r^ucUon in renal blood pressure or an mcrease in 
plasma colloids (thus reducmg filtration) dimmished 
the unne volume and raised the specific gravity of the 
unne 

The results of the experiments just ated are due 
apparently to mtrarenal vascular changes (either of 
nervous or of humoral ongm) through which glomerular 
pressure is raised and the volume of filtrate formed by 
the remaining glomeruh mcreased, m order to mamtam 
the excretion of urea and other plasma constituents at 
the normal value The greater amount of filtrate formed 
by each remaimng glomerulus floods the correspondmg 
tubules, and thus causes a more rapid tubular flow, 
with the result that reahsorphon of water is reduced 

The polyuna of nephntis can be similarly explamed 
But, m contrast to the experiments just quoted, in 
glomenilonephntis the nephrons which are not com 
pletely destroyed by the disease are far from normal, 
added to the efiect of a larger volume of filtrate bemg 
poured mto a reduced number of tubules, and thus 
causing rapid flow along the tubular lumina, concen 
trating power is also defects e as a result of the tubular 
damage itself The large urmary flow is m a way com 
pensatory and beneficial, the floodmg of the tubules, 
for example, tending to dimmish the reahsorphon of 
urea by passive back diffusion, and thus to mcrease 
excretion, while the low osmohc pressure of the tubular 
fluid reduces the osmohc work which the tubule cells 
are called upon to do But the excrehon of a large 
volume of unne has its disadvantages, smce it leads to 
dehydrahon and a senous loss of essenhal electrolytes 


In the polyuna of nephrosclerosis the filtrahon 
rate is normal, shghtly reduced, or even mcreased, 
while the reabsorption mechanism is impaired as a 
result of tubular ischemic damage (constnction 
of efferent vessek) Owmg to efferent artenolar 
constrichon and also to the high systemic blood 
pressure, the glomerular pressure is raised and the 

filtration fraction ^_jL ^tion rate \ 

\renal plasma flow / 

(p 454) ' 


Anuna Complete failure of the kidney to fom 
unne is called suppression of unne, or anuna 
Anuna may occur m the final stages of chromi 
glomerulo-nephntis, the unne volume beconuni 
gradually reduced to zero Or it may superveni 
suddenly, as m acute nephntis, as a result o 
severe trauma (iraimialtc anuna), after surgica 
operation, foUomng a transfusmn of inoimnaUbl 


blood, as part of the "crush syndrome” (p 305), 
or from poisonmg, especially with bichlonde of 
mercury It occurs when the filtration rate is 
greatly reduced, and reabsorption of the small 
volume of tubular fluid is complete After poison- 
mg of the frog’s kidney by mercury the filtrate is 
entirely reabsorbed It is strongly suspected that 
traumatic anurias and those caused by the trans- 
fusion of mcompatible blood, as well as the anuna 
of the “crush syndrome”, or tourniquet shock, are 
due to ischemia of the renal cortex, as a result of the 
diversion of blood through the juxtameduUary 
glomeruh That anuna may at times be of nervous 
ongm has been suggested by many observations 
The clear cut experiments of Trueta and his 
associates have shown that a tourniquet applied to 
a hmb causes constnction of the femoral artery 
proximal to the tourniquet, of the artery of the 
opposite limb and of the aorta and renal artery 
The narrowmg of the vessels was observed by 
radiography after the mjection of a radio-opaque 
matenal The response of the renal artery was 
absent if the splanchnic nerves had been previ- 
ously divided Associated with the narrowmg of 
the renal artery with its mnervation mtact, a 
diversion of blood from the more superfiaal 
glomeruli of the renal cortex to juxtamedullary 
glomeruh (p 442) was clearly demonstrated When 
dye or India mk was mjected, the medullary region 
became deeply stamed, whereas the cortex re- 
mamed pale and the time taken for mjected radio- 
opaque matenal to appear m the renal vem was 
much shortened Correspondmg effects were 
obtamed by stimulatmg the central end of the cut 
sciatic nerve (fig 36 1) 

VI UREMIA 

Two tjqies of uremia are recognized — true uremia 
and false or edampltc uremia 

True uremia is the termmal manifestation of 
renal failure Its principal clinical features are 
anemia, dyspnea, anorexia, nausea and vomitmg, 
weakness and twitchmgs of the muscles, occasion- 
ally convulsions, dizzmess, mental disturbances, 
and finally, somnolence, stupor and coma with 
periodic breathing The high urea concentration of 
the sweat causes the deposition of crystals of urea 
upon the skm — “urea frost” — which causes itchmg 
The uremic state is preceded by anuria, or the 
passage of a small volume of urme of low specific 
gravity (around 1 010), a rise m the urea (usually 
to 150-500 mg per cent) and other non-protein 
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Fig 36 1 Sho^^^Bg (a) the distnbution of India ink injected during life into the renal artery of a normal rabbit 
and (b) during the stunulation of the plexus of nerves surrounding the artery (After Trueta and associates, shghtly 
modified ) 


nitrogenous compounds (e g , creatmine and unc 
aad) of the plasma, as well as of phosphate occurs 
The urea and creatimne clearances are greatly 
reduced 

Though the symptoms are assoaated with a 
high degree of nitrogen retention, none of the 
known mtrogenous wastes, urea, uric aad or 
creatmme, is responsible None of these is toxic 
m relatively large doses, uremia is not produced 
when animals are fed these substances and their 
concentrations in the blood raised well above the 
limits found m renal msuffiaency B oilman and 
Mann, experimenting upon dogs, implanted the 
ureters mto the mtestme The contmued reabsorp- 
tion of unne caused a rise m the blood urea mtrogen 
to over 800 mg per cent yet no toxic symptoms 
resulted No specific tone substance (e g , guam- 
dme or phenohe bodies, as some have suggested) 
has been definitely demonstrated to be the cause of 
uremia The symptoms are now believed to be due 
rather to a general disturbance m water and elec- 
trolyte metabohsm resulting m serious abnormah- 
ties m the chemical composition of the body fluids 
Aadosis and an imbalance of certam electrolytes, 
especially of sodium, chlonne, calcium, phosphorus 
and bicarbonate, leading to a disorder m osmotic 
relationships and m the distribution of mtraceUular 
and extracellular water, are looked upon as the 
prmcipal causative factors 


False or edampttc uremia is characterized by 
epileptiform convulsions which are due, appar- 
ently, to cerebral edema This type may occur m 
the absence of renal msuffiaency (as m nephrosis) , 
mdeed, it may occur m the absence of renal dis- 
ease It IS occasionally seen m angioneurotic edema 
(p 39) which supports the belief m its bemg due to 
cerebral edema Other signs of mcreased mtra- 
cramal pressure, e g , severe headache, vomitmg, 
slow pulse, hypertension and sometimes choked 
optic discs, are present Volhard regards the cere- 
bral edema as due m many instances to mtracramal 
orculatory disturbances — artenolar constnction 
with consequent asphyxia and maeased permea- 
bflity of the walls of the cerebral capiUanes 

A type of false uremia resembhng the foregomg 
m several respects occurs m arterial hypertension 
It is thought to be due to mtracramal vascular 
disturbances alone, i e , without cerebral edema. 
Epileptiform convulsions, headache, vertigo, herm- 
anopia, halluonations, aphasia, temporary pa- 
ralyses, paroxysmal attacks of dyspnea, or coma 
with Cheyne-Stokes breathing, may occur Hy- 
perleiisxve encephalopathy, and cerebral vascular 
crisis are terms also apphed to this condition 

vn ACIDOSIS 

Aadosis IS frequently present m the later stages 
of chronic glomerulonephritis This is not sur- 
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pnsing, since the msuffiaency of the kidney 
involves all its functions, and one of the most 
unportant of these is the conservation of base 
and the regulation of the acid-base balance of the 
plasma The fall m the ammoma/acid ratio found 
in nephnuc conditions (p 461) mdicates a reduc- 
tion of ammonia production from glutamine The 
glutammase content of the kidney is reduced 
(p 458) Aads must then be excreted to a greater 
extent m combmation with fixed base which is 
therefore lost to the body The conversion of the 
alkalme phosphate to the aad salt occurs m the 
distal tubules, and it is not improbable that im- 
pairment of this function is also responsible for a 
loss of base Peters and his associates have found 
a reduction m bicarbonate reserve m a large pro- 
portion of non edematous nephntis cases The 
diminished alkali reserve was found to be chiefly 
due to reduction m total base. Contnbutory causes 
were the accumulation of phosphates and sulphates 
and, when carbohydrate of the diet was defiaent, 
of ketones 


The removal of waste products by extra-renal routes 

The removal of urea and other retamed products 
m nephntis by purgation and sweatmg are time 
honored measures Sweatmg was mduced by wraji- 



Fio 36 2 A recent model of Kolffs arU^l kidne 
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tammg dialy^g flmd, C. 


pmg the patient m hot, moist sheets or blankets, 
immersmg Vutti in a hot bath, or by steaming The 
amount of urea which can be ehmmated by purga- 
tion IS relatively small, and the excretion of waste 
products mduced by sweatmg is not suffiaent to 
be of much benefit to the patient, no more than 
2 grams or so of urea can be removed m 24 hours 
by this means 

Much more effective methods of reduemg the 
azotemia are now available These are pentoneal 
lavage n ith a dialyzing fluid and the circulation of 
the blood extracorporeally through an artifiaal 
kidney Intestmal lavage has also been earned out 
by the mtroduction of fluid through a tube passed 
mto the second part of the duodenum, and with- 
drawmg the fluid agam by suction from another 
tube mserted mto the bowel through an openmg 
made mto the appendix This method has not 
proved very successful Pentoneal lavage with a 
dialyzing fluid composed of 0 6 per cent sodium 
chlonde, together with glucose, bicarbonate and 
the salts of calaum, pmtassium and magnesium 
m the concentrations as they exist m serum, has 
proved more satisfactory But the best method is 
the use of the artifiaal kidney as developed by 
Kolff of Kampen m Holland This artificial kidney 
has evolved from the ongmal vividiffusion expen- 
ments of Abel and his assoaates on animals, in 
which an apparatus consistmg of a number of 
celloidm tubes imm ersed m a dialyzmg fluid was 
utflued Blood entered the apparatus from an 
artery and, after passing through the apparatus, 
was returned to the animal by a vein This device 
proved remarkably effiaent, despite the fact that 
the total dialyzmg surface furnished bj the rela- 
tively small number of ceUoidin tubes was oily a 
small fraction (about 3200 square centimeters) of 
the glomerular surface of the kidney (see fig 36.2) 

The ideal apparatus should have (1) a small 
capaaty, m order to prevent a too great with- 
drawal of the blood from the patient’s vascular 
system and a significant fall m blood pressure, 
and (2) a maximum dialyzmg surface Kolff’s 
artifiaal kidney consists of a contmuous narrow 
cellophane tube (about 40 meters long) wound 
spirally around a horizontal cylmder, which ro- 
tates partly submerged m a bath of dialyzmg 
fluid, at a rate of from 35 to 50 revolutions per 
mmute The total quantity of blood contamed m 
the cellophane tube is about 500 cc. and the area 
of the dialyzmg surface 24,000 square cm The 
urea clearance is from 80 to 100 cc. per mmute as 


I 



Chapter 36 


PATHOLOGICAL PHYSIOLOGY OF KIDNEY DISEASE 


481 


compared with 54-75 cc per mmute for the normal 
human kidney The patient is connected with the 
system by means of a cannula mserted mto the 
radial artery, and a short length of rubber tubmg 
The blood enters the cellophane tube under its 
own pressure and is transmitted to the other end 
by the rotation of the drum, i e , by gravity After 
passing through a dot and air-bubble catcher, it 
IS returned to a vein by a tube-pump 

This apparatus has proved of espeaal value m 
acute uremia, such as may result from anuna due 
to trauma, as in the "crush syndrome”, nephrotoxic 
chemicals, or follownng a transfusion of mcom- 
patible blood It helps to mamtam the normal 
composition of the patient’s blood until renal 
function IS restored The dialyzing fluid, about 100 
liters m amount, is a solution of 0 6 per cent NaCl, 
0 04 per cent KCl, 0 2 per cent NaHCOj and 1 5 
to 2 0 per cent glucose in distflled water, it is 
mamtamed at body temperature 

Transplantation of a healthy kidney from one 
person to another, or from a body immediately 
after death to the hvmg, has been performed on 
several occasions, but without permanent success 
The transplanted kidney survives and functions 
for a time, apparently normally, but dies and 
dismtegrates after a month or two Some day it 
may be found possible to discover and neutralize 
the antibodies that cause its destruction 

Vm AUTERIAL HYPERIENSlON (SEE CH. 16) 
Micturition 

Outline of the anatomy of the urinary tract 

The muscular coat of the ureter is arranged m three 
layers, an external longitudinal, a middle circular and 
an internal longitudinal 

The muscle of the urinary bladder is also disposed in 
three layers, an external, a middle and an internal The 
fibers of the external layer nm longitudinally, that is, 
m the long axis of the bladder The fibers of the middle 
layer are thinly scattered, they have a circular arrange- 
ment and run both transversely and obhquely to the 
long axis of the viscus The fibers of the mtemal layer 
follow a reticular pattern but for the most part run 
longitudinally 

The vesical mucous membrane is separated from the 
internal muscular lajer by a submucous coat of loose 
areolar tissue The mucosa is thin and, when the blad- 
der IS empty or contains only a small quantity of unne, 
has a corrugated appearance due to the presence of 
numerous folds or rottgae ishich disappear when the 
bladder becomes distended The epithehum is of the 
transitional type When the bladder is empty the 


mucosa shows several cell-layers, but when distended 
only two strata of cells are to be seen, a deep stratum 
of cuboidal cells and a superficial one of large squamous 
cells 

The human bladder has a capaaty of from 350 to 
450 cc 

The peritoneum covers the supenor surface of the 
bladder only 

The ureters pierce the wall of the fundus (or base) 
of the bladder very obhquely From a half to three- 
quarters of an mch of their lower ends is embedded 
in the vesical muscle Dunng contraction of the bladder 
wall these portions of the ureters are compressed by 
the muscle fibers, thus preventmg the reflux of urme 
as the intravesical pressure rises The urethral onfice 
which IS situated at the most dependent part of the 
bladder is guarded by the vesical sphincter {internal 
sphincter), formed by the condensation of the muscle 
fibers of the circular layer The tnangular area marked 
out by the urethral onfice and the two ureteral orifices 
IS called the ingone {trigonum vesicae) The muscle of 
the bladder wall is referred to as the detrusor urinae 
The male urethra is embraced m its membraneous 
portion by the sphincter urethrae memhranceae, a stnated 
muscle which is frequently referred to as the external 
sphincter The bulbocavernosus muscle, which is apphed 
to the urethral bulb and surrounds the corpora caver- 
nosa perns, also exerts a constnetor action upon the 
urethra The urethral wall itself contains tw'o layers 
of smooth muscle, an outer circular and an inner longi- 
tudmal, m women (who do not possess an external 
sphmeter of stnated muscle) this serves to prevent the 
escape of urme after paralysis of the mtemal sphmeter 
The epithebal hnmg of the urethra is of the columnar 
type except near the bladder where it is of the transi- 
tional vanety, and a short distance from the external 
urethral onfice where it is stratified and squamous 

FILLING OF THE BLADDER 

The ureters exhibit rhythmical peristaltic con- 
tractions which travel at a speed of from 20 to 
25 mm per second (rabbit) and at a frequency 
from 1 to 5 per mmute, accordmg to the volume 
of urme formed by the kidney The penstaltic 
waves serve to propel the urme from the pelvis 
of the kidney to the bladder The urme therefore 
enters the bladder not m a contmuous stream but 
m separate squirts synchronous with the amval of 
the peristaltic waves 

The detrusor muscle exhibits two types of activ- 
ity, a sustamed contraction or tonus, and mter- 
mittent contractions 

The bladdei m common with other hollow 
viscera, is capable of adpistmg its tone and so of 
adaptmg its capacity to changes m the volume of 
its contents with relatively little alteration m 
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internal pressure It thus differs m its behavior 
from an elastic hollow sphere composed of a non- 
hvmg material For example, when a moderate 
quantity of fluid is run mto the bladder through 
a catheter the intravesical pressure shows a 
transient rise, due to the tonic resistance offered 
by the bladder wall, but then declines again to 
near its previous level as adaptation occurs As 
successive volumes of fluid are mtroduccd the 
curve of mtravesical pressure therefore shows a 
gradual step-like ascent until the bladder contents 
are unusually large From then on further addi- 
tions of fluid cause a much more abrupt rise in 
pressure The adaptation is not to a constant pres- 
sure CIS cm of water), as was previously taught, 
but IS always to a pressure a httle higher than 
that existmg before the fluid was introduced In 
the experiments of Denny-Brown and Robertson 
upon normal human subjects fluid was run mto 
the bladder 50 cc. at a time An increase in \ olume 
of the contents of the bladder from 50 cc, to 400 cc. 
caused httle change in pressure (fig 36 3) WTien 
completely paralyzed (as during the first two or 
three weeks following a transverse lesion of the 
cord) the bladder does not behave in this way, 
but simph as an inert elastic bag showing no 
tendency to respond to an increase in tension 
upon Its walls or to adapt itself to its contents 
(Holmes), when successive quantities of fluid are 
mtroduced the curve of intravesical pressure nses 
along a smooth Ime 

Tension is the adequate stimulus for the sensory 
end organs m the bladder wall When therefore 
the bladder becomes distended by the accumula- 
tion of urme and the mtravesical pressure reaches 
a certam value, rhythrmcal contractions of the 



Curve of pressure chanves m thehii 
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detrusor muscle are set up As the pressure rises 
further these culminate in the movements consti- 
tuting the mictunUon reflex, namely, a strong 
contraction of the detrusor muscle accompanied 
by relaxation of the internal sphincter, and fol- 
lowed by opening of the external sphincter It is 
usually stated that the reflex occurs at an intra- 
vesical pressure of from 15 to 18 cm of water, 
but it may be activated by a pressure considerably 
lower than this The unne is expelled with con- 
siderable force, the pressure within the bladder 
rismg during the contraction of the detrusor to 
around 130 cm of water Smcc adaptation requires 
a certain time to take place, the reflex is activated 
at a lower urine volume than usual if the accumu- 
lation of unne is rapid At the average rate at 
which unne forms, mictuntion occurs, unless re 
strained, after from 250 to 300 cc. have collected 

THE VOLUNTARV CONTROL OF jnCTORITION 

The act of mictuntion though essentially reflex 
in nature is usually initiated by an effort of the 
will. It also can be \oluntanly inhibited or be 
interrupted at any stage The desire to urinate is 
accompanied b> a \aguc feeling in the penis or 
penneum The sensation appears when the unne 
volume IS from 200 to 300 cc. If the act is long 
postponed a feeling of fullness and discomfort 
culminating in pam results It is only in the infant 
or when, as a result of disease, the bladder is 
isolated from the control of the higher nervous 
centers, that micturition is a purely reflex act 
Under ordinary arcumstanccs in the adult, when 
the desire to micturate anscs, the act is restrained 
until an opportumty for emptying the bladder 
presents itself The restramt is then lifted and the 
reflex occurs automatically 

The voluntary restramt exerted upon micturi- 
tion consists, according to Denny-Brown and 
Robertson, of inhibition of the detrusor wnth con- 
traction of the external sphmeter and penneal 
muscles No evidence was obtamed by’ these ob- 
servers that the mtemal sphmeter was under 
direct voluntary control, though a reaprocal in 
crease m tone of the sphmeter muscle accompanies 
inhibition of the detrusor It was found that at a 
certam unne volume, contractions of the bladder 
and a consequent nse m mtravesical pressure could 
be readily induced by an effort of the will, con- 
traction of the abdommal muscles was not neces- 
sarily assoaated with the performance of the act. 
The removal of restramt and the voluntary’ faoli- 
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tation of the spontaneous bladder contractions 
are considered to be the important factors At 
low unne volumes restramt is apparently exerased 
subconsaously These observers therefore regard 
the act of micturition as being normally controlled 
through variations in voluntarj' and subconsaous 
restraint of the reflex mechanism Mictuntion 
therefore presents a very unusual feature in that 
movements innervated by autonomic nerves can be 
controlled by voluntary impulses The higher 
centers from which the inhibitory impulses emanate 
are situated in the h 3 T)othalamus and cerebral 
cortex, probably m area 4 

Though the abdominal muscles play a non- 
essential part m micturition, the act, under ordi- 
narj" circumstances, is started by the contraction 
of these muscles, and it is well known that the 
bladder can be emptied though it contains 01113 ' a 
few cubic centimeters of urine The flow of unne 
IS also accelerated during mictuntion by the nse 
in intra-abdominal pressure induced by the volun- 
tary contraction of the abdoramal muscles Relax- 
ation of the muscles of the permeum occurs as 
an assoaated movement at the commencement of 
micturition After the bladder has been emptied 
the bulbocavemosus muscle (ejaculator urinae) 
contracts and expels unne which had been left in 
the urethra 

Contractions set up in a distended bladder by 
sudden increases of mtra-abdommal pressure acting 
upon the viscus, as in coughing, sneezmg, defeca- 
tion, etc , may, by forcing a little unne past the 
sphmeter into the urethra, cause micturition unless 
a strong effort of the wiU is exercised Psychic 
influences may also induce bladder contractions 
which evoke the act unless opposed by restramt 
The lifting of voluntary mhibrtion, unless the blad- 
der is fully distended, may on the other hand be 
prevented and the pow'er to micturate be temporar- 
ily lost, as when a shy or nervous examinee is asked 
for a speamen of unne m the presence of another 
person 

THE REFLEX MECHANISMS OF MICTURITION 

Bamngton desenbes six mtegrated reflexes as 
constituting the act of micturition in the cat, 
namely 

(1) Contraetton of the deinisor evoked by distending 
the bladder, the afferent and efferent limbs of this reflex 
are in the pelvic nerves, its center m the hind-brain 
Contraction of the detrusor is accompanied by reapro- 
cal relaxation of the mtemal sphmeter 

(2) Contraction of the detrusor caused by luniung flmd 


through the urethra The afferent pathway for this 
response is m the pudendal (pudic) nerves, its efferent 
limb in the pelvic nerves and its center m the hmd- 
brain Through this reflex the contraction of the 
detrusor caused by the first reflex is sustamed until the 
bladder is completely emptied 

(3) Contraction of the detrusor (transient and weak) 
when the proximal portion of the urethra is distended 
The hypogastric nerves contain both afferent and 
efferent paths for this reflex, its center is m the sacral 
part of the cord 

(4) Relaxation of the external spJnncter when flmd 
passes along the urethra Afferent and efferent fibers 
are m the pudendal (pudic) nerves, the center is in the 
sacral part of the cord 

(5) Relaxation of the external spinneter when the 
bladder is distended The afferent path is m the pelvic, 
the efferent in the pudendal nerves, its center in the 
sacral part of the cord 

( 6 ) Relaxation of the plain muscle in the proximal 
third of the urethra caused by distending the bladder 
Both afferent and efferent paths of the reflex are in the 
pelvic nerves, its center is m the sacral part of the cord 

In the normal act of mictuntion the first of 
these reflexes, namely, contraction of the detrusor 
in response to distention of the bladder, bnngs 
the others, with the exception of the third, auto- 
matically mto action It is questionable whether 
the third reflex is called into play under ordmary 
circumstances 

THE INNERVATION OF THE URINARY TRACT 

The ureters m theur upper part receive S 3 mipa- 
thetic fibers from the renal plexus, in their middle 
part from the spermatic (or ovanan) plexus and 
near the bladder from the hypogastnc nerves 
The sympathetic fibers to the ureters exert a pre- 
dominantly motor effect, though it appears that 
inhibitory fibers are also denved from the sympa- 
thetic It is thought by some that the ureter 
receives fibers from the parasympathetic as well, 
smee certain paras 3 mpathomimetic drugs cause 
motor effects The existence of a paras 3 mpathetic 
innervation has not been demonstrated ana- 
tomically 

The efferent nerves to the bladder are the S 3 mpa- 
thetic and parasympathetic The sympathetic fur- 
nishes inhibitory fibers to the detrusor musclej 
and motor fibers to the tngone, mtemal sphmeter, 
and the smooth muscle of the proximal part of the 
urethra ^ These fibers arise from the lumbar spmal 

’’ The S 3 rmpathetic also causes contraction of the 
ureteral orifices and of the muscle of the semmal 
vesicles, ejaculatory ducts and prostate 
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segments and pass through the mfenor mesentenc 
plexus, the supenor hypogastnc plexus (presacral 
nerve) and the mfenor hypogastnc plexus to reach 
the hypogastnc ganghon (fig 36 4) Postganglionic 
fibers, tihich probably have them ongms m the 
latter ganghon, enter mto the formation of the 
vesical plexus, this hes m relation to the fundus 
of the bladder (the hypogastncs m some speaes 
apparently contam motor as well as inhibitory 
fibers) 

WTien the hvpogastnc nerves are stimulated 
electncally, a bnef contraction of the detrusor 
muscle precedes the inhibitory effect (fig 36 5) 

The parasympalheljc supplies motor fibers to the 
detrusor muscle (uhich govern the tonus and con- 
tractile mechanisms) and mhibitory fibers to the 



Fig 36 S Kymograpbic records showing mitial c 
UacUon followed b\ mhibiboa of the detrusor mu 
m response to faradic stimulaUon of the hi-pocas 
nencs m a dog m which the sacral preganghomc rx 


internal sphmcter The sympathetic and para- 
siTnpathetic nerves are therefore reaprocal m 
their actions The parasjTnpathetic fibers arise 
from the second and third sacral spmal segments 
and to some extent from the first and fourth 
They are conveyed m the pelvic nerves (nervi 
engentes) to connect with ganglion cells lymg m 
dose relation to the bladder wall (see also ch 72) 
According to Henderson and Roepke, the tonus 
mechanism is chobnergic (ch 72) but not the 
phasic contractions 

Both sets of autonomic nerves apparently exert 
a constant influence upon the tone of the detrusor 
and mtemal sphincter, the effect of one set bemg 
balanced against the other Section of the sjun- 
pathetic or parasympathetic causes, respectively, 
an mcrease or decrease m tone of the sphincter 
In paresis of the bladder due to mjuiy of the 
parasympathetic innenation, excision of the pre- 
sacral ner\'e is sometimes performed with the 
object of removmg the inhibitory influence of the 
sympathetic and thus enhanemg the action of the 
pelvic nerves Voluntary control of the detrusor is 
exerted apparently through the pelvic nerves 

The stnated musde constitutmg the external 
sphmcter is innervated through the pudendal 
^udic) nerves 

The afereiit paths from the bladder trav'd m 
both pclvtc and hypogastnc nenes, those from the 
urethra m the pudendal nerv'es The afferent fibers 
essential for the reflex mov ements of the bladder 
are contained m the pelvic nerves, those for the 
movements of the urethra m the pudendals The 
hypogastnc nerves contam no afferents for any 
of the important reflex mechanisms The sensations 
set up by distension of the bladder are convey ed 
m both the pelvic and hy'pogastnc nerv es The 
sensation of pain travels chiefly m the hypogastncs, 
but also m the pelvnc nerves Excision of the pre- 
sacral nerve is practised for the rehef of vesical 
pam Tactile and thermal sensations and the 
sensation of pressure or filhng of the bladder are 
conveyed mainly m thepdvic nerves (Leannonth) 

THE NERV'E CENTERS GOVERNING MICTURITION 

Centers for mictuntion are situated m the mid- 
bram, hmd-bram and spinal cord The observations 
ated on page 482 upon the voluntary control of 
the detrusor muscle also mdicate the existence of 
a center at the cortical level, and dectncal exci- 
tation of the premotor area causes a rise m veside 
pressure followed by mictuntion Increase m the 
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tone of the bladder wall follows electncal stimu- 
lation of the antenor hypothalamic nuclei, stimu- 
lation of the postenor nuclei causes inhibition 
(Beatty and Kerr) 

Barrmgton, experimentmg with cats, found that 
destruction of a small area of the hmd-bram (lymg 
ventral to the mtemal edge of the superior cere- 
bellar peduncle and extendmg forss'ard from the 
level of the motor nucleus of the fifth nerve to the 
antenor end of the hmd-bram) temporarily abol- 
ished the ammal’s abfiity to empty its bladder 
voluntarily Destruction of an area m the mid- 
bram extending from the ventral part of the pos- 
tenor end of the cerebral aqueduct to just beyond 
the mesencephalic root of the fifth nerve, was fol- 
lowed by permanent loss of voluntary mictuntion 

The reflex performance of the act was not, 
however, impaured A more extensive lesion m the 
region of the mesencephalic root caused, m addi- 
tion, frequency of mictuntion Levm and Long- 
worth observed that, m cats, mjurj" to the tegmen- 
tum of the mid-bram was followed immediately 
by hyperactivity of the detrusor muscle to stretch 
The capaaty of the bladder becomes reduced 
as a consequence, and rhythmic aves of contrac- 
tion appear After a time, this mcreased activity 
dimmtshes and the bladder enlarges again 

The spmal centers lie m the second, third and 
fourth sacral segments Only the third, fourth, 
fifth and sixth reflexes described on page 483 are 
earned out through the spmal centers 

The descendmg and ascendmg paths conveying 
impulses to and from the spmal centers of mictun- 
tion are situated m the dorsal half of the lateral 
column of the cord near its penphery, i e , m close 
proximity to the pyramidal tract The fibers of 
these paths show extensive crossmg in the sacral 
segments (Barrmgton) 

THE EFFECTS OF NERVE SECTION AND OF CORD 
INJURIES UPON incriJRITION 

Section of the hypogastnc (presacral) nerves does not 
interfere with mictuntion, these nerves contam neither 
efferent nor afferent fibers essential for the performance 
of the act Incontinence which might be expected to 
result (smee motor fibers are conveyed by this nerve to 
the mtemal sphmeter) does not occur Indeed, inconti- 
nence does not follow a prostatectomy operation in- 
volvmg destruction of the mtemal sphmeter, for the 
external sphmeter is capable alone of preventing the 
escape of urme Frequency of micturition was found by 
Bamsigtciw to foWow section ot the hypogastnes m the 
cat, It also occurs as a temporary effect of resection of 


the presacral nerve m the human subject The phe- 
nomenon is due, apparently, to the loss of the inhibitory 
action of the sympathetic upon the tone of the detmsor 
and the impairment of the ability of the bladder to 
adapt Its capaaty to as large a volume of urme as usual 

Section of the pudendal nerves m the human subject 
IS also, according to Learmonth, without any notable 
effect upon mictuntion, though of course paralysis of 
the external sphmeter results 

Section of the pelvics causes paralysis of the bladder 
wall The detrusor is atonic, the tone of the internal 
sphmeter is raised Retention of urme with overdis- 
tension of the bladder and overflow — dnbbhng — occurs 
Barrmgton found that the tone of the sphmeter dimin- 
ished after a few daj's and the animal, apparently 
experiencing the sensation of fullness of the bladder, 
assumed the usual position for rmctuntion and per- 
formed the act by a contraction of its abdommal 
muscles 

Severance of the postenor sacral nerve roots is fol- 
lowed immediately by the loss of all the important 
reflexes of mictuntion since the afferent paths (through 
the pelvics and pudendals) are mterrapted, the bladder 
wall IS flacad and the resistance at the internal sphmeter 
is increased However, after a penod of overdistension 
with overflow mconUnence, the bladder may empty 
automatically at mtervals The sensaPons, except pam 
of overdistension (afferent fibers of hypogastnes mtact) 
are retamed 

DestruePon of the sacral nerves (as m lesions of the 
cauda equina) or of the spmal centers will interrupt 
not only motor impulses to the bladder, but also the 
afferent impulses traveUmg by the pelvics and puden- 
dals The bladder is then completely isolated from 
central nervous control, but, after a penod of retenPon 
of urme with overflow it may partially expel its con- 
tents automaPeaUy The detrusor and mtemal sphmeter 
act coSrdmately Such an aePon suggests a neural 
mechanism of some sort. It occurs in animals even after 
the hypogastnes have been seePoned as well, and time 
allowed for degenerapon to occur, it cannot therefore 
be due to preganghomc axon reflexes (p 290) Prob- 
ably, m such and other instances m which motor im- 
pulses from the central nervous system have been 
interrupted, local reflex arcs through ganghon cells m 
the vesical plexus or bladder wall are responsible for 
the automaPe aePon The latter is only a makeshift for 
the normal mictunPon reflex smee the bladder is not 
completely empUed but always retams a part of its 
contents (residual urme) McLennan draws attenPon 
to the fact that the state of the bladder after the 
afferent hmb of the reflex arc is interrupted as m tabes 
IS different from that foUowmg destruchon of both 
afferent and efferent hmbs In the former the bladder 
13 lax (hypotomc) and of large capaaty, while m the 
latter it is hypertomc and of normal capaaty The 
reason for 'such a difietence is obscure 

After transeepon of the cord above the sacral region. 
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nonnjil micturition cannot occur Nevertheless, after a 
variable penod of retention mth overflovr the spinal 
(sacral) centers assume control and the bladder empties 
at mtervals automaticallj (see also mass reflex, ch 66) 
Owmg to the absence of the first and second reflexes of 
Barrington ivhich, as just mentioned, are go\ emed b> 
higher centers, the bladder does not empty itself com 
pletely, but always contains a quantitj of residual 
urme. 

Bladder sensibihty is completely lost follow mg sec 
tion of the hypogastncs and pelvic nerves or transection 
of the cord above the entrance of the afferent fibers 
of the hj'pogastncs. Injury or disease (eg, tabes) of 
the jxistenor columns mioKang these fibers together 
with those from the sacral roots wall have a similar 
eSect. 

Bilateral lesions of cortical areas 4 and 6 in man 
abolish voluntary control of the bladder, unnary 


meontmence results. Incontinence is seen not uncom 
monly m the aged, and ma) occur though no organic 
lesion 15 apparent, it is attributed to impairment of 
loluntary control by the cortical centers 
Nocturnal enuresis, or the passage of unne during 
sleep, occurs in joung children up to an age which 
vanes considcrablj , and may be attnbuted to the unde 
rclopcd state of the neural mechanism through which 
the act of mictuntion is \oluntanly inhibited But 
enuresis during sleep sometimes persists licyond the 
usual time and even to adult age It may then lie asso- 
ciated with some definite organic abnormality , c g , in 
the lumlx) sacral aertebme, eg, spina bifida occulta, 
but nocturnal enuresis in the adult is usually related 
to some functional neurological disorder, or to psecho- 
logical factors Eaadence of jicNac autonomic dysfunc- 
tion or psy chiatiac conditions in the subject’s immediate 
family arc jircscnt in a large proportion of such persons 
In others there is definite mental dcfiacncy 
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General descnphon and structure of the glands 

Sahva is secreted mamly by three paired masses of 
cells — the submaxillary, sublingual and parotid glands 
There are also small glands scattered over the buccal 
mucous membrane, which secrete a mucoid fluid The 
cells of the glandular tissue are aggregated mto a great 
number of small groups, with the individual cells 
arranged m a single layer around a small central cavity 
or alveolus The cells are more or less wedge-shaped with 
their apices convergmg toward the central cavity and 
their bases directed outwards They discharge their 
secretion mto the alveolus which is dramed by a fine 
duct Ducts from neighboring alveoh jom to form ducts 
of larger caliber which umte agam to form still larger 
trunks, until finally through a succession of junctions 
and the formation of channels of ever mcreasing size, 
the secretion flows mto the mouth by a smgle large duct, 
m the case of the submaxillary and parotid glands, or 
bv several of medium size, m the case of the sublmgual 
The general arrangement of the ducts reminds one of 
the stem branchmgs of a bunch of grapes — the rounded 
alveoh at the ends of the finest channels corresponding 
to the grapes Glands showmg such a pattern are, 
therefore, termed racemose The ducts are named, m 
accordance with their location, intralobular or inler- 
lobtdar The former dram a smgle alveolus or a group 
of alveoh The latter he between the lobules each being 
formed by the union of a number of mtralobular ducts 
The narrowed part of the mtralobular duct lymg nearer 
to the alveolus is known as the isthmus, or more usually 
the intercalary duct 

There are two mam types of sahvary cells — serous 
and mucous The alveoh of the parotid gland are com- 
posed entirely of one type — the serous This type of cell 
secretes a thm watery flmd The submaxillary gland, on 
the other hand, m man, is of the mixed type, some of 
Its alveoh are composed entirely, like the parotid, of 
serous cells, while others contain only cells of the 
mucous type The two vaneties of alveoh are mdis- 
crrminately mtermingled with one another, either singly 
or m clusters The mucous cells secrete a thick, visad 
juice nch m muan In the sublingual, the alveoh are 
predommantly of the mucous type though a few serous 
alveoh may also be seem In both the submaxdlary and 
subhngual glands, particularly the former, the two 
types of cells may also be found m a smgle alveolus 


The serous cells then appear as crescent-shaped ele 
ments — demilunes or crescents of Gianuzzi — pressed 
against the penphery of the alveolus between the hmit- 
mg membrane and the larger, more numerous mucous 
elements (fig 37 1) Cells m the walls of the mtercalarj 
and mtralobular ducts, known as isthmus and rodded 
epUhdial cells, respectively, are beheved also to have a 
secretory function, but the exact nature of this is 
unknown 

The parotid secretion, as naturally follows from the 
character of its cells, is thin and watery m nature, it 
has a low content of orgamc matenal It is delivered 
into the mouth through the duct of Siensen, which opens 
upon the inner surface of the cheek opposite the second 
molar tooth The duct of the submaxillary — duct of 



Fig 37 1 Human submaxillary gland show mg both 
mucous and serous groups of cells Inserts are views 
with od immersion, zymogen granules are clearly show n 
(After Stormont, from Cowdry’s Special Cytology ) 
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Whation— runs from the substance of the gland ^rhjch 
hes under shelter of the mandible, and opens upon the 
floor of the mouth to one side of the frenum of the 
tongue. The secretoij ducts of the subhngual— the duds 
of Ri~inui— 3 it seieral fine tubes vrhich open beside 
the frenum The secrdton from the suhmaitUary gland 
may be either tbm and irateiy (serous) or thick and 
\Tsad (mucous), the character at an} tune dependmg, 
as be shown later, upon the nature of the secretoiy 
stimulus. The suiUngual surcUon, on account of its 
scarat} m serous cells is usuallj of the mucous Diie. 

hlrsuTE te>EA2ASCE OF THE Seceetoe\ Ceels The 
cj-toplasm of atber the serous or mucous cell is not 
homogeneous but shows a granular structure, due to 
the presence of imnute droplets of a coUoidi^matenaJ 
The granular appearance Ts^'different m the two cell 
tj-pes In the case of the serous cells the^ are fine, and 
when the gland is m the resting state, load the cyto- 
plasm to such an extent that the nucleus is almost 
obscured These droplets are behesed to furnish the 
enzjTne of the secretion, and are consequent!} termed 
zymogen granules In the case of the mucous cells coarser 
mucinogen grantdes are seen From these are dented 
the mucm which gites to the secretion of these cells 
Its shmt character WTien the glands enter upon secre 
tor} acUnti , the granules — whether z}Tnogen or mu 
cmogen — becomes less numerous as a result of their 
extrusion mto the alt eolus After a prolonged penod of 
secretion onl} a few remain m the region of the cell 
bordermg the cant} of the alt eolus, the rest hanng 
been discharged along with the water and other consti- 
tuents of the juice. After a penod of rest the} accumu 
late again and gradaall) fill the cell 

The Conteoe or Sali\ae\ SECREnoM 

Two methods are at the disposal of the bod> 
for the control of secretion Glandular cells, in 
general, ma} be esated either through the medi- 
ation of nerves or chermcall\ by the action of 
hormones (ch 57) Though there are exceptions, 
a quick response calls for the nervous tj^ie of 
control On the other hand, when rapidit} of 
response is not a necessitj, hormone control is 
emplo}ed It will be seen later that some glands 
are controlled b} both methods Usuall> m such 
instances nervous impulses imtiate the secretion 
and hormones then mamtam it over longer penods 
It would appear that nervous energ} is economized 
whenever it is possible for the secretion to be 
earned out efifiaentl} b} hormonal means In the 
case of the sahvar} secretion a rapid response, m 
man and the carmvora at an} rate, is obvnousl} 
essential, smee the food remains for such a short 

time m the mouth Nervous mechanisms, therefore, 

are rehed upon to bnng about sahvarj secretion. 


there is no evndence of a specific hormonal mecha- 
nism, as shown years ago by Langley, and subse- 
quently confirmed by others, the sahvnty glands 
fail to respond to aad m the mouth after section 
and degeneration of the secretory nerves The 
sahvary cells, however, are by no means unsuscep- 
tible to chemical influences, for a large number of 
substances, e g , drugs and abnormal metabolic 
products, reachmg them through the blood stream 
are capable of influencmg their actmtv The two 
types of cell respond selectiv ely to different drugs 
(p) 493) Even though the salivarv glands are 
under nervous control the immediate excitant of 
the gland cells is believed to be a chemical sub- 
stance (humor) bberated at the nerve endings 
(see ch 72) 

Inncnalwn of the salivary glands 

The glands are supplied vnth secretory nerves 
from two sources— the bulbar and the thoracico- 
lumbar divisions of the autonomic nervous system 
(ch 72) The bulbar centers consist of a group of 
nerve cells which runs forward from the anterior 
end of the glossopharyngeal nucleus to the sensory 
nucleus of the faaal nerv e The anterior (rostral) 
part IS termed the superior sahvatory nueJeus, and 
governs seaetion by the submaxillaiy gland, the 
{xistenor (caudal) part, called the inferior saliva- 
tory nucleus, controls secretion by the parotid 
gland 

The submaxillary and sublingual glands receive secre- 
tory impulses through the chorda tympam ner-e These 
fibers have the following course Arising from the su- 
perior salmatory nucleus they leave the brain in the 
nermis intermedius of Wnsberg (ch CO) They pass 
without intemiplion through the genicular ganglion 
of the facial nerve and descend with the facial to the 
pomt where its chorda tympam branch is giv cn off Thev 
enter this nerve which upon approaching the cavity 
of the mouth joins the hngual nerve. In the floor of 
the mouth the secretory fibers leave the Imgual again 
to make cormections with the nerve cells of small 
ganglia. From these, postganghomc fibers arise which 
terminate bv fine arborizations around the secretory 
(serous) cells (fig 37 J) The ganglia furnishing fibers 
to the submaxillar} gland are small and numerous, and 
arc situated m the hilum of the gland The sublingual 
gland contains no ganghon cells, it receives its post- 
ganghomc fibers from a small ganghon — the submaxtl 
lary junrhon— situated m the course of the chorda 
fibers just beyond their pomt of separation from the 
hngual and before they enter the gland (see diagram 
fig 37J) 

The sympalheltc supply (postganghomc fibers) is de 
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nved from the supenor cervical ganghon The fibers 
reach the gland via the plexuses of the external carotid 
artery and its branches The preganglionic fibers arise 
from the upper one or two thoracic segments of the cord 
Fme filaments end m the secretory (mucous) cells 

The chorda tympam also cames dilator fibers to the 
blood vessels of the gland, vasoconslrtctor fibers are de- 
nved from the sympathetic 

The bulbar fibers to the parotid pursue the first part 
of their course m the glossopharyngeal, but they follow 
a devious path before finally terminatmg around the 
gland cells They arise m the medulla from the mfenor 
sahvatory nucleus At the jugular foramen they separate 
from the-glossophaiyngeal (petrous ganghon) m its 
tympanic branch {Jacobson’s N), and after passmg 
mto the trunk of the small superficial petrosal nerve are 
conveyed to the ottc ganglion There they commumcate 
with ganghon cells from which postganghomc fibers 
arise The latter are transmitted by the auriculo- 
temporal branch of the fifth nerve to the gland cells 
The parotid also receives sympathetic secretory fibers 
The cell stations of the latter as m the case of the sub' 
maxillary and subhngual he in the supenor cervical 
ganghon The dilator fibers to the blood vessels travel 
with the bulbar fibers The vasoconstnctor fibers are 
furnished by the sympathetic, and follow the blood 
vessels mto the gland 

expeeheental sthtolation of the secretory 

NERVES 

The nature of the secretory response which 
follows the electncal stimulation of one of the 
efferent sahvary nerves depends upon which of the 
two types of nerve is chosen for the experiment 
If the chorda tympam is stimulated, a profuse 
watery juice, poor m solids, results, the vessels of 
the gland dilate and the blood flow through it 
mcreases The oxygen consumption of the gland is 
increased two- or three-fold If a manometer is 
placed m the sahvary duct and another m the 
carotid artery it will be found that when the 
chorda tympam is stimulated contmuously the 
secretory pressure ultimately rises above the blood 
pressure This fact and the mcreased oxygen con- 
sumption of the gland durmg activity show that 
the production of sahva is a true secretory process, 
and not simply due to filtration of flmd from the 
blood stream 

Stimulation of the aunculo-temporal nerve 
(parasympathetic fibers) to the parotid also causes 
an abundant watery secretion Stimulation of the 
sympathetic fibers to the submaxiUary or sub- 
Imgual gland causes the secretion of a smaller 
quantity of a thick mucmous sahva No apparent 



Fig 37 2 Showmg distribution of parasvmpatbetic 
secretory nerves to cells and blood vessels of sub- 
maxiUary gland of rabbit The serous cells are believed 
to be supphed by the parasympathetic, the mucous 
cells by the sjunpathetic (From Stormont m Cowdry’s 
Special Cytology) 

secretion follows stimulation of the sympathetic 
supply to the parotid, though upon microscopical 
examination of the gland after such stimulation a 
reduction m the zymogen granules of the cells can 
be observed, which shows that sympathetic stimu- 
lation IS not without a secretory effect Stimulation 
of the cerebral cortex m the dog behind and below 
the cruciate sulcus causes the secretion of sahva 
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the eztlex SECREnoN OF SAixvA (ashficiai. 
sronjiATios) 

The sali\-ar\ glands can be readfl} eiated b> 
the artifiaal stimulation of afierent nen es supplj - 
mg structures m the mouth. The reflexes are 
brought about through the S3h\ai>' centers The 
ejerenl hmbs of the reflex arcs— the secretoiy 
fibers of the chorda tympani and the t>-mpamc 
branch of the glossopharjmgeal respectii dj — ha\ e 
been considered aboie The a^crenl pathwaj's are 
along fibers contained m the tru nk s of the chorda 
tj-mpani and glossophar\Tigeal nenes, m the 
Imgual, buccinator and palatine branches of the 
fifth nene and m the ph3r\-ngeal branch of the 
vagus The fibers of the chorda tjTnpam sub- 
sennng the sensation of taste are distributed to 
the anterior two-thirds of the tongue. The} arise 
from cdls m the genicular ganghon, the central 
processes of the gan^on cells enter the pons m 
the ner'iis inlermedttis of Wnsberg to make con- 
nections with cells m the tractus sohtanus from 
which impulses are rda} ed to the supenor sahi a- 
tor> nudeus. The afferent fibers of the glosso- 
phan-ngeal nen e concerned m the sahvar} reflex, 
can} sensations of taste from the postenor third 
of the tongue. Thej arise from cells m the petrous 
ganghon The central processes of these cells enter 
the medulla to make connections through the 
tractus sohtanus with the mfenor sahvatoi} nudeus 
(see also p 488) The lingual fibers (cdls of ongm 
m Gasserian ganghon) furnish the general buccal 
mucosa with common sensation — touch, pain, etc 
Secretion of sahva ma} be mduced b} stimulation 
of the central end of am one of thee three groups 
of afferent fibers It can also be brought about by 
stimulatmg sensoi} neives m other situations For 
example, experimental stimulation of the central 
end of the Aagus, saatic or indeed of practically 
an\ senson. neiv e of the bod> ma} cause sahva- 
tion Accordmg to some, stimulation of afferent 
nerv es of the gastnc mucosa is particularly hkd} 
to mitiate a reflex secretion mto the mouth In 
disease, stimuh ansmg m the esophagus ma\ cause 
profuse sahvabon (esophago-sahian reflex) Stim- 
ulabon of tngeminal terminals m the nagal mucosa 
will also evoke a secrebon of sah\ a (Babkin) 

B} means of the string galvanometer, an electrical 
change of about 2.5 mUhioIts can be demonstrated in 
the sahrarj gland dunng secrebon One elecbode is 
placed on the soiface of the gland and the other on an 
radifferent part of the bod> The electrical changes 
during secrebon have been studied m the suhtoaiinaiv 


gland bj LangenskiBld, who finds that the dccUogmm 
obtained during chorda sbmulabon differs from that 
caused b} sbmulabon of the s}Tnp3thebc nene suppl} 
The former shows a sharp posiU\-e defiecbon, the latter 
a prolonged wave below the base Ime. 

THE SEC3tEniO\ OF SAUVA TTVDEE KATHRAI. 

CONDmONS 

In the normal life of the animal the scaetion of 
saliva IS brought about reflexly m two wa}s, either 
through (1) the sbmulation of the nerves of the 
mouth b} the presence therein of food or other 
substances, or (2) b} the stimulabon of some organ 
of special sense other than that of taste The 
former tvpe of reflex is termed uttcondtltoned or 
tnherciil, the latter, condtlwiicd or acquired A 
reflex of one t}Te does not, of course, exdude the 
other, and as a matter of fact both are called into 
plav together under ordinal} orcumstanccs 

(!) The unconditioned salivary reflex 

Materials placed m the mouth call forth, after a 
short latent period (two or three seconds), a 
secrebon of sahva which vanes in quantUy and 
quality with the ph}’B!Cal and chemical nature of 
the substance mtroduced The effects which sensa- 
tions of taste produce upon the secrebon of saliva 
are well known Among edible substances, those, 
geaeraU} speaking, which arc the most palatable 
or arouse the sensabon of taste with the greatest 
mtensit} , are the most potent sahv an sbmulants 
Materials that are entirel} inedible will, if un 
pleasant to the taste — aads espeoall} — cause pro- 
fuse sahvabon In these instances the secrebon 
depends mainlv upon the stimulation of the taste 
fibers, and the stimulus is chemical m nature 
But we have seen that sbmulabon, not on!} of the 
taste fibers (chorda t}'mpani and glossophar}Tigeal) 
but of the fibers endowing the mucosa of the mouth 
with common sensibilit} (Imgual nene) as well, 
will produce a sahvTm flow So, materials such as 
dry sand, medible powders, whether soluble or 
insoluble, or an} other material which is capable of 
stimulatmg these endmgs m a purel} ph}’sical wav 
will ev oke a secrebon The mere mov ements of the 
jaws and of the tongue over the mucosa of the 
mouth will hav e such an effect, though there is no 
material present m the mouth A secrebon occurs 
when an} substance is chewed, whether or not it is 
edible or possesses taste. The chewmg of mdia 
rubber (or gum) for instance, the mampulations of 
the denbst, the contact of his instruments unth the 
oral mucosa or the grmdmg of a tooth are familiar 
and Dotent causes of sahv-abon 
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The remarkable adapiahht) or purposeful character 
of the sali\ar>' reflex has been remarked upon by 
Pa\ lo\ The ph> sical and chemical qualities of (he juice, 
as well as its quantity, arc adapted to the physical or 
chemical characters possessed bj the parbcular sub 
stance imtiatmg the reflex For instance, if clean pebbles 
be placed in a dog’s mouth, the\ arc expelled — merely 
allowed to drop out of their own weight No secretion 
or \cr> little occurs, since none is required, but if the 
stones arc crushed and gnen as a powder, a profuse 
watcr> salivation follows to nd and cleanse the mouth 
of the useless material The juice in this instance is poor 
in organic material and resembles that obtamed upon 
clectncal stimulation of the chorda tjmpani nerve or 
of the pansjanpathctic fibers to the parotid Strong acid 
produces an abundant saliva which, according to 
Pavlov, IS relativclv rich in protein, tins exerts a buffer 
action which reduces or annuls tlic injurious effect of 
the aad The sahv arv response to the v anous foods is 
also adapted to their peculiar qualities A chunk of 
meat, if given to a dog, is vcr> quicllj swallowed 
Under the circumstances what is most required of sahvn 
IS a lubneant action Accordingl), a highlj vnscous 
juice, nch in muan, is produced If the meat be first 
dned and powdered, or if drj biscuit be fed to the 
animal the secretion is characlcnstic of parotid or 
chorda saliva— e g , water, and abundant, but poor in 
mucin hliU evokes the secretion of a saliva nch in 
muan, and foods, m general, produce a saliva rich in 
organic matcnal— mucin and ferments— while inedible 
substances tend to call forth a more water) juice These 
adaptations arc much less pronounced in man 

The coudihoned or acquired reflex 

The secretion which flows into the empty mouth 
when ‘‘the mouth waters” is the result of a condi- 
tioned reflex The stimulus which initiates such a 
reflex IS not applied to the nerves of the mouth 
but IS received by one or other of the organs of 
speaal sense, particularly those of sight and smell 
A conditioned reflex may also be chated through 
the sense of hcanng or through sensory impres- 
sions ansing from stimuli applied to the skin In 
brief, a conditioned reflex is one in which the 
cerebral centers play an essential part, and m 
which training and experience are the basis for 
the dev elopment of the reflex process Conditioned 
reflexes arc taken up in detail in chapter 09 

TIIE REACnOK, QUANTITY AND COMPOSITION OF 
SALWA 

Human mixed saliva, according to the investigations 
of Starr, is slightly aad in reaction In 86 per cent of a 
large senes of normal persons the pH was found to vary 
between 6 35 and 6 85 The lowest pH found was 5 75 
and the highest 7 05 Salivary reaction is dependent 


mamly upon the rclabve concentrations of free and 

{HjCOj] 

combined CO-, that is, upon the ratio 

in order that the true pH value be obtained the juice 
must be collected without loss of COs The older figures 
m the literature are too high (7 50 to 8 00) since this 
precaution was not taken The hjdrogen ion concen- 
tration of the salivnv was found to varj' directly wnth the 
CO; content of the blood This means that when the 
CO; tension in the blood is high, more CO; finds its 
way into the sahvarj’ scaelion to lower its pH, and 
vnee versa Forced breathing causes a lessened amount 
of CO; in the saliv-a, and consequently a rise in its pH 
On the oilier hand, conditions assoaated wath a reten- 
tion of CO; in the blood increase the loss of the gas in 
the saliva IngesUon of NaHCOj , while it reduces the 
aaditj of the unne, increases that of the saliva, since 
a nsc in the CO; tension in the blood results 

In man the amount of saliva secreted in 24 hours 
amounts to from 1000 cc to 1500 cc , but the output 
of the resting gland is only about 0 25 cc per minute 
The cow secretes some 60 liters daily Ordinarj mixed 
saliva contains about 99 5 per cent of water and 0 5 per 
cent total solids It has a specific grav it) betw een 1 002 
and 1 012 Its mam constituents arc as follows 
I Salts (approximate!) 0 2 per cent) 

Sodium and potassium chloride 
Sodium bicarbonate 
Aad and alkaline sodium phosphates 
Calaum carbonate and calcium phosphate 
Potassium sulphoc)Tinate 
n Gases 

Carbon dioxide, ox) gen and nitrogen 
III Orsantc substances 

Ptjalin (salivarv arajlase), maltasc, and l)So- 
Z) me 

Scrum albumin and globulin 
Urea, unc aad, creatine and amino acids 
Muan, main!) in the submaxiliary and sub- 
hngual sCCTCtions 

Glucose IS absent, normallv , and cv en in diabetes, none 
or only small amounts are found in the saliva 

The bicarbonates and to some extent the phosphates 
act as '‘buffers” The buffenng action of saliva is such 
that its pH remains constant under all ordinaiy^ condi- 
tions and even though relatively strong solutions of 
aads or alkalis arc introduced into the mouth, the 
reaction, except for a short period, is not altered The 
"aad mouth”, so glibly spoken of in dentifrice adver- 
tisements as an abnormal condition, and the possibility 
of altenng the reaction of the oral seaetions are fig- 
ments of the imagination Attempts to change the pH 
of the saliva experimentally by flooding the mouth 
wath aad or alkaline solutions arc followed by contrary 
effects upon the sah-vary reaction Aad solutions cause 
a nsc in pH, alkaline solutions a fall The changes last 
for about 10 minutes, the reacbon then returns to 
normal 
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Tci are ntsssirr f— tis £Ciivatiff= c' tH» 

arrr-lrsc. The ■rrhr -shira arc soh:u’t m a=d 

tat msihie!; la alhallae raicri tcaa to be tnto~a otrt 
o' so’etion Tnim tue pH rises. The cuacra e aad prus- 
pha^e c' n — "7 be ceDisitia in tie fo*n o' 
conditions fr--rr 7 cJhi.'l -inun tne ends c-, in 
coninndtinn -- o-pan.: inajEnnI, rnav be lah coim 
cnon tne teeh as “drtar” -l h^ saErar- pH and a 
jdce nch in rontdn an beLmd to ce conanim to 
tartar denosition and tne cenlonmen' o- caknn. The 
e (HSCSl .s an erenni'- pnod- 

nct ann j p-tnao’-- lo— ic imiin the heev 'ron Cs 
ra&als cerimd froin the rnitah-alsr: o' n-onni Its 
pnonnrtion ann eicnnon an tnmnnt to "^'Csinv a 
cejmeatrns niecaan-snn I..dsa.dtohein crass tn tee 
saEva o' hah-tnal sinohes, ann hn= ceen sho— n tr* 
SnlEvan and Dmrsin to be noPceanV recnosc cznzg 
the cenrse o. peEanna, fan* nrerns *o njinal valne 
i: n convalEcenn mn; tr.? disease. 

The bnn*eric:nal enr-— e hno-nn as Ii — : — n has a 
ces t r nm '~e amen cnen stanhpbcoon, stnpnococcL, 

pnsca* d tne 7amr-a] seennon ann .s ~de.v cls- 
trrtn“ed in ? — ad tismes ann tn ect — hrte n —h-cn it 
IS Closer arsonated ■vd tne pn-cn ai-nn (p 7561 
It has a rmtoyti: aanon nsenblir.g hat o' hvan—cni- 
case (p 312 and £ 51 } and p-obao’- c—es its antibac- 
tena! aatn*v to i.s ahh*** to clsso've the pc-’-saa* 
chande tn the cinsnle c' tne a.croo*tan.s=d. 


rTNcnove or sauva 

( 1 ) DiGrsnvr. The stares no’ecile is acted upon 
b- ptyaEn and snlit into smaner mo’ecnles o' 
the Gdagfiance maliose. The ran a pcssace of 
tne {oo2 thnonan the raaath pnances the 
hitv tnat It 15 actea tiDon here by the sahra to 
anv ina>— tant extent Whether starcay food after 
Its tho-on^ nrpregnatoa -’-tn saLnra undergoes 
any srgnincant uesres c: cLgestion m the s+ccaaca 
has been debated. "The salivary araviase requnas 
fo- Its activ-ty an alhahne, aeatral or cut lamtly 
aci meonun. It -ras, tnerefere, thnagnt that the 
hgid’- add gastric jmee —odd Dre-ent o- soon 
temamate snlrvaiy digestion. It has been sho— n, 
ho-e-er, that the Litter part of the meal, vh.m 
cmaliy contains the carDonverate, m — remain m 
th.. fundus o' i he ; Lomaca protecten f o— some tim* 
ttom the acidn— mg action of tne gastnc jnree bv a 
layer c- food ngestec p-eviondv For tks reason 
It IS Ifhsiy tnat under ravc-nn’e crcumstancffi con- 
Ed-nah’e digestion m starch is accomphshen damaa 
- tins perod. Bergem fermd that 76 per cent of tin 
^ mn 5 _e 2 potatoes vas transfemred mtc 

m tns ctft ^yrr) 

When bo-Zed stnrdi is placed ra a test tube vntb 


r-:rr°d human saliva ana h^t at body temperahire, 
2 c.o-’- con-erron c' the staren into maltose tahes 
place. The cnenncal mange coenrs n a senes of 
c»3res v-indi may be d-stmgmshed by the manner 
m — incn the p'oduct o' enen reacts — ith iodine. 
loGinS grv es a characteristic b’ue co-’o- -mth boded 
5^2jci. A sho-t tune mter the salrva has com- 
menesG to act, a pnysical cnange may be seen to 
have occnired in tee starem It loses its opalescent 
aapeafance and becomes tnongh it still 

gives fit- fj’ce co'c- nth odme. After a short time 
the £»nrch becomes partialtv b-oken do— n and 
ccaveftea into a deitnn Tindi no— gives a red 
co’o* -mtii icdine, and on tfa.s account iS hno-mi as 
cr-'a-iiczinr Small amounts of maltose rnav also 
be detectea- Still later, no co’o- reaction occu r s 
upon tne aduitmn of lodme, a co’cdess cextnn — 
cfJa-dicdr'r— hn3tesmitrrn»d.TEnIiv VLes*iaithi 
E entjreiv con”erted mto maltose and isomnltcse. 
In tns fiaal stage traces Ci glucose mav also appear 
cue to tee p-esence m the salrva o' maliose in 
lo— concentration- The foZo— mg scheme iHnstiates 
tnese cnnnges 


EoEtd starch 


Solna’i starch 


Er-thn>ieitnn Mal-o^e 



MaIJ?-e Isomaljye 

Ptyaim has CO action upon cdlulcte and lor tfars 
reason the staren must be cc-ohed in orce- that the 
cehulcse en— elcg>e sur-onnding the starch giams 
may he b-ohen. BoZing also causes hv oration of 
the stardi mcZecule itseli, and renuers it more 
easilvr onrupted oy the amvlase. 

(2) I’HnpAs.Anov or the Food ros Swaixow- 
dcgby ALrEHTScIrs OovsiSTEECi Tins E one of 
the most urportant functions of the salrva tee 
food jiS moEtened, thus eaablmg it to be rolled mto 
a plastic mass, ana given a lubncant coating 
Claude Bernard snomed that a ho-se "vith a parotid 
Estala had the utmost cuncnltv in s-mllcnng dry 
hay or oats. 

.^Co) SogvEST 4cnov Taste e a rn^m r?] sense. 
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All solid substances, m consequence, m order that 
thc\ may stimulate the taste buds must be dis- 
sohed in the salua 

(4) Cleansing Action* The constant flo\s of 
saliva exerts a \cr}' nccessar>’ cleansing effect 
The mouth and teeth are rinsed and kept com- 
paratncl> free from food residues, shed epithelial 
cells, foreign particles, etc , in this waj the saliva 
inhibits the groi. th of bactena by rcmo\nng ma- 
terial V hicli ma> serve as culture media, it nlso, 
bj virtue of its l\soz}mc content, is directly 
bacteriocidal One has but to consider the foul 
condition of Oic mouth m certam fevers when the 
salivar, secretion is suppressed, in order to realize 
how important arc its cleansing and bacteriocidal 
properties Then, decomposing organic material 
swarminij with bacteria (sordcs) collects upon the 
teeth and lips, and must be remov cd b> artifiaal 
means 

(5) MOISIFN-ING AN*D LimPICATING \CTION Thc 
sain a In moistening and lubricating thc soft parts 
of the mouth and lips keeps them pliable and 
resilient for thc purposes of articulation Frequent 
sips of water arc almost essential for some public 
spealcr«, in vhom as a result of evaporation from 
the mouth during speech, thc supplj of saliva is 
insufTiacnt 

(6) Excrftopv Man} substances both organic 
and inorganic arc excreted in thc saliva Drugs 
such as mcrcurv , potassium iodide, lead, etc, v hen 
introduced into thc bodj arc excreted in part bv 
the saliva Sev ere inflammation of thc oral mucosa 
(stomatitis) mav be caused b} thc excretion of 
excessive amounts of mercurj bj this route The 
blue line on the gum margins m lead poisoning is 
due to thc metal having been excreted in the 
saliva, and deposited as thc sulphide Thc sulphur 
IS provided by organic matcrnl contained in thc 
tartar formed on thc bases of the teeth For this 
reason the discoloration of thc gum docs not occur 
where teeth arc absent In chronic ncphntis the 
saliva contains a high percentage of urea, and 
sugar sometimes appears in severe diabetes, in 
parathvroid overdosage the calaum concentration 
of the saliva is elevated Several Ujics of micro- 
organisms, some intcnscl} virulent, eg, the virus 
of hydrophobia and antenor poliomyelitis are ex- 
creted in the saliva The latter disease has been 
reproduced m monlcys by injecting the saliva of 
an infected person 

In this cowwecUww vV may be added that mumps, 
which IS usually loot cd upon as a specific infianinialion 


of the parotid gland, is more likely a general disease, 
since other organs, eg ovary, testicle, cerebral me- 
ninges, etc unconnected m any way w ith thc salivary 
glands arc often senously affected Thc parotid inflam- 
mation IS probably inadental and results from the 
passage of the infectious .agent through the gland into 
the saliva 

(7) 'Die Role Playep bv tjie Saliv art Glan-ds 
IN THE Regulation of the Water Balance of 
THE Bodv When the water content of thc body is 
adequate thc saliva is secreted continuously into 
the cavity of thc mouth cither by thc mam glands 
or by' thc innumerable small mucous glands that 
arc scattered ov cr thc surface of the buccal mucosa 
^^\hcn, however, large quantities of fluid arc lost 
from thc body cither through the sweat, bowels, 
kidneys, evaporation from thc lungs, through loss 
of blood or when the v ater intake is curtailed, the 
saliv arv glands, in common wnth the other tissues, 
are subjected to the dehydratmg effect, salivary 
secretion is suppressed Dry'ing of the oral mucous 
membranes, and thc consequent stimulation of 
afferent nerves of the mouth and pharynx arouse 
thc sensation of thirst (p 604) Thirst may be 
looked upon as an essential part of a protective 
mechanism against thc depletion of body fluid 
It scrv’cs to warn thc individual that the body’s 
water supplies require to be replenished 

Thc aclions of drugs atid chcnucals upon salivary 
sccrclion 

Serous secretion is stimulated by adrenaline, and 
ephednne, acetylcholine, muscanne, pilocarpine, phy- 
sosUgmme (esenne), and histamine increase the mucus 
secretion Atropine which antagonizes acetylcholine, 
and ergotamme which paralyzes sympathetic effects, 
inhibit secretion Quinine paralyzes thc effects of both 
nerves 

Disturbances of salivary sccrclion 

Permanent suppression of the saliv arv secretion — 
xerostomia or aptyahsm as it is termed — is an unusual 
condition, little is knovn regarding the mode of its 
production Temporary' suppression of salivary’ secre- 
tion is more common and occurs in emotional slates 
and in fevers, or as already mentioned, when thc water 
content of thc tissues is lowered Excessive sahv'ation 
or ptyalism is not unusual and is often particularly 
troublesome in pregnancy, its cause in the later state 
IS unknown, it is possibly of reflex origin, or due to 
some metabolic product acting in a drug like manner 
upon the gland cells or thc secretory nerves 

As a result of irritation of the gastric mucosa, in 
duodenal ulcer, or in lesions of the esophagus, such as 
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caronoma or spasm of the cardiac sphincter, sahvation 
occurs as a reflei phenomenon, and may be pronounced 
(esophago-sahvary refles) The latter reflex is usually 
readily ehated in a normal person by the passage of a 
stomach tube or an esophageal sound Since the glands 
respond to mechanical stimuh, painful or otherwise, 
the sahvation associated with abnormal conditions in 
the mouth, e g , a canous tooth, carcmoma of the 
tongue, etc. is not surprising 

When the reflex secreuon is the result of stimuli 
ansmg in the stomach, esophagus or duodenum, and 
IS excessive, the sahva may, without the individual’s 
knowledge, pass down the esophagus and collect above 
the cardiac sphmcter The secretion occurs as a rule 
shortly after a meal and a short time later a large 
quantity of fluid may have accumulated, it may then 
be brought into the mouth m one or two gushes without 
any vomitmg efiort or even nausea The condition is 
spoken of as tualer-hrash 

The form and structure of the teeth 

A tooth consists of a crown, a neck and a root The 
crown is the part projecting beyond the gum, the root 
fits mto the socket or alreoUis of the jaw bone The 
neck IS the junction between crown and root, and, 
normallj', hes just below the gum. Three kinds of 
tissue, enamel, denltn and eemenltim, compose the hard 
portion of the tooth. The cavity occupying the center 
IS filled with a soft substance, called the pulp, composed 
of connective tissue fibers and a gelatinous matnx m 
which the nerves and blood vessels are embedded (fig 
374) 

The enamel, which is of epithehal ongin, is a white, 
translucent, and very hard material— the hardest in 
the body It is composed of calcium salts (95 per cent) 
m the form of apatite crystals (ch 60), mth from 3 to 
S per cent of orgamc material Its structure consists of 
thm prisms or rods runnmg through its entire depth, 
perpendicular to and resUng on the dentin, the prisms 
are cemented together by protem matenal or one 
containing protem The denUn surrounds the pulp 
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Fig 37 4 Section through a molar tooth 


cavity except at the apex of the root where the nerves 
and vessels enter, it resembles bone chemically and 
structurally, but is harder, and contains numerous 
canaheuU— the denttnal fuiw/M— which radiate from 
the pulp cavity In the pulp lynng against the dentine 
are large elongated cells with a radial and epithelium 
like arrangement, they are called odontoblasts and send 
fine processes (fibers of Tomes) into the overlying 
dentinal tubules The cemcnlum sunounds the root 
outside the dentin, it is a bony material, but (except in 
old age), lacks Haversion canals It Is penetrated by 
bundles of coarse fibers (Sharpey’s fibers) derived from 
the pertdontal membrane, this membrane lines the 
alveolus, for which it senes os penosteum, and acts as a 
close bond between the cementum and the bone Bone 
cells are embedded m the cementum near the apex of 
the root. The inability of the cementum is dependent 
upon the integrity of the penodontal membrane, it 
undergoes necrosis when the latter is destroyed 
Like bone, tooth structure is in a continuous state of 
flux, minerals, calcium and phosphorus being contin- 
ually removed and replaced 


Dental decay, or dental canes 


Calaum salts, which constitute such a large pro- 
portion of dental tissue, arc soluble m aad, an increase 
in the aadity of the saliva was thought, therefore, to 
favor decalaficaUon of the teeth, and in this way pre- 
pare them for the inroads of microorganisms But the 
sahva is normally slightly and, and any significant 
increase m its aadity has not been demonstrated m 
canes (Gcis) 

Bacterial decomposition of carbohydrate food with 
the production of lactic aad, cspeaally in regions where 
food IS bhely to collect, as m crevices betw cen the teeth 
and at the margin between the tooth and gum, has long 
been recognized as an important element in tooth decay 
Sugar, especinlly if highly refined, is undoubtedly 
potent m mcreasing suKeptibihty to the disease Sugar 
has been shown to faalitate the penetration of the 
H ion into the enamel ' 


Another local factor which has been suggested as 
predisposmg to canes is the muon content of the sahva 
A juice nch m muan flows less freely and as a result of 
Its high viscosity is less likely to penetrate into, and 
flush out the smaller crevices where microorganisms 
lurk and flourish upon food d£bns Muan may also 
encourage decay by forming a tenaaous coatmg upon a 
sheltered surface of the tooth and thus serve to protect 
underlymg bacteria from the action of the saliva 
The mvestigations of Pmeus suggest that decalafi- 
cabon of the teeth by aad is of less importance than 
an attack upon the organic substance of the enamel by 
proteolytic bactena Such a process has been suggested 
earlier by Hines Pmeus claims that digcsbon of the 
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protein matenal permits the enamel prisms to fall 
apart, and this occurs apparently without a preliminary 
production of aad Sulphunc aad liberated by the 
hydrolysis of chondroitin sulphate, according to Pincus 
causes, secondanly, dccalafication of the enamel At- 
kinson and Matthew s agree that the primary' point of 
attack is upon the organic matrix of the enamel, but 
that dccalafication of both enamel and dentine is 
produced by the liberation of aspartic and glutamic 
aads They found some 18 amino aads present in 
normal dentine, including aspartic and glutamic aads 
These two amino acids were found in the free slate in 
canous dentine but not in healthy dentine The well- 
known brown discoloration of canous teeth is due to 
a melanin which is thought to be formed by' the oxida- 
tion of tyrosine by proteolytic bactena 

The researches of M Mcllanbv on the teeth of dogs 
suggest that, in some cases at least, the structure of the 
teeth thcmscKcs — maldc\clopmcnt, or an inherently 
poor tooth structure — or dietary dcfiaencics (cspcaally 
of \atamin D) may play a part in the occuncnce of the 
disease Contrary to the general belief, cancs in wild 
animals is not so \cry' uncommon It starts, wath few 
exceptions, in the dentine or cementum of the root, 
where this has become bare, and not in the enamel The 
decay is most likely to occur in situations where food 
tends to pack and stagnate In domestic animals and 
animak in captnita, canes is much commoner and the 
first signs of decay appear in the enamel, as in man A 
smacy of some 280 wild animals belonging to 60 dif- 
ferent speaes w ere made by Spraw son, and the tooth 
enamel compared with that in human teeth The 
structure of the animal enamel was found to be less 
dense, less fully calaficd and, on the average, of poorer 
quahty than that of human enamel, a finding which, 
taken in conjunction walh the less common occuncnce 
of canes in wild animals, suggests a dietary' factor in 
the production of the disease in man 


The bcnefiaal effects of small aiiioUnts of fluonne 
upon tooth structure has recaved no small amount of 
attention since Dean and his assoaates pointed out 
the low inadence of canes in distnets where there was 
evidence of high concentrations (over 1 part per 
million) of fluonne in the dnnkmg water Excessively 
high concentrations of fluonne in the dnnkmg water 
cause mottling of the enamel Fluonne has also been 
shown to inhibit aad production by the Lactobacillus 
acidophilus and m a concentration of 0 5 to 1 part per 
milhon to be protective against dental canes Another 
possible action of fluonde is to reduce the solubihty of 
the enamel by aad Stannous fluonde is more effective 
as a preventive than the sodium salt From the dental 
cxammation of some 7,000 children in over 20 Amencan 
aties it was found that the inadence of canes was in- 
versely related to the concentration of fluonne in the 
dnnkmg water Motthng of the enamel does not occur 
in concentrations below 1 part in a milhon 

A cunous condition, known as dermeus, occumng 
in domestic animals and man is seen in North Afnca, 
and IS attnbuted to a high concentration of calcium 
fluonde in the dnnkmg water It is charactenzed by 
dy'strophy of the second dentition Kilbom has also re- 
ported the endemic occurrence of a severe arthntis and 
spondy htis m a region of Southw est China which ap- 
parently' is induced by the dnnkmg of water nch m 
fluonde 

It IS quite evident that the problem of dental canes 
IS not a simple one Several factors are involved in its 
production and much work must be done before the 
details of thar actions arc know n and the relative value 
of each can be appraised But from the pomt of view of 
prevention the most valuable measures are the curtail- 
ment of sugar in the diet and the addition of fluorid'* 
to the dnnkmg water in those commumties m which th 
latter has a low concentration of this element 
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sxRtrcixrRE or the gastsic glakds 

The EGcrctoo of the stoinAcli Ate tinged 
to form mnamerable small mdi\ndual tubular 
umts, the gaslrtc glands The glands are scattered 
pro{usel\ throughout the mucosa, each has a 
depth of from 0 5 to 3o mm and an outside di- 
ameter of 0 1 mmu The lumen of the tubule is 
not more than 10 micra m caliber A tubule 
empties b\ a smgle mouth mto the bottom of a 
tm\ pit — the gasinc fcrcola or cr\pl In some cases 
a smgle foieola receiies the secretion of two or 
more glands The gastric fo\ eolae dot the mucosal 
surface m immense numbers, thei are hned b> 
columnar epithehum, which has a similar character 
m all parts of the stomach, and is contmuous, on 
the one hand, with the general epithelial co\ ermg 
of the gastnc mucosa, and, on the other, with the 
cells linin g the gland tubule= In the latter situa- 
tion the characters of the cells undergo a change, 
both morphological and functional, and acquire 
secreton jxiwers of a special nature. 

Each gland mav appear as a smgle tubular 
structure which hes more or less pierpenchcular to 
the surface of the mucosa. More usualli , its deeper 
portion is branched or shows an ill-marked bifurca- 
tion The cellular elements of the glands of the 
fundus and of the greater part of the bod% of the 
stomach diSer both m rmnute structure and m the 
nature of their secretions from those of the pilonc 
region, as well as from those of the mucosa m the 
immediate neighborhood of the cardia. 

(f) TH glands of the fundus and body of th^ 
r-arrmaJuin stomach 

The gland tubule is divisible into a narrow and short 
superficial part — the neck, and a much thicker and 
longer portion— the body, which reaches neailj to the 
musculans mucosae. Its blind ertremitj is club-shaped, 
mdeuted or branched. The total number of glands has 
been estimated at 35,000,000 The cells which consti- 
tute the -walls of the tubules are of three tvpes (a) chef 
ceils of the reck or rrjcojs neck celts, (b) chef cells of the 
bods or zyn-oscnic c'lls, and (c) paneial or border cells 

The chef cdls of th- reck or mucous neck cells together 
with the chief cells of the bodv form a continuous 
hnmg for the tubule, and upon a superficial eiaminaUon 
resemble one another verw dosdj The two tvpes of 


cell art, however, qmte different both in minute struc 
ture and function Their morphological differences can 
be readilv brought out bj <pcaal staining methods. The 
chief cells of the neck contain granules of rouemogen 
but no zj-mogen material Their secreuon is, m conse- 
quence, entireU mucous m character These cells are 
identical with those lining the enure length of the pj- 
lonc glands (sec fig 38 1) 

The chef cells of the body or zwogensc cells, on the 
other hand, contam zvmogcn but no muanogen gran 
ules The former arc composed of peprtnogen, the pre- 
cursor of fefssn There is no doub‘ that the chief cells 
furnish the earjines of the juice, after secreUon has 
been evoked b\ vagal sUmulaUon the granules become 
markedl> reduced in number, thev accumulate again 
alter a penod of rest in the same aaj as has alreadi 
been described for the zj-mogen granules of the sahvan 
cells 

The parietal or border cells are found throughout the 
enure length of the tubule, but arc more numerous in 
the region of the nedL Thc\ do not, however, form a 
conUnuous lajer, but arc scattered here and there 
along the tubule and lie, not against the lumen, but 
between the chief cells and the basement membiant 
The\ bulge the membrane outwards and m t h is waj 
give an uneven, nodular or wav> contour to the gland 
These cells can be disUnguished from their neighbors 
not oal> b> their location but b> their staining reac- 
tions. It is now generalK agreed that the panetal cells 
secrete the hvdrochlonc aad and most of the water 
of the gastnc juicj and on this account are also known 
as the csynlic or cr«f stcrcting cells Among the several 
observations winch point to this conclusion is the direct 
correlation between the number of panetal celb and 
the Utratable aaditv and total chlorme contents of 
different regions of the gastnc mucosa durmg secretion 
Though separated from the lumen of the tubule bj the 
chief or zvroogenic cells, the panetal cells transmit their 
secretion mto the lumen through dehcate canaheuh 
Ijmg between the chief cells. These canaheuh arc ex- 
tensions of an ciquisitelv fine canal svstem Inng z~t/un 
the ectoplasm of the panetal cells and possess definite 
walls Coarse transparent granules are seen m the proto- 
plasm of the cells dunng rest, depletion of this granular 
material occurs dunng actmlv 

(2) TAe pylonc, esophageal and cardiac glands 

The pvlonc ^ands are shorter but run a more 
tortuous course. Panetal cells are absent, and the 
tubules are lined entireli bj cells of the same tvpe 
as the mucous neck cells of the fundic glands The 
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pylonc glands, in consequence, are capable of 
forming mucus but not of supplymg pepsm or 
hydrochloric acid to the gastnc juice Their secre- 
tion IS alkaline in reaction The glands in the im- 
mediate neighborhood of the cardiac orifice — 
cardiac glands — are also of t he_Durel v- m ncom 
type and secre te an alkahne jmc e Glands almost 
identical m cEaracter are present m the esophagus 
— at the level of the cncoid cartilage and at its 
lower end just above the cardia 

The Gastric Juice, Composition, Origins and 
Digestive Actions of Its Constituents 

(see also inteinsic factor, p 85) 
composition 

The gastnc jmce is a mixture of the secretory 
products — fepstii, micm, and a watery solution of 
hydrochloric acid — of the three types of cells com- 
posmg the gastnc glands descnbed above, it also 
contains a vanable quantity of mucous secreted 
by the surface epithehum The composition of 
fasting human gastnc jmce as obtamed through 
a fistula IS given m the foUowmg table- 

fFree HCl, 0 40 to 0 50 per cent 
Aadity ITotal aadity, 0 45 to 0 60 per cent 
(pH, 0 90 to 1 0 

{ Organic, including mucm and the vanous 
ferments, 0 42 to 0 46 per cent 
Inorgamc, 0 13 to 0 14 per cent 
Specific gravity, 1 002 to 1 004 

A proteolytic enzyme, called iiropepsin, which is 
found m unne, apparently has its source m the 
gastnc glands, for it disappears from the unne 
after gastrectomy or removal of the gastnc mucosa 
Its concentration m the unne is mcreased by high 
protein feeding but not by pepsm mtroduced mto 
the stomach It is thought therefore to be denved 
from pepsinogen which is absorbed directly mto 
the blood stream from the glands 
The stomach secretes extraneous substances 
e g , ether, sulfonamide, drugs, iodides and bro- 
mides, neutral red, etc 

The mam digestive action of the gastnc juice 
IS exerted upon protem, which is split mto smaller 
groups of ammo aads by pepsin and hydrochloric 
acid It also contains rennin which curdles milk 
and a very weak hpolytic ferment — gastric hpase 
The gastnc juice — a combmed secretion of 
several types of cells — consists of an alkalme and 
an aad component, which vary mversely m them 


proportions with the volume of the secretion, the 
alkahne component falhng and the aad compo- 
nent nsmg with mcreased rate of secretion and 
vice versa The alkahne component, which is 
secreted by cells other than the panetal cells, 
contams pepsm, mucm, neutral chlonde, sodium, 
bicarbonate, potassium and calaum, the acid 
component is the solution of hydrochlonc aad se- 
creted by the panetal cells 



Fig 38 1 A, gland from the fundus of the stomach 
1, pit or foveola on the mucous surface, 2, neck of gland 
containmg mucm-secretmg cells, 3, chief cells, 4, pane- 
tel cells B, enlarged dranmg showmg intercellular and 
intracellular canahcuh 
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hydkooilowc Acro in the gastkic jmcE 

Prout m the early part of the last century (1824) 
first demonstrated the presence of hydrochlonc 
aad m gastnc juice The only other instances of a 
strong mmeral aad being formed by living proc- 
esses IS the production of sulphunc aad, probably 
for defense purposes, by a certam snail {Dohum 
galea), and the presence of a fluid -with a pH as 
low as 1 0 m the vacuoles of some unicellular 
organisms It has been already menUoned that the 
panetal cells of the fundic glands are responsible 
^ for the production of the aad and most of the 
water of the gastnc juice 

1 The secretion of the panetal cells cannot be 
tP* collected separately from the other consutuenfs of 
^ the gastnc juice and, therefore, cannot be sub- 
jected to du-ect analysis Its composition can be 
amved at only by inference Hollander analyzed 
canine gastnc juice collected from a stomach 
pouch and has mferred the composition of pure 
panetal seaetion from the fact that, with increas- 
mg aadity, the other constituents dedme The 
aadity when plotted agamst the neutral chlonde 
gives a straight line expressing an inverse relation- 
ship between them. When extrapolated this Ime 
comes to a pomt representmg a zero value for 
neutral chlonde and an aadity of around 170 m 
ecj per Uter (figs 38,2, 38 3, 38 4) Changes m Mai 
chlonde nm parallel with those for total aadity, 
though the former occur at a much slower rate 
From this it is conduded that pure panetal secre- 
tion IS a shghtly hypertonic solution fluid contam- 
mg approximately 170 m eq HCI per liter and 
free from neutral chlonde, its pH is around 0 90 
Pavlov found that with nsmg rate of secretion 
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Fig 38 2 Showing neutral chlonde tts a. iuncUon of 
aadity (After Hollander^ 


the concentration of aad m the gastnc juice rose 
and conduded that the aadity of the gastnc juice 
as it l^l the ceils remamed constant (regardless of 
the rate or volume of secretion) at a concentration 
of about 0 S per cent Pavlov’s belief in the con- 
stancy of the aad concentration as secreted by 
the glands is supported in the mam by Hollander’s 
expenmental results and this view is now widely 

held , 

The contents of the human stomach after the 
usual test meal have a total acidity of from 5 to 
40 dmical units (p 515) or from 0 02 to 0 15 per 
cent of total aad The gastnc juice secreted into 
the empty stomach after the more powerful stimu- 
lus of histamine mjection or in resjmnse to psychic 
stimulation has a total aadity of from 80 to 140 
dmical units and a pH of from 1 0 to 1 2 At the 
height of digestion of a mixed meal contammg 
meat, the acidity of the gastnc contents may ap 
proach that of juice secreted under the influence 
of histamme The relatively low aadity of the 
human gastnc contents after a test meal is due to 
the latter’s relatively mild stimulating effect upon 
the glands as well as to the dilution and neutrali- 
zation of the juice by sabva, mucus and other 
constituents of the meal itself The analyses of 
histamine juice, as noted above, and of pure juice 
collected from a fistula mdicate, how'cver, that 
human gastnc juice as it is secreted by the glands 
has probably an aadity equal to that of canme 
juice 

There is a relationship (in dogs and human subjects) 
between the aad concentration in the gastnc juice and 
the erythrocyte count (Apperly and Cary) In severe 
anemia due to hemorrhage free acid disappears from 
the gastnc juice, as blood regeneration occurs acid reap 
pears, Us concentration mcreasmg to a maximum when 
the red cel] count reaches the normal value If the 
erythrocyte count rises above the normal level (e.g , m 
polycythemia) the aad concentraPon steadily falls 
again to low values 

Theories concemmg the origin of the HCI and site 
' of its production 

Qaude Bernard was one of the first to investi- 
gate the question of the ongm of the aad He 
injected potassium ferrocyamde and lactate of iron 
mto an animal’s veins These substances give the 
Prussian blue reaction m. the presence of free 
mmeral aad The mucosa of the stomach was 
turned blue after the mjection, but no discoloration 
was observed m the gland cells or in the lumina 
of the glands He conduded, therefore, that the 
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glands secreted some unknown product, which, 
upon reaching the surface of the mucosa, gave 
nse to the aad 

Similar expenments were earned out by Fitz- 
gerald, and later, vital dyes which changed color 
at definite pH values were employed by Harvey 
and Bensley The results of these two groups of 
mvestigators were not in agreement, the former 
claimmg that the acid was formed m the cytoplasm 
or within the fine mtracellular canahculi Harvey 
and Bensely suggested that NHtCl was secreted 
into the tubules and through selective re-absorp- 
tion of ammonia, HCI uas formed Subsequently, 
however. Ivy and Dawson by means of a Pavlov 
pouch and the use of vital dye mdicators demon- 
strated that dunng secretion the cells have a pH 
rangmg somewhere between 6 8 and 3 0 A more 
precise value was not deterramed, but the result 
suggested that the site of aad formation was mtra- 
cellular Hollander believes that the most probable 
site IS the cytoplasmic surface of the mtracellular 
canahcular wall or withm the wall itself This 
site of ongm was first suggested by Colhp 

The ultimate source of the chlonde is undoubt- 
edly the sodium chlonde of the blood Kahn 
showed many years ago that, if an animal be fed 
for some weeks upon meat, deprived of its chlondes 
by prolonged boihng m distilled water, aad-free 
gastnc juice was secreted Also the contmued loss of 
gastnc juice from the body results m a marked fall 
m blood chlonde If bromide is fed to an animal 
which has been depnved of salt for some time 
hydrobromic aad appears in the gastnc jmee The 
chlonde ion can also to some extent be replaced 
by iodide 

Several theones of the chemical processes con- 
cerned m the formation of hydrochlonc acid from 
the blood chlonde have been advanced^ 

Maly bebeved reactions represented by the follow- 
ing equations w ere responsible 

NaHjPO, + NaCl NajHPO^ -f- HCI 

NaiHPO* -f HsCOi -» NaHtPO^ + NaHCO, 

The aad formed in the first reaction would have to be 
removed as qmckly as it was formed and fresh aad 
phosphate (NaHjPOO furnished by the reaction shown 
m the second equation Maly could offer no explanabon 
to account for the separation of the products of these 
reactions, that is, the passage of HCI mto the tubules of 
the gland and the bicarbonate mto the blood stream 
Colhp by rmcrochemical methods obtamed important 
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Fig 38 3 Total chlonde as a function of aadity 
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evidence m support of this conception He states that 
the panetal cells are excepbonaUy nch m phosphates 
and probably m carbonates, but dunng rest chlondes 
are absent When, however, the glands become acbve a 
remarkable maease m the cell chlondes occurs It can 
also be shown that dunng secrebon the chlonde contenf 
of the artenal blood supplymg the gastnc mucosa de 
creases and the bicarbonate of the venous blood in- 
creases 

The relabonship between the COj content of the 
blood and the secrebon of aad m the gastnc jmee has 
been demonstrated by several workers HyTierventila- 
bon (blowmg off COj) reduces, and breathmg COi nch 
mixture maeases, the aad secrebon Apperly and Crab- 
tree found that the gastnc aadity m man vaned di- 
rectly with the bicarbonate content of the plasma 
Browne and Vineberg have demonstrated that the 
gastnc secrebon induced by vagal sbmulabon m dogs is 
inhibited when the COj content of the plasma falls 
below 30 volumes per cent as a result of hypervenbla- 
bon but IS restored agam when the COi percentage of 
the inspired air is raised 

Davenport and Fisher found a high concenbabon 
of carbomc anhydrase m the panetal cells of the gastnc 
mucosa, and pomted out that acid seaebon is propor- 
bonal to the rate of formabon of HjCOj from COj and 
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HiO It was proposed that this was dependent upon 
the action of the enzyme and that the H-ions of the 
parietal fluid were derived from carbomc acid, the bi- 
carbonate ion passmg mto the blood stream But it was 
found that thiocyanate which inhibits gastnc secretion 
bad not an mhibitory effect upon the achon of the 
enzyme to a corresponding degree, while sulfanilamide 
and thiophene 2 sulfonamide, which have profoundly 
depressing effects upon the action of carbomc anhy- 
drase do not inhibit gastnc secretion The theory was 
then withdrawn by its authors However, synthetic 
sulfonaimde denvaUves' have since been obtamed wbch 
inhibit the action of the enzyme, as well as, the gastnc 
secretory response to histamme The probable role of 
carbomc anhydrase is now thought to be the replenish 
ment of the store of H ions m the panetal cell through 
Its well known action m catalyzmg the hydration of 
CO, to H,CO, 

Other theones have been proposed suggestmg that 
H ions are denved from an orgamc aad or chlonde, 
which is synthesized by the panetal cells and secreted 
mto the canahculus, then by hydrolysis, or double 
decomposition with NaCl, or by selective reabsorption, 
HCI IS produced Bull and Gray, for example, postulate 
the secretion of an organic aad (possibly pyruvic or 
lactic) into the mtracellular canahculus at its bhnd end. 
Beyond this, it is supposed, the canahcular membrane 
IS impermeable to cations but permits the exchange 
of Cl” (from NaCl) within the cell with anions of the 
orgamc aad In order for a positive concentration 
gradient to be sustained, the H ions of the latter then 
combme with (31 to form HCI, and thus to permit the 
rapid diffusion of the orgamc amon across the mem- 
brane from the canahcular lumen, the latter must be 
rapidly destroyed This is accomplished supposedly by 
decarbox) lation. The released carbon dioxide is then 
hydrated to H,CO, (the con\ ersion catalj^red probably 
by carbomc anhj drase) which reacUng with the released 
alkah passes into the blood stream as bicarbonate 

Hoerr and Bensley postulate the secretioa mto the 
canahcular lumen of a protem hydrochloride which is 
progressively diluted by non-panetal secretion as it 
passes along the tubular lumen to the foveola, here, 
supposedly, it is hydrolysed and HCI set free 

The simplest, as well as the most acceptable 
theory, is a physicochemical one proposed by 
Hollander, based upon hydrolysis of NaCl which 
enters the cell from the interstitial fluid at the 
intracellular canalicular wall, and separation of the 
hydrolytic products through the irreaprocal per- 
meability of the membrane Thus 

NaCl -b H,0 - HCI -f NaOH 


H ions, water and Cl ions can pass across the 
mtracanabculi membrane from the cytoplasm, 
but not m the reverse direction A nearly isotonic 
solution of HCI IS thus secreted and moved dong 
the canahculus to the tubular lumen The NaOH is 
buffered withm the cell and passes with water as 
bicarbonate or the alLalme phosphate into the 
tissue fluids and hence mto the arculation Such 
a process, namely, the membrane hydrolysis of 
NaQ, with the formation of HCI and NaOH, the 
latter being retamed and buffered, has been de- 
scribed as occurrmg m purely physicochemical 
systems, which lends color to the suggestion that 
It may occur m the panetal cell 

The foregomg account by no means exhausts all 
the theones which have been proposed m respect 
to the formation of gastnc acid (see Conway) But 
m spite of the many mgemous attempts which 
have been made to explam the ongin of the H 
ions, the problem is stiU unsolved Yet it can be 
said that however they are denved, their secretion 
results m secondary mterchanges which are well 
authenticated The secretion of H+ entails a cor- 
respondmg passage of Cl” across the canahcular 
membrane, m order that electncal neutrahty shall 
be mamtamed The venous blood leavmg the 
gastnc mucosa shows a fall m chlonde and a nse 
m bicarbonate A reverse chlonde shijt then occurs 
between the plasma and red cells, HCOr entering 
the cells and Cl” leavmg the celk for the plasma 

The vork of the panelal cells The work performed by 
the panetal cells has been divided into three categones 
by Hollander, namely, chemtcal, performed m the reac- 
tions leading to the produepon of HCI at the canahcular 
membrane, electncal, in the estabbshment of an electn- 
cal potential on the two sides of the membrane required 
for the separation of the HCI from the other reactants, 
and mechanical, required for the movement of the 
secretion along the fine canahoiU There have been 
several attempts to calculate the energy expended m 
the performance of the glandular work The results of 
different workers vary from 0 9 to 1 5 calones per hter 
of panetal fluid secreted But Hollander pomts out that 
these calculations were directed toward the esPmaPon 
of osmobc work, and that the panetal cell probably 
does not perform work of this kmd It does not, as 
does the cell of the renal tubule (p 453), separate a 
fluid (reabsorbed fluid) from one of higher concen- 
tration m osmoUcally acbve substances, but secretes a 
solution isotomc with the blood plasina~”The perfonn- 
ance of mechamcal work is evident from the fact that 
distension of the canaheuh can be observed dunng 
secretion The manner in which the distendmg and 
propulsive force is effected is qmte unknown 
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The rdalton of gastric secretion to the 
acid-basc-balancc 

A reduction in the excretion of aad by the kidney — 
the so-called alkabnc tide of the ttrinc — occurs after a 
meal This was attnbuted to the loss of HCl m the 
gastric juice and the secondary nse in bicarbonate 
Higgins, and later, Dodds and Bennett found that a 
nse of from 2 to 5 mm in the CO- tension of the alveolar 
air occurred half an hour or so after meals, a corrC' 
spionding fall below the normal level was reported to 
follow about one and a half hours later These changes 
have been looked upon as compensatory reactions 
brought about by the loss of acid in the gastne juice, 
and of alkali in the pancreatic juice, respectively, which 
served to maintain the normal acid-base balance of the 
body fluids Though the reduced excretion of aad by 
the lidney and the nse in the CO 2 tension of the 
alveolar air and plasma do actually occur during normal 
gastne digestion, recent work has senously questioned 
the generally accepted explanation that the phenomena 
are due to the secretion of HCl (see p 462) 

WTien, on the other hand, abnormally large quanti- 
ties of gastne juice arc lost from the body, as in pylonc 
obstruction with persistent vomiting, or m intestinal 
obstruction, a profound effect upon the aad-base bal- 
ance IS produced A fall m blood chlonde leading to a 
state of compensated or uncompensated alkalosis re- 
sults, tetany may occur Dragstedt and Ellis have also 
shown that, in animals, dramage of the gastne juice 
to the exterior through a fistula results m a reduction 
of SO per cent in the blood chlonde, alkalosis, marked 
dehydration and a nse in the nonprotem nitrogen of 
the blood Severe depression occurred ending in death 

THE ACTIONS OF THE GASTRIC 
ENZYMES, MUCIN 

Pfpsin is denved f rom_tIic_chicf-jccll s of the 
f undic glands, evidence for t his has-Jilready. been 
cit ed on p 496 T he zy mogen g ranules. m the cyto- 
pla sm of the se cells.arej3elievcdj;p_re present the_ 
mother substan ce jjf-the-actiyeJectnen t In this 
f orm the enz yme is inac tive and is usually referre d 
to as pepentogm T he enzyme . b ecomes^ ctive i, 
(^ly in acid rnedia^-llie-optimum.pBLxalu§_foxats 
action 15 about 1 5j[Sorensen) The optimum pH 
vanes, however, in accordance with the particular 
protein which is bemg digested Thus, the optimum 
pH for the digestion of casein is 1 8, for the di- 
gestion of gelatin 2 2 At a pH of 5 0 the action of 
pepsin is almost abolished The d igestive action 
of pepsin IS c onfined to protem w hiclTit splits into 
proteoses and peptones Pepsin has been crystal- 
fized, but it is not a single substance, it is composed 
of at least three proteins only two of which~afe 
proteolytic One ot the latter fiaTlieen reccystal- 


kzed and appears to be a pure homogeneous sub- 
stance The crystals of pepsm are doubly refracting 
hexahedig . 

The first stage m gastric digestion is the action 
of the aad upon protein to form acid metaprotein 
This product is insoluble in water and neutral solu- 
tions but soluble m the acid secretion of the stom - 
^h*. The, aci d met aprote m is then acted upon by 
pepsii L The protem molecule is constructed of 
many ammo-acids (p 622), the greater proportion 
of which, it IS generally believed, are linked to- 
gether by their amino (NH 2 ) and carboxyl (COOH) 
groups This is spoken of as the peptide linkage 
The function of the different proteolytic enzyme s 
of- th e digestive— luices (gastric, pancreatic and 
mtestmal) is to break the protein molecule mto 
smaller and smaller fragments containing succes- 
sively fewer numbers of araino-acids A molecule 
of water is taken up (hydrolysis) as the first step 
m the process and cleavage occurs at the CO — NH 
junction ^ In the final stage of protein disintegra- 
tion the molecule is completely .disnipted and^it?*, 
i ndividual “buildmg ston e s” — the amino-ac ids — 
separated from one another This ultimate stage 
must be reached before protem material can be 
made use of by the body jjastnc digestion of 
protien does not go beyond the peptone stage The 
action of pepsm (in vitro) is reversib le Wasteneys 
and Borsook have demonstrated the synthesis of 
protien by pepsm from a concentrated peptic digest 
of albumm The optimum hydrogen ion concen- 
tration for the synthetic action is at pH 4 0 

Gastric Rennin (or Rennet) This, the milk- 
curdhng ferment, is generally bebeved to be a 
product also of the chief cells of the fundic glands 
It IS found m the 4th stomach of the calf but 
appears to be absent from the human stomach — 
of both adults and mfants — the clotting and diges- 
tion of milk bemg affected by pepsm The optimum 
pH for the action of rennm is between 6 and 6 5 
and it IS quite inactive at the pH of the gastric 
contents of the normal adult. 

The clotting of milk by rennin shows a certain 
resemblance in several of its chemical and physical 
features to the clotting of blood (ch 12) The resem- 


* Though this type of cleavage is unquestionably 
effected by the pancreatic and intestinal proteolytic 
enzymes, some have doubted that pepsin is capable of 
breaking the peptide linkage and have suggested that 
it attacM some other type of hnkage in the protein 
molecule (see diketopiperaziue linkage, ch 46) The 
evidencCj however, is strongly in favor of the view that 
the peptide Imhages are broken bv oenttr action 
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blance, however, is purely superfiaal, fundamentally 
the two processes are quite different In each instance 
a soluble protem is rendered insoluble as the result of 
the activity of a ferment, and m order that this shall 
occur It IS necessary that calaum salts be present in 
ionized form In both processes a dear mcoaeulable 
flmd, whey m the case of milk, serum m the case of 
blood, can be expressed or separates spontaneously 
when the coagulum is allowed to stand. Oxalates and 
atrates by preapitatmg the calaum prevent the clot- 
tmg of either of these fluids Gastnc rennm when 
added to milk kept at body temperature causes a change 
m the soluble casetn (casemogen) sphttmg it mto a 
proUoscAilte substance {whey proletn) which remains m 
solution, and paracasetti The latter is soluble itself but 
upon combination with calaum forms an insoluble 
compound, cakttim paracasein which is thrown down 
to form the clot or curd The protem (paracasem) of the 
curd subsequently undergoes pepbc digestion m the 
usual manner The softer and more findy flocculent the 
character of the curd that is formed, the more readily 
IS it attacked by the proteolytic ferments According to 
Pavlov the admixture of mucus with the milk renders 
the resultmg curd softer m consistency 

Gaslrtc hpase is a weak fat-splittmg enzyme. It 
differs m an essential manner from the lipases of 
the pancreatic and mtestmal juices m that it acts 
in an aad medium, and is reduced m activity and 
finally destroyed by alkah Its pH optimum ranges 
between 4 and 5 At a pH of 2 5 its action ceases 
It is assumed that gastnc hpase is also seaeted by 
the chief cells of the fundic glands, though proof 
of this IS lackmg 

Owmg to Its very weak action gastnc hpase is 
of httle practical unportance, m adults at any rate 
It IS soon rendered mactive as the aadity of the 
gastnc contents rises during digestion, and any 
action which it may have, is exerted only upon fats 
m a state of very fine emulsion, eg , milk , yolk 
of egg, ete On this account it may possibly be of 
greater importance m infants m whose stomachs 
It is found at, or shortly after buth, and whose 
gastnc contents have a pH more favorable for its 
action The whey of mother’s milk is said to en- 
hance the action of gastnc hpase in infants Never- 
theless, It IS questionable whether this enzyme even 
m mfants possesses any real digestive value 

Accordmg to some observers digestion of fat in the 
stomach may be accomphshed by pancreatic hpase 
that has regurgitated through the pylorus But amce 
pancreauc hpase acts best in a deadedly alkahne 
medium, its optimum pH bemg 8, and veiy weakly m 
an aad medium, its acUon must be shght so long as the 
gastnc jmce possesses its normal aadity If, however. 


this IS depressed or absent the gastnc digestion of fat 
may be effected to a considerable extent by pancreatic 
hpase It is to be remembered m this connection that a 
meal of fat depresses gastnc aadity Fat also mcreases 
duodenal regurgitation which by aiduig neutralization 
may brmg about the reaction suitable for the activity 
of pancreatic hpase 

Less important digestive enzymes of gastnc 
juice or of gastnc tissue are the protease, cathepstn, 
the carbohydrate sphttmg enzyme, lysozyme, and a 
gelatwase which acts specifically upon gelatin 
The enzyme m gastnc tissue known as the mtrinsic 
factor IS dealt with m chapter 9 

Gastric mucin Mucm is a glycoprotein It is 
secreted by the cells of the pylonc and cardiac 
glands and by the mucous neck cells of the fundic 
glands It is therefore a consfatuent of pure gastnc 
juice (dissolved mucm) It is also a constituent of 
the mucous secretion of the ordmaiy epithelial 
cells of the gastnc mucosa (surface epithehum 
mucus) Ivy found that the secretion collected 
from pouches fashioned from the pyloric part of 
the stomach of dogs was mucoid, viscous, tenacious 
and transparent with a pH of 7 0 to 7 5 But gastnc 
mucus vanes considerably m consistency, bemg 
sometimes a clear fluid of low viscosity and at other 
tunes thick, viscous and even jelly-bke, 

Gastnc mucm has a high aad combining power 
It coats the mtenor of the stomach, and by reduc- 
mg the free hydrochlonc aad serves to protect the 
mucosa from the action of the gastnc juice Quite 
apart from its power to lower the aadity of the 
gastnc jmee Babkm and Komarov find that muon 
inhibits peptic actinty This anti-peptic action of 
muon IS due to its constituent, mucoitm-sulphunc 
aad Its physical properties also serve to lubneate 
and protect the gastnc mucosa from mechamcal 
mjury The protective properties of gastnc muan 
have been put to pracbcal use by Fogelson and by 
Ivy and Kim, m the treatment of gastnc and 
duodenal ulcer The mucm is prepared from hog’s 
stomach. One gram of such a preparation combmes 
with 15 cc. of a 0 S per cent hydrochlonc aad and 
Fogelson found that about 60 grams was more 
than sufiBaent to neutralize the aad secreted m 
response to the mjection of 1 mg of histamme 
Also when i ounce of mucm together with 1 pound 
of meat was given to a dog, free aad did not appear 
m the stomach until the lapse of from 5 to 7 hours 
Mucous secretion from the surface epithehum 
IS stimulated by vanous chemicals apphed to the 
surface of the gastnc mucosa, e g , alcohol, ether. 
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dove oil, phenol red, etc. Vagal stimulation evokes 
a secretion of mucin from the mucm-secretmg cells 
of the tubules 

THE CHYME 

The changes in the food brought about by the 
vanous chemical and physical processes that have 
been desenbed as constituting gastnc digestion 
may be bnefly summanzed Much of the protein 
of the food IS reduced to simpler materials which 
arc soluble in the fluids of the stomach The fats 
undergo some degree of emulsification Other ma- 
tcnals, such as the taken preformed with 

the food or those denved from the partial digestion 
of the starches, pass readily mto solution The re- 
mainder of the starch is m part rendered soluble 
(soluble starch and dextrins) by salivary action 
and in part reduced to a fine state of mechanical 
di\nsion The gastnc movements (p 564) cause 
these vanous elements, uhich differ vndely in their 
chemical and physical natures, to become thor- 
oughly mixed with one another and with the gastnc 
]uice until finally the food assumes a semi-fluid, 
more or less homogeneous, creamy or gruel-like 
consistency This material, now known as the 
chyme (Gk chumos — jmee) is definitely acid in 
reaction, it passes through the pylonc opening, 
not all at once but from time to time as it is formed 
The food ha\nng reached this stage is suitably pre- 
pared for further digestion by the intestinal juices 

THE RELATIVE IMPORTANCE OF aiEMICAL AND 
MECHANICAL FACTORS IN GASTRIC 
DIGESTION 

BorcUi and the mechanical school of physiolo- 
gists of the seventeenth century saw digestion 
simply as a process m uhich crushing, grinding and 
mixing of the food, and the expression of its nutri- 
tive juices vere the prime features Chemical 
processes were scarcely considered The second 
stomach or gizzard of the bird in which resistant 
objects, even glass beads, are crushed was pointed 
to in support of these mechanical conceptions of 
gastnc digestion Not until the experiments of 
Reaumur (1683-1757) and Spallanzani (1729- 
1799) was the chemical character of gastnc diges- 
tion proved beyond doubt and fully appreciated 
They showed by a crucial expenment — the diges- 
tion of meat by gastnc juice in a test-tube — that 
gastric digestion was a chemical process, and not 
simply a mechanical disintegration of the food 
Ever since, more stress, perhaps, has been laid upon 


the chemical than upon the mechamcal side of 
digestion It is probable, however, that the latter, 
msofar as gastnc disorders are concerned, is m 
reality of just as great or even of greater im- 
portance than the chemical factor Subjects m 
whom the gastric jmee is entirely absent usually 
suffer no apparent difficulty m the digestion of 
food and there may be no gastnc symptoms what- 
soever The larger part of the stomach may be 
removed and, provided that the consistency of the 
food IS made suitable, little digestive inconvenience 
results After complete removal of the human 
stomach, protein and fat digestion have been found 
to be perfectly normal, but there may be depres- 
sion of intestinal motility as a result of the unavoid- 
able severance of the vagus nerves Purely mechan- 
ical factors, on the contrary, very frequently give 
rise to digestive disturbances, and it is probably 
true that the wimcdiatc factors responsible for the 
production of the vanous symptoms of gastnc 
disease are always mechanical in nature Disturb- 
ances of gastric motility, for example, may cause 
discomfort, pam and other dyspeptic symptoms 
The stomach contents may be retarded in theur 
passage into the duodenum as a result of spasm 
of the pylorus or of an organic blockage On thr 
other hand, a too rapid evacuation of the stomach 
may, by permitting food to enter the duodenum 
in an improperly prepared state, induce ill effects 
The chemical processes of gastnc digestion, there- 
fore, important as they are, must not be allowed 
to overshadow m our mmds the mechanical factors 
A prime function of the stomach is to break up the 
food, to add fluid to it and reduce the entire mass 
to a semifluid consistency, in which state it can 
be more readily acted upon by the digestive en- 
zymes of the mtestine The movements of the 
stomach will be discussed in chapter 42 

The Antiseptic Action of Gastric Juice By 
virtue of its high aadity normal gastnc juice has an 
important bactenadal action Streptococa, staphylo- 
coca and B coh are destroyed, the contents of the 
duodenum m health bemg virtually stenle In perma- 
nent or temporary achlorhydria, on the contrary, the 
duodenum is very quickly invaded with microdrgamsms 
from the colon Followmg perforation of a gastnc or 
duodenal ulcer, for example, the gastnc secretions are 
suppressed as a result of the shock occasioned by the 
accident, and pentonitis supervenes after suffiaent time 
has elapsed for the duodenal fluids to become mfected 
in this way The importance of early operation is self 
evident 

The ejuls of gastrectomy upon certain non digestive 
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ftmctiors Since tie stoaaci plavs an jioportant part 
m ervtiropo (p 109), it mi^t be eipected that 
of the pemiao-js type Troald follow its removal 
but, as a matter of fact, pemiaons anemia is rarelj 
seen after total gastrectomv either m man or m ani- 
mals The rmcrocvtic hvpochromic type, on the other 
hand,isno uncommonlvaresultofandis most probably 
due to deiecUve ahso-ptioa o' non caused bj the lack 
of h\-drochlonc aad ^ 76) It responds to iron admin- 
istration. Iw and his assoaatcs have repo"ted rarefac- 
tion of the bones m puppies leading to gross defonmties 
of the limbs foHowmg gastrectomv Removal of the 
Siomach m growing monkevs caused arrested growth 
and a condibon of the bones resemblmg osteitis fibrosa 
cvstica (p S5S), togehe- with hvpocalcemia and en- 
largement of the parathvro d glan ds. The condition is 
the result apparendv or impaired calanm abso"ptioa 
due m tain to the absence oi b\-drochlo-ic aad (p 861), 
it can be prevented to a large extent o- p3rtiall3 cor- 
rected bv adding soluble calcium salts to the diet- As 
well as the one just mentioned, Iw lists three other 
causes of the osteoporosis, (a) the absence of the 
reservoir function oi the stomach, imperfectly digested 


food bemg passed lapidlj through the upper part of 
the mtestme from where the greater part of the calcram 
IS normally absorbed, (b) the postprandial aadosis 
resnltmg from the secretion of alkaline intestinal jmces 
m the absence of the aad gastric secretion and (c) en 
croachment of the ted marrow (due to the anemia) upon 
tie osseous tissue. 

In a not uncommon resnlt of partial gastrec- 
tomv is a tempo-arj hyperglycemia and gljroosuna after 
a meal, followed by a longer penod of hypogUxemia. 
The h\-pergl\’cemia is attributed to the rapid passage 
of food mto the mtestme which thus results in an m- 
creased rate of absorption, Barnes suggests that the 
recurrence of hj-perglj cenua after each meal causes the 
subject to become hypersensitive to his own insnhn, 
thus hvpoglj cemia results. Smee the hipogli cemic re- 
sponse does not develop at once after operation, but is 
delaved fo- weeks ormonths, mcreased output of insulm 
IS not thought to be a likelv e^lanation. The faDnre of 
adrenaline to be secreted as the blood sugar is falhng 
has also been suggested as an eaplaaatioo, but signs of 
adre nalin e secretion are usually displaj"ed bj these 
patients 
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The Secretion of Gastric Juice 

THE INNERVATION OF THE GASTRIC GRANDS 

Stimulation of the vagus nerve causes the secre- 
tion of juice high in peptic power and strongly 
a ad T his action is mcc^Ia't^ throu gh a.cctylcho linc 
Accorduig to Alley and Babkin the glands of the 
lesser cun'aturc respond more readilyjto^ vagal 
stimulation thaiTdo those ot the gr eater c urva ture, 
secrete a stron gcFluicc This fact may be of 
significance m the development of gastnc u lcer 
(p 520) Bairtcr has sEomn that stimulation of the 
sympathetic causes the secretion, mamly from 
the p ylonc glands , of a n^alkahnc..mucQi(L juice 
i ^di IS very low in p eptic iiower, this s ecretion 
IS unaffected by atropine but is annulled by 
ergotamine (which paralj'zcs motor and scactory 
sjTTipathetic fibers) Vincbcrg’s results indicate 
that the vagus controls the secretion of mucm by 
the mucous neck cells and the surface epithelium 
of the gastnc mucosa The influence exerted by 
the sympathetic upon the peptic and oxyntic cells 
of the gastnc body is not definitely known Ac- 
cording to some observers its effect upon these 
elements is inhibitory 

THE QUESTION OF THE CONTINUOUS OR INTER- 
DIGESTIVE SECRETION OF GASTRIC JUICE 

Pavlov found that the secretion of gastnc juice 
in dogs w as intermittent, beyond the scaetion of 
some alkaline mucus the gas^ic glands in the ab- 
sence of food or psychic influences (secJSclow) rc- 
“maihed a^cst This conclusion has been confirmed 
by the recent experiments of Babkin But in 
man, juice is secreted continuously in fairly large 
amounts, though this fact does not necessarily indi- 
cate a fundamental difference between the ac- 
tivities of the glands of the human and canme 
stomachs The shorter intervals between meals, 
and psychic mfluences which are impossible to 
ehmmatc in the case of the human subject, are 
probably responsible for the continuous and appar- 
ently spontaneous secretion This secretion is 
mcreased dunng sleep 


The Phases of Gastric Secretion 

It has been known for many years that it is not 
a necessary condition for the exatation of the 
gastric glands that food shall enter the stomach 
The mere presence of food m the mouth calls forth 
an abundant secretion of gastnc juice The flow 
of juice that occurs in this instance is due to a 
nervous reflex and is termed the -psychic or cephalic 
pftase^f gastric sccrciwn It is also well known that 
the glands are stimulated by the presence of food 
m the stomach, even after all nerves connecting 
the organ with the central nervous system hav'e 
been severed This secretion of gastnc juice which 
results from influences arising within the stomach 
Itself IS referred to as the gastric phase Secretion 
of juice also results from'~n^uences ansing from 
the mtestine after the food has passed through the 
pylorus This is the intestinal phase of gastnc 
secretion The cephalic and gastnc phases account 
for about'^ per cent each of the total secretion of 
gastric acid, and the mtcstmal phase for the re- 
maining 10 per cent 

THE psvanc OR CEPHALIC PHASE 

The psychic secretion of gastnc juice w'as orig- 
inally demonstrated by Pavlov, in dogs To study 
in detail this phase of gastric secretion and other 
problems m gastnc physiology he devised the fol- 
lowmg operation A longitudmal incision was made 
m the body of the stomach m the region of the 
greater curvature (fig 391,AB) This included both 
antenor and postenor walls of the organ, and 
^tartmg near the pyloric region ended about the 
middle of the fundus The concave flap formed m 
thiT^ay, and which remained attached to the 
fundic region by its base, was then turned down 
and its cut edges, as well as those of the main 
stomach, sutured together Thus was fashioned a 
small tube lined by normal gaslric'mucosa'wuth an 
open free end (fig 39 IS) Complete isolation of the 
cavity of the tubular pouch from thejnain cavity 
of the stomach was accomplished by reflecting a 
flap of mucosa from the gastnc walls at the junc- 
tion of the pouch with the fundus and fixing it in 
position to form a partition between the two 
cavities The free, open end of the pouch, or 
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Fig 39 1 The Pavlov pouch Upper drawing shona 
hne of masion to form a flap C, cardiac part of stom- 
ach Lower drawing shows the completed operation 
S, pouch, the mucous membrane has been reflected to 
form a partition between the mam cavity of the stom 
ach and the miniature stomach A, A, abdominal wall 
(after Pavlov) 


immature stomach, as it is usually called, was then 
sutured mto the abdotnmal wound (fig 39 1, AA) 
Through this openmg pure gastnc juice uncon 
taminated by food could be collected while diges- 
tion was proceeding normally m the remainder 
of the stomach The mam stomach was also fast- 
ened to the abdominal wall and a fistulous com- 
munication established between it and the exterior 
The advantage claimed for this operation over pre- 
vious ones contrived for a similar purpose (e g , the 
Heidenham pouch) is that, on account of the 
longitudmal direction of the incision, a minimum 
amount of damage is mfhcted upon the nerve 
supply of the poueh * Furthermore, a compara- 
tively large pouch — about one-tenth the size of the 
whole stomach — is procured by this means The 
mmiature stomach is assumed to portray faithfully 


' This claim is unwarranted Other methods havi 
l^n devised uhich are more successful in preservinj 
the varal innervation One of the best of these is tin 
method of Thomas, m which a small mcision is madi 
fundus through which stroni 
tOTthed forceps are inserted and, seizing the inteno 
of the gastnc wall, draw part of the stomach througl 
^e in^on to form a pouch (Thomas, T E Proc Soc 
Eip Biol and Med , 1942, 50, 58 ) 


the behavior of the mam stomach under various 
experimental conditions This assumption has been 
justified by control expenments in which the secre- 
tion of the mmiature and of the mam stomach were 

compared 


Sham feeding 

In the study of the psychic phase of gastnc 
secretion it is, of course, essential that no food 
shall be allowed to enter the stomach In order to 
secure this the esophagus \\as dnided in its upper 
third, the lower end of the upper section was then 
brought out through the skin wound and fixed in 
position by sutures (fig 39 2) A mmiature stomach 
and a gastnc fistula leading mto the mam portion 
of the stomach were also produced, m the manner 
already described, for thejpurpose of observing 
the secretory responses, as w eh as for feeding the 
ammal when necessary An animal prepared m this 
way could cat and enjoy its meals but.theJood 
after bemg swallowed sunply issued from the 
esophageal opening m the neck WTicn “sham or 
fictitious feeding", as this procedure is called, is 
performed a profuse secretion of gastric juice fol 
lows after a brief latent period In some expen- 
ments m which sham feeding was maintained for 
5 or 6 hours, as much as 700 cc, of pure gastnc 
juice were secreted into the stomach A propor- 
tionately smaller amount was secreted mto the 
artificial pouch E\ en after a single S-mmutc penod 
of fictitious feeding the secretion persists for from 
one to three hours, and produces 200 or 300 cc 
of juicc The secretion is nch m pepsin Division 
of the vagi completely abolishes the response It 
IS, therefore, undoubtedly due to a reflex mediated 
through these nerves The quantity of juice vanes 
with different foods, but the only' quality of the 
food which appears to mflucnce the psy chic secre- 
tion IS Its palatability, the chemical or physical 
properties of the food are unimportant m this 
regard Meat for instance for which the animal 
has a keen relish produces a juice of the greatest 
abundance and nchest m ferment Bread or other 
materials not particularly appetizing cause less 
secretion, and the juice has less digestive power 
A more pronounced reaction occurs if the animal 
is hungry In marked contrast to the activity of 
the sahvary glands, no secretion can be evoked 
by placmg medible substances m the mouth, or 
materials which are injurious or nauseous, such as 
aad, pepper, asoefetida, etc. Indeed these may 
cause inhibition of a secretion that is already m 
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progress All these facts point to the involvement 
of the higher nervous centers m the reflex mecha- 
nism The pleasure of eating, the agreeable stimu- 
lation of the organs of taste and the gratification 
of appetite are essential conditions 

It is not even necessary that the food should 
enter the mouth in order to eliat the gastric re- 
sponse Provided the food is suffiaently appetizing 
simply sight or smell of it will cause secretion In 
other words a condiltoned re^ex can become estab- 
lished for gastnc as w'ell as for salivary secretion 
(ch 69) 

The importance of the psychic secretion may be 
judged from the fact that in its absence gastnc 
digestion may be senously hampered When, for 
example, a piece of meat or bread is placed m the 
stomach through a fistula while an animal is 
sleeping or, by diversion of its attention, is una- 
ware of the mtroduction of the food, much less is 
digested in a given time than w hen the animal has 
been shown the food before mtroducmg it mto the 
stomach or has been given it by “sham feedmg” 

Babkin has shown that a time element may be 
promment in the conditioned response, he found 
that animals which w'erc accustomed to being fed 
at a certain hour each day secreted large amounts 
of gastnc juice at this time though no food was 
offered 

The psychic secretion in man 

In man, the cephalic phase causes the secretion 
of from 50 to 150 cc withm 20 mmutes (Ivy) 
Richet observed long ago that in a subject who 
had suffered esophageal stneture and into whose 
stomach an artificial openmg (fistula) had been 
made for feeding purposes, the secretion of gastnc 
juice occurred when food was taken into the 
mouth Within more recent years Carlson has ear- 
ned out extended observations upon a subject who 
had had a similar operation performed on account 
of an obstructed esophagus resulting from the 
mgestion of a corrosive m childhood This subject 
therefore was already prepared, like Pavlov’s dogs, 
for sham feedmg, the only difference being that 
there was no opening m the neck, it being neces- 
sary to spit out the food after chewmg it All the 
findmgs of Pavlov were, in the main, confirmed m 
the case of this subject The influence of appetite 
or the desire for the food was particularly well 
brought out The subject espeaally enjoyed the 
dessert, and the curve of gastric secretion showed 
the most pronoimced nse when sweets or fruit, 


such as oranges, were chewed The secretion, how- 
ever, did not last for as long as m Pavlov’s experi- 
ments, but commenced to dechne as soon as the 
stimulation of the taste buds had ceased (fig 39 3) 
Nor did the mere sight or smell of food (conditioned 
stunulus) evoke a response except when m one 
instance the subject was sent from the laboratory 
to select his meal from a near-by cafetena In this 
instance there was a very definite response to the 
sight and smell of the food Several other observers 
have reported the existence of definite conditioned 
reflexes for gastnc secretion m man 
The pyschic effect upon gastric secretion has 
been demonstrated also by Bennett and Venables 
upon subjects dunng hypnosis A suggestion made 



Fig 39 2 a two-stage operation for making an eso 
phageal fistula 1 First stage, showing esophagus ex- 
teriorized 2 Second stage, performed four or five days 
later, showing exasion of elliptical segment of antenor 
esopnag^l wall 3 Completed operation, lateral view 
(After Dragstedt and assoaates ) 



Cttwkt locd 

Fig 39 3 Typical curve of secretion of gastnc juice 
collected at 5-mmute intervals dunng the mastication 
of palatable food for 20 minutes The nse in secretion 
during the last 5 minutes of mastication is due to chew 
mg the dessert (fruit) for which the person had an espe- 
cial fondness (After Carlson ) 
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to the subject that he was eatmg a savory food 
called for a secrebon of juice The mere sugges- 
tion of nauseating substances inhibited secretion 
(see below) In experiments upon medical students 
Hawk, and his associates showed that a meal 
which had a disgustmg appearance and a foul 
smell (mdol was scattered over a duty tablecloth) 
retarded digestion 

The apphcation of these experimental results to 
dietetics is obvious Foods agreeably flavored and 
attractive m appearance, impressions received from 
a meal prepared m a pleasmg way, and, probably 
also, sensations aroused by the surroundmgs but 
not directly concerned with the food itself, have 
all an effect upon gastric secretion The impulse 
which gmdes the gourmet is sounder physiolog- 
ically than that which impels the glutton The 
question of calones and the relative digestibilities 
of the vanous foodstuffs should not be allowed to 
obscure the psychic element entuely m these mat- 
ters, for the “delights of the table” have true 
digestive value These facts are expressed m the 
words of Pavlov “appetite spells gastnc juice” or 
m the hospitable words of Macbeth “Now good 
digestion wait on appetite and health on both ” 
Good gastronomical custom seems guided by this 
truth, for it has decreed that the meal shall begin 
and end with the more strongly flavored and 
appetizing dishes 

The effect upon gastnc function of psychic stales 
other than those associated with appetite 

The gastnc sensations so often associated with 
emotional states, excitement, fear, anxiety etc , are 
famDiar to us all That such subjective reactions 
are accompanied by changes m gastric function, 
e g , secretion, vasculanty and motility, which can 
be measured by suitable means, will occasion no 
surprise 

Hawk and his associates, for example, observed 
that anxiety or worry prolonged digestion Wolf 
and Wolff have studied the secretion and motility 
of the stomach as well as the changes m vasculanty 
of the mucosa in a patient with a gastnc fistula 
dunng several types of emotional upset Fear, 
mental depression or sadness, was associated with 
pallor of the mucous membrane and reduced secre- 
tion, whereas anxiety, with resentment, anger or 
aggressiveness, caused hyperemia and hypersecre- 
tion Nervous tension, with anxiety and appre- 
hension over a penod of two or three weeks, 
corresponded dunng this time with hypemormai 


vasculanty and secretion Generally, flushmg or 
pallor of the face of this subject mdicated a cor- 
respondmg state of the gastnc mucosa It is to be 
expected, however, that since the sensitivity of 
faaal vasomotor responses vanes considerably m 
different persons, the vascular responses of the 
gastric mucosa would also show mdindual vena- 
tions 

THE GASTRIC PHASE THE SECRETIOV QE 
gastric JUICE CAUSED BY EOOD 
IN THE STOMAai 

IVhen food is present in the stomach the secre- 
tion of gastric juice continues for a much longer 
time than can be accounted for by the psjchic 
secretion The factors concerned in this secretory 
phase must now be considered In the first place, 
“What IS the nature of the adequate stimulus? 
Is It mechanical— -the mere contact of the food 
with the gastnc mucosa? Or is it chemical?" 

(a) Mechanical Stimuli Pa\lo\ demonstrated, 
apparently quite conclusively at the time, that 
mechanical stimulation of the gastnc mucosa was 
entirely without effect upon the secretion of gastnc 
juice A glass rod having its tip co\ cred w ith blue 
litmus paper remained unaltered m color when 
rubbed vigorously over the mucosa of the stomach 
It was wetted by alkaline mucus but there was 
evidently no secretion of aad Streams of sand 
when blown with considerable force against the 
mucosa so as to cause a more diffuse stimulation 
were also ineffective More recently, how ever, Ii'j 
and Farrell have shown that some degree of glandu- 
lar exatation is caused by mechanical stimulation 
— particularly by the application of a distending 
force There is an unusually long latent penod and 
this is probably the reason that the effect was not 
discovered previously The amount of juice secreted 
IS, however, not great and, therefore, this tvpe of 
stimulus cannot be wholly or even largely responsi- 
ble for the flow which food induces by its presence 
within the stomach It has also been shown that 
bone fragments, but not bone which has been pow- 
dered, when mtroduced into a dog’s stomach 
stimulates secretion 

(b) Chemical Sthiuli It was observed by 
Pavlov that certain articles of food such as bread 
and meat, which could not differ to any significant 
degree from one another m their physical effects 
upon the gastnc mucosa, produced, nevertheless, 
greatly different secretory responses Bread mtro- 
duced through a fistula mto a stomach that had 
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been thoroughly dned of all residual juice, and 
the vagus nerves to which had been cut (m order 
to ehminate the psychic secretion), caused no 
exatation of the glands Meat, on the other hand, 
under the same conditions, evoked an abundant 
flow of juice The contrary results m the two 
instances must have been due, it was argued, to 
chemical differences between the respective foods 
The adequate stimulus was evidently chemical m 
nature and dependent upon substances contamed 
in the meat The various constituents of meat — 
its salts, water, protem and extractives — ^were then 
mvestigated each m its turn for theu secretogogue 
effect The matenal was introduced into the mam 
stomach, vhile the miniature stomach was ob- 
served for any signs of secretion 

With the exception of the extractives none of 
these components of meat had any pronounced 
effect The ash of meal was without any effect 
whatever Water caused a slight secretion (Rehfuss 
has shown that water causes a much greater excita- 
tion in human stomach than Pavlov reported for 
dogs) Protein itself, as in egg white, when the 
effect of its contamed water was taken mto ac- 
count, appeared to be quite inert But meat broths, 
meat juices and commercial extracts, such as Lie- 
big’s, all of which are rich m the watery extractives 
of meat, eliated a copious secretion 

Not only meat extractives but the products of 
protein digestion — proteoses and peptones — were 
found powerfully stimulating to secretion 

Having determined the specific stimulants for 
the gastnc phase of gastnc secretion, namely meat 
extractives and the products of peptic hydrolysis, 
the ^ext question to be answered is “Through 
what mechanism do these substances act?” There 
are several possibihties They might conceivably 
act (1) by duect stimulation oa gland cells, 
(2) through the stimulation of the afferent nerves 
m the gastnc mucosa, thus bnngmg about secretion 
through a central reflex, (3) through their absorp- 
tion into the blood stream, and theu carnage 
therem to the glands, (4) through the local nerve 
plexus m the gastnc wall, or, finally (5) by the 
hberation of a hormone from some part of the 
gastnc mucosa which would then serve as the 
ultimate exatanL 

The first two of these possibilities are ruled out 
as primary factors and (3) and (4) are improbable 
because of the followmg observations Exatation 
of the glands of the mmiature stomach occurs 
when the stimulatmg substances are placed m the 
mam stomach Injection of the matenals mtra- 


venously causes a relatively small secretory re- 
sponse The secretion occurs after the stomach has 
been completely isolated from the central nervous 
system The fifth possibflity remams to be con- 
sidered 

A consideration of a hormonal mechanism as 
responsible for the gastnc phase 
The gastrin theory 

In 1902 Baybss and Starlmg discovered a hor- 
mone (seaetin, p 530) m the upper part of the 
small mtestme which had a very powerful effect 
upon the secretion of panaeatic juice The dis- 
covery of this substance led Edkms a few years 
later to search for one of a similar nature which 
might be'concemed m the control of gastnc seae- 
tion He found that when the pylonc mucosa was 
ground up and extracted with some of the stimu- 
latmg substances mentioned above, notably pep- 
tones, or with glucose or hj'drochlonc aad, the 
extract had a powerful secretory effect when 
mjected mtravenously A simple watery extract 
was meffective Injection of the substances them- 
selves directly mto the blood stream was also 
mcapable of causing secretion Edkms gave the 
name gastrin to the undetermined pnnciple m the 
active extracts The conclusion drawn from these 
results was that gastnn, formed durmg normal 
digestion through the action upon the pylonc 
mucosa of substances denved from the food, was 
absorbed mto the blood stream, and upon reaching 
the fundic glands exated them to activity 

As a result of later work (Koch, Luckhardt and 
Keeton) it was found that pylonc extracts were 
not specific but m common with other tissue ex- 
tracts contamed a secretogogue pnnciple This 
observation apparently depnved Edkm’s results 
of any physiological significance m so far as gastric 
digestion was concerned, for Popielski in 1920 had 
demonstrated that histamme, which may be iso- 
lated from vanous tissues, was a powerful stunulant 
to gastnc seaetion It was therefore suggested that 
the active principle in pylonc extracts (gastnn) was 
simply histamine This view has been amply sub- 
stantiated Histamme is a constituent of pylonc 
extracts, and Sacks, Ivy and collaborators found 
that if the pylonc tissue were mcubated with 
histammase (the histamme-mactivatmg enzyme) 
before extraction, the preparation had no secre- 
togogue action This observation has been con 
firmed by Gavm, McHenry and Wilson who have 
also shown that m the dog, the tissue of the body 
of the stomach is ncher m histamme than that of 
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the pylorus and that 80 per cent of the total 
histanune content of the stomach is to be found 
m the former situation Extracts of the fundus 
(body) have also a greater secretogogue action than 
have pylonc extracts ^ 

On the other hand, it has been shown defimtely 
by Ivy and Farrell that an exatatory substance 
of some sort is actually earned m the blood stream, 
dunng digestion, to the glands of the fundus 
These observers m a three-stage operation upon a 
dog, isolated completely a portion of the fundus 
and transplanted it mto the subcutaneous tissue 
of the abdomen After the operation, no nervous 
or direct vascular communications between the 
two sections of the stomach remamed When the 
animal was fastmg, the transplanted pouch 
secreted a httle mucoid fluid contammg a small 
amount of combmed acid, but no free aad After 
the animal had been fed and digestion had pro- 
ceeded m the main stomach for from 2 to 5 hours, 
an increase m the volume and m the combmed 
aad of the juice secreted by the transplanted 
pouch occurred, m some instances free aad 
appeared 

The results of later experiments by Gregory and 
Ivy on dogs pomt to the blood-borne substance 
bemg a hormone They aeated two completely 
denervated stomach pouches One pouch, con- 
sistmg of a small part of the fundic region, was 
transplanted (transplanted pouch) to the sub- 
cutaneous tissue of the mammary gland The rest 
of the stomach (mam pouch) was separated from 
the esophagus and duodenum which were then 
jomed by anastomosis Perfusion of the cavity of 
the mam stomach with hver extract, which is a 
potent source of secretogogues, caused the secre- 
tion of free aad from both pouches Mechanical 
stimulation (distension) of one pouch caused secre- 
tion from that pouch but not from the other It is 
evident that, smee the mam pouch and the trans- 
plant are connected only through the general orcu- 
lation, the action of the secretogogues is folloued 
by the passage mto the blood of a substance which 
sUmulates the gastric glands, but that mechanical 
stimulation is mcapable of imtiatmg such a mech- 


* The term secrelosogue may be applied to any ‘ 
stanw which exates secretion no matter by w 
^hanism the secretion is ultunately brought ah 
The term himor will be used to micate a secrel 
«atant which b absorbed from the cav^tW 
stomach or mtestwe and earned m the blood str. 

M conJmed here to any secretory substance formei 
the gastne or mtesUna! tissue and conveyed to 
glands in the blood stream. conveyeu to 


anism When the animal was given a meal of bread, 
meat and milk (which passed directly mto the m- 
testme) both pouches secreted free aad m fauly 
large amounts for several hours 

These results still left unsettled the question 
of the nature— humoral or hormonal— of the 
blood-borne substance, that is, w’hether the scctc- 
tagogues themselves were absorbed mto the blood 
stream or whether they acted upon the gastnc 
mucosa to produce a new stimulatmg substance 
or to cause a preformed substance to be liberated 
mto the circulation Anesthetizing the mucosa of 
the mam pouch with procamc prevented the action 
of the secretogogues in this part of the stomach 
as well as m the transplanted pouch Yet after 
anesthetization of the transplant but not of the 
mam pouch, secretogogues exerted their usual 
effect when mtroduced into the latter This proves 
that the anesthetic does not paralyze the gland 
cells Nor does procame prevent the action of the 
blood-home substance formed during normal di- 
gestion, once it has entered the blood stream, be- 
cause seaetion from the anesthetized main pouch 
occurs after the animal has been fed and food has 
entered the mtestine These experiments pomted 
definitely to a hormonal mechanism, although the 
possibility remamed that the secretogogues them- 
selves were humoral agents, the absorption of 
which had been depressed by the anesthetic. In 
experiments with other secretogogues such as 
histamme and ethyl alcohol, no c\ndcncc of such 
an effect of the anesthetic was secured 

In the still more recent expenments of Gross- 
man, Robertson and Ivy w ho transplanted a fundic 
pouch larger than that used in the researches of 
Gregory and Ivj’, a definite secretory' response was 
obtamed when the pyloric pouch was distended 
The amount of secreted aad was greater durmg 
distension than m the control (prcdistension) 
penod by 13 mg of HCI per hour, on the average 
(fig 39 4) Since m these experunents there is no 
question of the absorption of a secretogogue, the 
effect of mechamcal stimulation is taken as an 
mdication of a hormonal secretory mechanism 
brought mto action by a mechanical stimulus 
When this experiment and earher ones are re- 
viewed together there appears to be httle doubt 
that chemical materials — secretogogues — act m 
a similar fashion 

The pylonc region has been thought by several 
to be essential for the production of the gastnc 
hormone, but, m other experunents of Gregory 
and Ivy , pouches from which the pylorus had been 
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f^undic poucH irv Tnllll^orrui 
•. •« v'Vbl'UTne iTXC\xbi<lcentltnebore 


Tig 39 4 Record of the secretion of acid liy a Irans- 
plantcd fundic poudi of a dog when a pouch made of 
the remainder of the stomach was distended (After 
Grossman and associates ) 


removed gave essentially the same response when 
secretogogues were introduced into the remaining 
part of the stomacli The pjloric region, therefore 
appears to have no special function m this regard 

Tire Nature of the Gastric Hormove The 
question now arises wlicther or not the gastric 
hormone, i c , the substance liberated into the 
blood stream when food enters the stomach, is 
identical with the active principle in pyloric ex- 
tracts (gastnn) ^ In other words, is histamine the 
gastric hormone? This question cannot at present 
be answered definitely Though an increase in the 
histamine concentration of the blood has never 
been shown to occur during digestion, this nega- 
tive result cannot be taken to disprove that hista- 
mine acts as a secretory hormone, for the amount 
required to stimulate the glands may be too small 
to be detected That the secretorj'- activity of 
pyloric extracts is destroyed by histaminasc (p 
296), has been looked upon as important evidence 
that the principle contained in such extracts is 
simply histamine, but it docs not disprove that a 
gastric hormone other tlian histamine and, un- 
obtainable by extraction, exists Furthermore, his- 
taminasc IS not truly specific for histamine, there- 
fore the cnTyme might have destroyed a secretory 
stimulant other than histamine Again, most 
histamme antagonists do not inhibit gastric 
secretion The observations that an injection of 
atropine or the application of an anesthetic to the 
mucosa prevents the effect w^hich follows the 
placing of food in the stomach but not the effect 
resulting from the injection of a pylonc extract or 

* The term "gastnn” is used throughout this text to 
indicate exclusively the active substance (histamme) 
obtained by Edkins and subsequent w orkers in extracts 
of the pylonc mucosa 


of histamine, would seem to show that a principle 
other than histamine is produced m response to 
food It IS conceivable, how'ever, that these drugs 
merely interfere with the/onHafio» of the hormone 
(whether it be histamme or some other substance) 
and yet have no effect upon the action of any 
hormone once it had been formed and entered the 
circulation 

The fact that the juice resulting from histamme 
injections differs from normal gastnc juice sug- 
gests, again, that the gastnc hormone is not 
simply histamme According to Babkin and his 
associates the gastnc juice formed by the stomach 
of the dog as a result of the injection of hista- 
mine or of punfied gastrin, though possessing a 
high acidity, has a low concentration of pepsin 
Babkin also points out that though histamme is 
very readily extracted by aads, hydrochloric acid 
placed m contact with the pjlonc mucosa docs not 
stimulate gastric secretion, a 0 5 per cent solution 
is actually inhibitory (Alley) Moreover, histologi- 
cal examination of the gland after histamine injec- 
tions shows an effect confined to the acid-producing 
cells, m contrast to the appearance after vagal 
stimulation, the peptic cells were entirely un- 
affected (Bowie and Vineberg) It is stated, in 
opposition to these findings, that pepsin is present 
in fairly high concentration m human gastric 
juice produced by histamme injections (Bloom- 
field and Polland), but m obsen^ations upon the 
human subject the possibility of the enzyme 
secreted prior to the injection having been simply 
washed out of the tubules by the secretion of the 
parietal (acid) cells is difficult to exclude Indeed, 
evidence that the high concentration of pepsin was 
due to w'ashing out of preformed ferment has been 
obtained by Toby who found that when histamine 
was admmistcrcd repeatedly to patients the peptic 
activity of tlie juice declmed progressivelj' with 
each successive injection Also, when an injection 
of neutral red is given it appears m the gastric 
juice If after the concentration of dye m the juice 
has declined, gastric secretion is stimulated by 
histamme, the concentration rises sharply again, 
as also does the peptic activity Washing of the 
dye from the tubules by the increased flow of 
secretion readily explains this result 

The question of the chemical (humoral or hor- 
monal) control of gastric secretion is far from 
settled All that has been established, so far, is 
that contact of secretogogues (e g meat extracts) 
with the gastric mucosa, especially of the pylonc 
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region, or mechanical stimulation, such as dis- 
tension, causes a pnnaple to be absorbed mto the 
circulation and earned to the gastnc glands The 
weight of evidence pomts to a hormone, which 
IS not histamine, as bemg the active agent* 

In abnormal gastnc states, e g , mflammatory 
conditions, trauma and imtative agents may 
cause the liberation of histamme as they do in 
the gtm and other tissues The histamine thus 
released wiU act as an exatant of the glands 
Such a release of histamme would explain wh}' in 
persons with duodenal ulcer the mterdigestive 
secretion of aad is not abolished by a dose of atro- 
pine which IS effective m a normal subject 

It has been suggested that histamme may play a 
rile in gastnc secretion somewhat different from that 
just discussed, namely, by servmg as a chemical medi 
ator of the vagal control of the parietal cells, ne , as a 
“local hormone” or humor Uberated by the vagal nerve 
endmgs The facts that histamme is present m the 
gastnc juice, that its concentration m the jmee is m- 
creased by vagal stimulaUon and that its content in 
the body of the stomach is much higher than that of 
the pylonc region accords with this possibihty 


THE INTESTINAI. PHASE OP GASTRIC SECRETION 


The products of gastnc digestion upon entermg 
the duodenum act as chemical exatants to gastnc 
secretion If a meal of bread and milk is fed to an 
animal, as prepared in Gregory and Ivy’s experi- 
ments, a secretion from both the mam stomach 
pouch and the transplant commences withm about 
2 hours and contmues for from 3 to 9 hours It 
appears that the mechanism is humoral m nature, 
and similar to that which stimulates secretion 
dunng the gastnc phase of digestion, spht diges- 
tive products actmg as secretagogues Mechanical 
stimulation of the mtestme, as by distension, is 
meffective, and, as mentioned on page 510, the 
apphcation of procame to the gastnc mucosa does 
not abolish the response Vanous substances placed 
duectly m the duodenum, e.g water, meat ex- 
tracts, albumoses and peptones, magnesium sul- 


* Komarov states that he has prepared a pylo 
extract free from histamme which stimulates the glat 
upon intravenous miection Uvnas has more recen 
reported simdarly The secretion evoked by this ertr 
resembled, however, that caused by histamme rat] 
than normal gastnc jmcc secreted during digestion 
foimd to be very low m peptic power and was i 
affected by atropine Freedman and Kmg obtau 
an e^ct containing traces of histamme which sti 
ulated g^tne ^bon It is possible that the 
tracts ohtmned by these authors contamed a si 
nrcriuct of protm which caused the liberabon 
histamme from body tissues 


phate, saponm, soaps, etc., have been shown to 
excite the glands of an isolated stomach pouch 
The importance of food m the duodenum as a 
stimulus to gastnc secretion was shown by Cnder 
and Thomas who found that if the duodenal con- 
tents were dramed away through a fistula, the 
response of the gastric glands to a meal was only a 
third of the normal value 
Inhibition of the Gastric Glands by Fat 
The inhibitory effect of fat upon gastric secretion, 
though known for years, was thought to be due to a 
nervous reflet The effect is exerted only after the 
fat has passed through the pylorus A secondary 
stimulating action of fat upon gastric secretion 
occurs, however, after it has undergone digestion, 
due to the production of soaps 
The motdtty of the stomach is also depressed by 
fat (p 567), hunger contractions as well as peri- 
stalsis during digestion are inhibited The manner 
m which fat exerts its inhibitorj' effects upion the 
gastnc functions has been clarified by Ivy and by 
Lim and their associates A hormone (chalone, 
ch 57) is responsible Fat placed m the duodenum 
was found to inhibit the motility and secretion of a 
denervated pouch of the entire stomach Both 
aad seaetion and peptic secretion were suppressed, 
the latter often to a greater degree than the former 
The inhibitory effect is not due to absorbed fat, 
for it IS not abolished by establishing a thoraac 
duct fistula and drammg the chyle to the extenor, 
and mjection of fat mto the arculation or of any 
product of Its digestion is ineffective The dis- 
charge of bile into the duodenum is stimulatmg 
rather than inhibitory to gastric secretion Chole- 
cystokmm and secretin are also without any 
inhibitory action An active pnnciple was extracted 
by Ivy and his associates and named cnlerogaslrottc 
This matenal is free from vasodilator (histamine) 
activity, and from both cholccj stokinin and 
secretm 

Enterogastrone is capable m maximal dosage of 
causmg complete suppression of secretion for 
from 1 to 5 hours and of gastnc motility for 30 
minutes The latter effect is not endent upon a 
denervated isolated gastnc pouch The secretion of 
pepsin by a denervated pouch is also much less 
pronounced than that from one with nerves mtact 
Inhibition of acid secretion, on the contrary', is 
unaffected by denervation As the inhibitory prmci- 
ple IS more highly purified and concentrated, the 
inhibition of gastnc motibty becomes more pro- 
nounced, and the depressing effect upon secretion 
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less so, an indication that the two effects are due to 
separate substances and not, as was onginally 
thought, to a single one ^ 

A substance knorni as nrogaslronc and having 
effects sirahar to entcrogastrone upon gastric secre- 
tion and motility has been extracted from normal 
unne by Gray and his associates Urogastrone was 
thought at first to be most probably excreted 
entcrogastrone but certain differences have since 
been demonstrated which indicate that they arc 
separate and distinct substances Pepsin inacti- 
vates the motihty-dcpressing action of entcro- 
gastrone but not of urogastrone Also, urogastrone 
has a less prolonged depressing effect upon gastric 
motility than has entcrogastrone, and excision of 
the stomach and duodenum docs not abolish 
urogastrone from the urine of dogs, even removal 
of the entire small bowel though it reduces the 
excretion of urogastrone docs not cause it to dis- 
appear from the unne 

The Adaitation of the Qoantttv and QuAEixy op 
THE Gastric Secretion to the T\pe of Food It was 
shown by Pavlov and Khixhm that the jutccs secreted 
for the three foodstuffs, bread, meat and milk, respcc- 
Uvelj, differ characteristically from one another, both 
in quantity and digcsUvc power ’’ndecd the juice 
secreted for each type of food is, according to Pavlov 
so speciffc and suited to the digestion of the particular 
foodstuff which calls it forth, that it is possible to 
predict the character of the juice which wall be secreted 
when a given type of food is fed He therefore spoke 
of “meat”, “bread” and “milk” juice, respectively The 
juice secreted for meat, for instance, was found to be 
greatest in quantity, but intermediate in digestive 
power between those formed for bread and for milk 
Bread jutce possessed the highest peptic power (about 
double that of meat juice) but was intermediate m 
amount It was suggested that the high ferment value 
was an adaptation furthering the digestion of the more 
resistant vegetable proteins 3ftlkju}ce was both scanty 
m amount, and poor in peptic power during the first 

‘ The differences betw ecn the effects of fat in the du- 
odenum and of the principle obtained by extrac- 
tion lead one to believe that this so called cxogcnoits 
entcrogastrone is not the true hormone (endogenous 
entcrogastrone) which mediates the inhibitory effect 
of fat upon gastnc function For example, though fat 
m the intestine affects the secretion of acid less than 
that of pepsin, the reverse is true for a preparation 
of entcrogastrone, the latter sometimes appears to 
stimulate peptic secretion Furthermore, whereas fat 
m the intestine is very effective in man in inhibiting 
gastnc secretion, very large doses of exogenous enter- 
ogastrone arc required to produce an effect Again, 
entcrogastrone docs not, as already mentioned, in- 
hibit motility of a completely denervated stomach 
pouch 


TABLE 36* 


i 

SECRETION 1 
TOTAL j 

ACID CON 
CENTBATION j 

PEPSIN CON 
CENTEATION 

Meat 

High 

High 

Medium 

Bread 

Medium 

Low 

High 

Milk 

Low 

Medium 

1 

Low 


* Modified from Carlson 


four hours of secretion The low values of the juice 
secreted for milk were asenbed to the inhibitory effect 
of the milk fat The acidity is highest m meat and 
lowest in bread juice In the case of the human stomach 
meats arc recognized to be, as compared with other 
foods, the most powerful stimulants of acid production 
(See table 36 ) 

The aadity of the gastric juice as collected from the 
stomach m many instances shows a tendency to vary 
with the rate of secretion by the fundic glands, when 
their rate of secretion is slow the juice will be diluted 
to a greater extent by a non-aad fluid than when the 
rate is rapid It was Pavlov’s view that variations m 
aadity arc due entirely to changes m the rate of total 
secretion into the stomach and that the actdtty of the 
vttec as secreted by the parietal cells is constant (p 498) 
The reverse relation holds between rate of secretion 
and pcpsui concentration, the latter becoming reduced 
as the secretion rate increases These relationships arc 
dependent upon the fact that the aad secreted by the 
parietal cells makes up the bulk of the fluid of the juice 
Juice of large volume is therefore highly aad, that of 
small volume contains a relatively high concentration 
of pepsin and alkaline fluid Such relationships hold 
true, however, only when the same t>T3e of secretory 
stimulus IS employed but its intensity varied When, 
however, the tj-pe of stimulus is altered it appears 
that the aadity or peptic activity of the juice may 
vary independently of the rate of secretion That is, a 
slow or rapid seaetion rate may be associated with 
cither a low or high aadity, and similarly with the 
pepsin concentration Furthermore, the proportions of 
the three mam constituents of the juice, aad, pepsin 
or mucin, can vary independently of one another 

THE EFEECIS OP VAIUOUS CHEMICALS AND DRUGS 
UPON GASTRIC SECRETION 

Alkalis m general have been held to exert a 
depressmg effect upon the secretion of gastnc juice 
Sodium bicarbonate, for mstance, a favorite in- 
gredient of digestive mixtures was investigated by 
Pavlov in dogs and found to be definitely inhibi- 
tory This observation has been confirmed by 
Farrell, though others find that the mhibitory 
effect does not occur unless the dose is excessive. 
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and that m small repeated doses it augments the 
secretion (Boyd) This seems to be true also of 
other alkalis, large doses depress but small doses, 
espeaaUy if repeated, may augment the flow of 
)uice Nor does the mhibitory effect of large doses 
persist after their discontmuance, on the contrary, 
hypersecretion not uncommonly follows ("acid 
rebound”) The value of alkalis m gastnc disorders 
depends cliiefly, however, upon their antacid 
properties, i e , upon their ability to neutralize 
or buffer the acidity of the gastnc contents rather 
than to depress seaetion 
The vanous preparations of billers are without 
any appreciable effect upon secretion unless they 
contain alcohol Acids depress gastnc secretion 
which IS completely inhibited by the mtroduction 
into the stomach of a I per cent solution of hydro- 
chlonc acid (p 517) Acid also exerts an mhibitory 
effect from the mtestme upon gastnc secretion 
When mtroduced mto the dog’s mtestme gastnc 
secretion from a Pavlov pouch is inhibited 
Condtincnls have little direct effect, but act m- 
directly m adding flavor to the food, stimulating 
the taste buds and thus encouraging the psychic 
secretion Btslamwe is one of the most powerful 
stimulants of gastnc secretion (p 518) Histamme 
liberated uithm the body eg m dermographism 
(p 315) or even by the immersion of the hand m 
cold water at a temperature of lO^C causes a 
detectable secretory response withm 15 mmutes 
Gastnc seaetion is not inhibited by such antihis- 
tamine drugs as neoanlergen and batadryl, and 
most other agents of the same class , of the few 
uhich are antisecretory the dose requued must be 
inordinately large Codeine and alcohol are strong 
secretory stimulants The latter has a pronounced 
secretogogue action, causing the secretion of a 
juice of high aadity and nch m mucm It is pos- 
sible that alcohol exerts its secretory action through 
the liberation of histamine, for it has been shown 
that the histamme output of the perfused lung of 
the guinea pig is mcreased by the addition of 
alcohol (2-d per cent) to the perfusion fluid Liver 
exlracl, meal, and vegetable extracts generally are 
powerful exatants of the gastnc glands, an action 
which they owe to the presence of secretogogues 
Instdni (through its hypoglycemic effect on the 
vagus center),* acetylcholine (usually), mecholyl 


‘ Insulin fails to stimulate gastnc secretion, or 
effect IS greatly reduced, after vagal denervauon 
fact 13 made use of as a test for the success of vagoti 
in the trMtment of duodenal ulcer The hipothala; 
apparently contains chemoieceptors (glucorecept 


{aceiyUp-methylcholmc chloride), pilocarpine and 
nicolme arc secretory stimulants, while belladonna 
or Its alkaloids atropine and hyoscine, and hyo 
scyamtis or its alkaloid hyoscyamine are secretory 
depressants Atropine or vagus section depresses or 
abolishes the cephalic secretion, the drug reduces 
somewhat, but does not suppress, secretion due to 
histamme, alcohol, or caffeine Smoking depresses 
secretion, while morphine, after a bnef period of 
inhibition, stimulates secretion Adrenergic block- 
ing agents do not affect secretion 

THE EFFECTS OF OPERATIVE PROCEDURES UPOV 
GASTRIC SECRETION 

In dogs, partial gastrectomy (cxasion of the 
pylorus and anastomosis of the gastric stump to 
the duodenum) is followed by a pronounced rcduc 
tion in the quantity of juice secreted by the fundic 
glands but no change occurs m the concentration 
of acid The total aad secretion is reduced to } 
or i (sec Wilhelmji and assonates) Mucous sccrc 
tion IS mcreased, and combining with the acid 
further reduces the free acid concentration of the 
gastnc contents Partial gastrectomy , accompanied 
by section of the gastnc \ agi, results in a profound 
reduction in acid secretion in response to a test 
meal for both cephalic and gastnc phases arc 
depressed, section of the \agi alone, abolishes the 
cephalic phase, histamme, however, still causes a 
well-marked secretion 

ANALYSIS OF THE STOMACH CONTENTS — TOTAL 
ACIDITY —FREE ACIDITY 

Dunng digesDon the hy drochlonc and m the stem 
ach exists m two forms — a smaller part combined with 
the protein of the food, regurgitated duodenal secre- 
tions, sahva, mucus and the secretion of non panetal 
cells combined acid, and a much larger part present in 
the free state— /ree acid The value for the combined 
acid is, however, of httle physiological or clmical im- 
portance Tlie sum of the combined acid and free aad, 
together with aad salts and any organic acids, lactic 
etc that may be present, is termed the total acidity 
Meat and other protein nch foods arc more capable 
of combining vMth hy drochlonc acid than are carbo- 
hy dralcs When the hy drochlonc aad is absent or falls 
to a low level, organic aads, as a result of the fermenta 
tive processes, tend to be formed 
Samples of gastnc contents ate obtamed for analysis 
by means of a Rchfuss on a Ryle’s tube, the former is 
made of narrow flexible tubing fi tted at one end with a 

blood glucose level through which, 
vagal fibers, the insulin effect upon gastric sc 
cretion is mediated 
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metal tip possessing large perforations The subject is 
instructed to si\alloi\ the tube slonlj To its upper end 
a glass svnnge is attached, and by means of this the 
stomach contents arc aspirated This is done the first 
thing in the morning before food or dnnk has been taken 
The healthy resting stomach secretes continuously and 
the fluid rcmo\cd at this time (ratdwl juice) under nor- 
mal conditions amounts on the aieragc to 50 cc The 
total aciditj of such a sample normallj averages 30 units 
and the free acidity 20 units (see below) After the rc- 
mo\ al of the residual juice the gastric glands arc exated 
to secrete b> the ingestion of a standard test meal 
E\\ aid’s test meal is frcqucntlj cmplojcd and consists of 
til o ordinarj slices of toast (35 grams) and 8 ounces (250 
cc ) of Mcak tea without sugar or cream Others give a 
pint of thin oatmeal gruel (Boas meal) Dilute alcohol 
(50 cc of a 7 per cent solution), a solution of meat, ex- 
tract (c g , 1 lebig’s), or an injection of histamine is also 
cmplojcd for stimulating gastric secretion When the 
test meal is used a specimen of gastric contents (10 to 15 
cc ) 15 remoaed 15 minutes after the meal has been swal 
loacd, and dunng the succeeding 2i hours at 15 minute 
mtcra’als Tinally, the gastnc contents arc completely 
Tcmoacd Determinations of the free and the total aad 
arc then made upon each sample and the corresponding 
aciditj curves constructed (fig 39 5, p 516) The tube 
remains in position throughout the test It a\as at one 
time the custom to make a single analj sis 1 liour after 
the meal and to draw conclusions concerning gastnc 
function from the results of this But, since tlic aadit> 
iscontinuallj changing, the construction of a cun c from 
the results of analj-ses made at short intervals is the 
onlj logical procedure This is know n as the fractional 
method of gastric analysis, and was introduced by 
Rchfuss and his collaborators 

Chemical tests 

Quautativt (a) Free hydrochloric acid A drop of 
Toepfer’s reagent which consists of a 0 5 per cent solu- 
Pon of dirocthjl amino azo-benxenc is added to a cubic 
centimeter or so of the gastnc contents This reagent 
gives a red color at a pH below 3 0 that is in the pres- 
ence of free HCl It is not quite specific for it may react 
to high concentrations of organic acids A jellow color 
on adding the reagent indicates the absence of free HCl 

(6) Lactic acid When free HCl is absent from the 
gastnc contents (anaadity, p 518) fermentation is 
lilcly to occur with the production of organic aads, 
particularly lactic The latter is detected by means of 
Kclling’s test — a modification of UfTelmann’s Two 
drops of 10 per cent feme chlonde are added to a test- 
tube of distilled water The solution is divided be- 
tween two test-tubes in equal portions A few drops of 
filtered gastric contents are added to one tube, a lemon 
>clIow color appears if lactic acid is present The solu- 
tion m the other test-tube serves as a standard for 
comparison The gastnc contents may contain other 


substances which give the test and, for this reason, it 
is preferable to take up the lacUc aad \nth ether, evap- 
orate to dryness and dissolve the residue in water The 
lest IS then apphed to the aqueous soluPon 

Quantitative (a) Free hydrochloric acid One cubic 
cenPmeter of strained gastric contents is diluted with 
10 cc of disPlled w atcr Two drops of Topfer's soluPon 
arc added as an indicator The sample is then Ptrated 
wath 0 01 N NaOH until the solution turns a salmon 
pink color (pH 3 3) 

(5) Total acidity After noPng the rcadmg of the 
burette and esPmating the free aad, three drops of 
phcnolphthalcm soluPon arc added to the specimen and 
the PtraPon with sodium hj droxide conPnued unPl the 
soluPon turns a definite pink More accurate results are 
obtained with phenol red, the end point being at pH 7 

The results of these detcrminaPons arc expressed in 
"chmeal units” i c., the number of cubic cenPmeters^ 
of 0 1 N sodium hj droxide solution which arc required 
to bring 100 cc of stomach contents to the end-point in 
each case The Ptration figures arc, therefore, multi- 
plied bj 10 The total quanPty of alkali required gi\ cs 
the value for the total acid, the first titraPon gives the 
free acid The percciilagc of free HCl is obtained by 
multiplj ing the numlicr of 0 1 N cubic cenpmeters of 
alkali required for neutralizapon by the factor 0 00365 
(see graph, fig 39^) 

estimation of peptic power 

The earliest method of determining the pepPe ac- 
Pvity of a sample of gastnc juice was introduced by 
Mett in 1889 Egg white is drawn into a glass tube of 
1 mm bore and a few inches long The albumin is coagu- 
lated by placing the tubes in water at a temperature of 
85°C and leaving them until the water has cooled The 
tubes arc then broken into sections about an mch long, 
and immersed in the gastric juice diluted 1 to 15 with 
N/20 HCl and incubated at a temperature of 37°C for 
24 hours After this time the length of the column of 
digested albumin at each end of the tubes is meas- 
ured in millimeters under the low power of the mi- 
croscope and the average of a number of measurements 
taken The peptic power of the sample is expressed 
in accordance with Schutz’s law which states that 
the amount of proteolytic cnzjmc present is propor- 
tional to the square of the number of millimeters of 
digested albumin Therefore, if the average length of 
the digested columns is 2 5 mm the peptic power of the 
undiluted juice will be 2 5’ X 16 >=» 100 0 This is the 
average normal value 

Anson and Mirsky’s method utilizes hemoglobm as 
the substrate After the juice has acted upon the hemo 
globm for 10 minutes, the undigested protein is pre- 
cipitated with tnchloroaccPc acid and removed by 

’’ The figure obtained corresponds to the milli normal 
concentration (mN) or milliequivalents of acid per 
liter 
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filtration The quantit} of protein split products, which 
13 a measure of peptic activitt, is estimated colon 
metncall> after the addition of phenol reagent 

Dclcrmmalton of gasinc sccrclory fuiidwn 

It is becoming more and more ctidcnt that the mclh 
ods of gasinc analj sis as earned out in the time honored 
fashion are inadequate as a means of gaming knowledge 
of the secretor> activity of the stomach Thc> measure 
the acidity of the gastric contents and, therefore, fre 
quently give false information or cqunocal results 
concemmg secretion The acidity of the gastne contents 
removed after a test meal depends not only upon the 
secretion by the gastric glands but also upon the degree 
to which the secretions have been diluted by the fluids 
of the test meal still remaining m the stomach, as well 
as by saliva and fluids regurgitated from the duodenum 
It 13 not possible to know how much of the meal has 
left the stomach by the time the samples are.wnthdrawn, 
unless there be added to it some soluble substance 
which IS neither absorbed nor destroy ed in the stomach 
and can be easily detected Phenol red may be used for 
this purpose The proportion of the gastric contents 
which has been secreted can then be determined and 
by dividing the value for the total acidity by the volume 
of the secretions, the aad concentration of the gastne 
juice Itself (which contains a variable proportion of 
muon) can be estimated Furthermore, smee the acid 
concentration of the panetal cell secretion is constant, 
it IS possible to determme the proportions of aad and 
non aad secretions in the juice 

The test meal of bread or toast and tea usually em 
ployed 13 unappetizing and too weak a stimulus for all 
phases of gastne secretion nor can alcohol or histamine 


nghll) be considered a norma! phj'siological Eccreto- 
goguc I icbig’s test meal, consisting of n 2 per cent 
solution of I tebig’s meat extract, contains potent and 
physiological secretogogues and is probably the nearest 
approach to the ideal test meal The bisnmmc test 
(p 518 ) IS \ aluablc, how c\ er, as a means of distinguish 
mg true from false amcidity 

The quantity of the juice secreted in the psy chic 
or cephalic phase alone can be determined by hat 
ing the subject chew for a time some appetizing 
food, such as an orange, and then reject it But 
such a procedure is nrcU necessary for, since the 
continuous secretion of the fasting stomach is 
psychic in origin, the withdrawal of the gastne 
contents at intenals from the empty stomach is 
usually sufTiaent (sec also neutralization test, 
p 520) 

THE ISO SECRETORV OR NORitAL CURt'ES OF GASTRIC 
AdDITV 

If in a normal person the free and total acidities 
of the gastne contents be determined ctery 15 
minutes for a penod of from two to three hours 
after the ingestion of a test meal, the results 
plotted against time along the base line w ith HCl 
percentages or clinical units m the vertical axis, 
a curve is obtained as shown in figure 39 5 The 
curve for total andity commences to nsc a short 
time after the meal, and aliout 1 hour later reaches 
a maximum which vanes from 35 to 70 in different 
persons The curve maintains its maxunal height 
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for half an hour or less and then commences to 
decline reachmg the restmg level agam m from 

to 3 hours after the mgestion of the test meal 
The curve of free acidity runs parallel to, but at a 
lower level than that for the total aadity, the 
values rangmg m different normal persons between 
20 and 40 (0 07 to 0 15 per cent) Values are much 
higher after foods, such as meats, which stimulate 
gastnc secretion more powerfully, averagmg from 
80 to 120 for total and from 60 to 100 for free 
aadity 

The figures given above represent the range of 
the great bulk of normal persons, but the gastnc 
aadities show very wide mdividual vanations m 
health, bemg mfluenced markedly by age and sex 
The average free and total aadities (after a test 
meal) in young healthy males are about 40 and 65, 
respectively (see figs 39 6 and 39 7) They are 
somewhat lov er in females They are also lower m 
children, the adult level being reached at about 
the age of 20 years In men after 30 years and m 
women after 50 years a progressive dedme m 
aadities (total and free) occurs and the madence 
of anaadity and of subacidity (p 518) mcreases 
sharply A high normal value for gastnc aadity 
IS regarded by some as an mdex of physical fitness, 
the level tendmg to be low, it is said, in persons of 
sedentary habits and poor muscular development 

THE EEGULATION OF THE AdDITY OF THE GASTRIC 
CONTENTS 

The normal acidity curves, as we have seen, 
reach their maxima in about an hour and then 
commence to dedme The fall m the aadity of the 
gastnc contents has been attnbuted by vanous 
authors to the followmg factors 

(1) Reduction in the concentration of aad m the 
panetal jmce 

(2) Reduction m th^ total volume of juice as a 
result of the cessation ^ the psychic stimulation 
and gradual reduction m the seaetagogue action 
of the food as gastnc and mtestmal phases subside 

(3) Evacuation of the stomach 

(4) Reduction m free acidity of the gastric con- 
tents by neutralizauon and dilution with sahva, 
and a non-parietal alkaline solution from fundic 
and pylonc glands, as well as by food denvatives 
and mucus from the surface epithehum 

(5) Neutralization through the action of urease 

(6) Neutralization of the jmce by the regurgi- 
tation of alkaline duodenal fluids — espeaally pan- 
aeatic juice — into the stomach 

With regard to the first factor, some authors 


(Rosemann, and Madean and Griffiths) have 
thought that the panetal cells could seaete chlo- 
nde ions m combmation either with Na or H ions, 
1 e , as NaQ or HCl, the proportions of aad and of 
neutral chlonde m the jmce bemg determmed bv 
the H ion concentration of the gastnc contents, a 
rise m their aadity causmg automatically mhibi- 
tion of the secretion of H ions and a larger propor- 
tion of chlonne to be secreted as the neutral salt 
However, the onginal view of Pavlov that the 
acidity of the gastnc juice as seaeted by the 
panetal cells remams constant has been confirmed 
by Hollander and is now widely accepted It is 
apparently only the volume of the panetal seae- 
tion which vanes A nse m the aadity of the gastric 
contents automatically reduces the quantity of 
juice produced during the gastnc phase of secretion 
A high acidity m the duodenum also inhibits both 
the gastnc and mtestmal phases of seaetion The 
cephahc phase remams unaffected by acid either 
m the stomach or duodenum The inhibitory 
effect of aad appears to be mediated through a 
nervous mechanism rather than by a blood-bome 
agent 

The passmg of the cephahc phase and the weak- 
enmg of stimuh m other phases of seaetion as the 
stomach is evacuated, together with the neutrali- 
zation and dilution by a non-panetal fluid (4 above) 
are probably the most important factors govemmg 
gastnc acidity The urea-urease-ammoma mecha- 
nism (p 522) also IS probably of major importance 

Regurgitation of fluids from the duodenum has 
been considered an important contnbutary element 
in lessenmg aadity But the importance of this 
factor has been questioned by some mvestigators 
(Hollander, Shay) and affirmed by others (Wil- 
helmji, and Bolton and Goodhart) That duodenal 
regurgitation occurs is an undoubted fact as is 



Fig 39 7 Percentage declme of mean gastric aadity 
with advancing years (males) (After Polland ) 
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filtraUon The quanUtj of protein spht products, which 
IS a measure of pepuc actintj, is esUmated colon 
metncallv after the addition of phenol reagent. 

Determination of gastric secretory function 

It is becommg more and more evndent that the meth- 
ods of gastnc analj sis as earned out in the tune honored 
fashion are inadequate as a means of gaming knowledge 
of the secretoo activntj of the stomach Thej measure 
the aadit} of the gastnc contents and, therefore, fre 
quentlj give false mformaUon or equivocal rerults 
concerning secretion The aaditj of the gastnc contents 
removed after a test meal depends not only upon the 
secrepon bj the gastnc glands but also upon the degree 
to which the secrePons have been diluted bj the ffiuds 
of tte tot meal sPll remauung m the stomach, as well 
^ bj sahva and fluids regurgiuted from the duodenum. 
It IS not possible to know how much of the meal has 
left the stomach bj the time the samples are withdrawn 
uide^ there he added to it some soluble substanc^ 
^hich IS neither absorbed nor destrojed m the stomach 
and imn be eas^ detected Phenol red ma> be used for 

^foch iPPL S^stne contents 

which ^ bren smeted can then be determined and 

b> dividing the vralue for the total aad.ty by the volume 
of the seaepons, the aad concentraPon of the 
juice Itself (which contains a variable pro^rP^ of 
muan) can be estimated Furthermore, LerSad 

gusPic secrePon nor can alcohol or histamme 


nghtly be considered a normal phy’siological secreto- 
gogue Liebig’s test meal, consisUng of a 2 per cent 
solution of Liebig’s meat estract, contains potent and 
physiological secretogogues and is probably the nearest 
approach to the ideal test meal The histamme test 
(p 518) IS valuable, however, as a means of disPnguish 
mg true from false anaadity 

The quantity of the ]mce secreted m the psychic 
or cephanc phase alone can be determined by hav- 
ing the subject chew for a tune some appetizing 
food, such as an orange, and then reject it But 
such a procedure is rarely necessary for, since the 
contmuous secretion of the fastmg stomach is 
psychic m ongm, the withdrawal of the gastnc 
contents at mtervals from the empty stomach is 

usually suffiaent (see also neutralization test, 
p 520) ’ 

the iso-secretory or NORMAl CORVES OF GASTRIC 
ACEDITY 

If m a normal person the free and total aadities 
ot the ^tne contents be determmed every 15 
mu K or a penod of from two to three hours 
a to the ingesPon of a test meal, the results 
P e agamst tune along the base hne with HCl 
percentages or clinical umts m the vertical axis, 

curve ^ ®sure 39.5 The 

time aft ^ aadity commences to nse a short 

Prae Mter the meal, and about 1 hour later reaches 

35 to 70 m different 
persons The curve mamtams its maximal height 
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hour or less and then commences to 
King the resting level agam m from 
•s after the ingestion of the test meal 
E free acidity runs parallel to, but at a 
than that for the total acidity, the 
^g m different normal persons between 
07 to 0 15 per cent) Values are much 
foods, such as meats, which stimulate 
tion more powerfully, averagmg from 
3r total and from 60 to 100 for free 

s given above represent the range of 
Jk of normal persons, but the gastric 
w very vide individual variations in 
; influenced markedly by age and sex 
; free and total acidities (after a test 
ng healthy males are about 40 and 65, 
(see figs 39 6 and 39 7) They are 
V er m females They are also lower in 

2 adult level being reached at about 

3 years In men after 30 years and m 
r 50 years a progressive dechne m 
tal and free) occurs and the madence 

and of subaadity (p 518) inaeases 
liigh normal value for gastnc acidity 
ly some as an index of physical fitness, 
ding to be low, it is said, in persons of 
ibits and poor muscular development 

nON OF THE ACroiTY OF THE GASTRIC 
CONTENTS 

lal acidity curves, as we have seen, 
maxima in about an hour and then 

0 declme The fall in the aadity of the 
ents has been attnbuted by various 
he following factors 

:tion m the concentration of acid in the 
e 

ffion in th^ total volume of juice as a 
e cessation ^ the psychic stimulation 

1 reduction m the secretagogue action 
IS gastnc and mtestinal phases subside 
lation of the stomach 

:tion in free acidity of the gastric con- 
lutralization and dilution with sahva, 
parietal alkaline solution from fundic 
glands, as well as by food derivatives 
from the surface epithelium 
ralization through the action of urease 
ralization of the juice by the regurgi- 
kahne duodenal fluids — espeaally pan- 
2 — into the stomach 
ard to the first factor, some authors 


(Rosemann, and Maclean and Gnfi&ths) have 
thought that the panetal cells could secrete chlo- 
ride ions m combination either with Na or H ions, 
1 e , as NaCI or HCl, the proportions of acid and of 
neutral chlonde m the juice bemg determmed bv 
the H ion concentration of the gastnc contents, a 
rise m their aadity causmg automatically inhibi- 
tion of the seaetion of H ions and a larger propor- 
tion of chlorme to be secreted as the neutral salt 
However, the ongmal view of Pavlov that the 
acidity of the gastric juice as secreted by the 
panetal cells remains constant has been confirmed 
by Hollander and is now widely accepted It is 
apparently only the volume of the parietal secre- 
tion which vanes A nse m the acidity of the gastnc 
contents automatically reduces the quantity of 
juice produced dunng the gastnc phase of seaetion 
A high acidity m the duodenum also inhibits both 
the gastnc and mtestinal phases of secretion The 
cephalic phase remains unaffected by acid either 
in the stomach or duodenum The inhibitory 
effect of acid appears to be mediated through a 
nervous mechamsm rather than by a blood-borne 
agent 

The passmg of the cephalic phase and the weak- 
ening of stimuli m other phases of secretion as the 
stomach is evacuated, together with the neutrali- 
zation and dilution by a non-parietal fluid (4 above) 
are probably the most important factors governing 
gastric acidity The urea-urease-ammonia mecha- 
nism (p 522) also is probably of major importance 

Regurgitation of fluids from the duodenum has 
been considered an important contributary element 
m lessening acidity But the importance of this 
factor has been questioned by some investigators 
(Hollander, Shay) and affirmed by others (W'^il- 
helmji, and Bolton and Goodhart) That duodenal 
regurgitation occurs is an undoubted fact as is 
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Fig 39 7 Percentage declme of mean gastnc acidity 
iwth advancing years (males) (After PoUand ) 
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evidenced by the appearance of bile and trypsin in 
the stomach, eitpeaally m the later stages of diges- 
Uon Boldyreff m 1907 was the first to give duo- 
denal regurgitation a prominent r61e m the regula- 
Uon of gastric aadity This observer mamtamed 
that normally a high aadity of the chyme issumg 
from the pylorus stimulated the secretion of 
pancreatic juice and set up antipenstalsis in the 
duodenum which carried the alkalme fluid into the 
stomach The foUowmg observations, however, 
seem to show that duodenal regurgitation is a non- 
essential part of the mechanism controlling gastnc 
aadity 

(a) Baird, Campbell and Hem observed m human 
subjects that the usual fall in gastnc acidity occurred 
though the reflux of fluid from the duodenum mto the 
stomach was prevented (duodenal contents removed by 
duodenal tube) 

(b) McCann prevented regurgitation m dogs by sep- 
arating the duodenum from the stomach and jejunum, 
and draming it mto the lower part of the ileum The 
stomach was then jomted to the jejunum The aadity 
curves of these animals did not differ from those of 
normal animals, 

(c) Gastnc acidity curves of isolated gastnc pouches 
in dogs are essentially the same as those obtamed from 
the intact human stomach 

(d) Shay, Katz and Schloss found that alkalme fluids 
mtroduced mto the stomach caused a greater reflux 
from the duodenum than did strong aads Water and 
weak aads were as effective as strong aads These 
authors also pomted out that normally the juices se 
creted mto the duodenum have a pH of around 7,2 or 
lower, and consequently, are not suflflaenUy alkalme to 
exert, m the quantipes which are regurgitated, on im 
portant effect upon gastnc aadity Moreover, the 



secretory curve of a fundic pouch of the dog isolated 
from the rest of the stomach is similar in character to 
that of the intact human stomach (fig 39 8) 

THE nrSTAMINE TEST 

As a test of gastnc secretion the parenteral ad 
ministration of histamine although not a normal 
stimulus has certain ver) definite advantages over 
the ordinary test meal (a) Histamine evokes a 
maxunum secretory response and is often able to 
evoke a response when the test meal fails to do so 
(see below) It is thus of value in distinguishing 
false from true acidity (b) The response is not 
affected by conditions such as appetite and other 
psychic factors which influence the response to the 
test meal (c) The test meal and saliv'arj secretion, 
which latter cannot be measured, add to the 
volume of the contents, it is therefore impossible 
to determine accurately the quantity of juice 
secreted (d) Swallowed saliva and the test meal 
Itself partly neutralize the aad (c) In the hista- 
mine test the glands respond promptly, maximal 
aadity being reached within 20 or 30 minutes, so 
almost pure juice is obtained for analy sis, neutrali- 
zation factors and gastric evacuation exert a 
mmimum influence The test is usually performed 
the first thing in the morning with the subject 
fasting In a subject of average weight about 0 25 
mg is injected 

HVPOarLORHTORIA (SUBACIDITV) AKD 
AOILORnVDRIA (aVACTOITV) 

When the stomach contents give values per- 
sistently below 20 "clinical units” (0 05 per cent) 
for free HCl after test meals, the condition is 
spoken of as hypochlorhydna or siibaadily The 
complete absence of free HQ is referred to as 
acldorliydna or aitacidtly Bennett and Ryle in a 
study of 100 healthy male subjects (medical stu- 
dents) found achlorhydna present in 4 0 per cent 
In the general run of hospital cases without gastnc 
disease or pcmiaous anemia 14 to 20 per cent 
show anaadity It has already been pomted out 
that the absence of free hydrochloric aad from the 
stomach contents may be simply the result of 
excessive neutralization, and not of the suppression 
of aad seaetion Again, there may be no secretion 
of aad after a test meal yet the glands respond to 
the more powerful stimulus of histamine, anaadity 
of this character is called/a/re or apparent anactdily 
The failure of aad to appear after the injection 
of histamme is referred to as true anaadity The 
figures given above as reported by Bennett and 
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Ryle for anacidity in healthy subjects as well as 
those given for hospital cases do not permit a dis- 
tinction to be drawn between the two types of the 
condition, smce test meals were used in the mvesti- 
gations It is therefore impossible to say in what 
proportion of the cases true anaadity existed The 
mcidence of true anaadity appears, however, to 
be less than 1 per cent in young healthy male 
subjects and not more than 1 or 2 per cent in the 
case of young healthy females 
In cases of anacidity the peptic concentration 
of the gastric jmce though usually low is m some 
cases not far below the normal value — further evi- 
dence that the secretion of aad and of pepsm are 
governed by independent mechanisms Comp lete 
absence of both acid and pepsm from the gastnc 
contents is called achylia gaslrica 
The mcidence of anacidity, both apparent and 
true, shows a definite increase with advancmg 
years up to the sixth decade Alvarez, Vanzant 
and associates, m an mvestigation of a large series 
of patients without gastric disease, found it p resent 
m from 25 to 35 per cenMietween the ages of 60 
and 70 yeare Females showed a higher mcidence 
thanTmales After the sixth decade some reduction 
m the frequency of the condition was observed (see 
figs 39 6 and 39 9) 

Anaa dity m the majority of instances gives nse 
to_ no gastric symptoms and is compatible with 
perfect health I n some cases it is associated vnth^ 
flatulent dyspepsia and occasionally a persistent 
diarrhea (gastrogenous diarrhea) which is relieved 
bv the admmistration of ajcid 
The followmg are the chief pathological condi- 
tions associated with anaadit y, 

, (a) Pernicious^ anemia Achlorhydria is a con- 
stant phenomenon (p 84) Pepsm is also usuallj 
absent Histamme is meffective 

Carcmonia of the stomach There is anacidity 
m over 60 per cent of cases It is due to the ch^nic 
g^tntis and atrophy of glandular tissue This, it 
IS believed, precedes by a vanable penod the devel- 
opment of the growth The an^toyjnay be either 
false^or-tme 

(c) Chronic gastrijis causes a gradual depression 
of the seactory function and may lead finally to 
its complete suppression 

(d) Hypochlorhydna or achlorhydria may also 
occur dunng acute fevers, m malniUrilton, gall- 
bladder disease, Addison’s disease, ^prue, acne rosa- 
cea and chronic arlhriUs 



incidence of achlorhydna and age (After Vanzant, 
Alvarez, and assonates ) 

HYPERCHLORHYDRIA (OR HYPERACIDITY) 

Pyperchlorhydna js also of common occurxence 
About 5 per cent of healthy persons show the 
condition 

The free aad has a value of from 60 to 90 after 
a standard test meal, and may, instead of declmmg 
m the second hour, remain high or continue to rise 
The high acidity of the gastric contents does not 
mean that the juice as seaeted by the gastric 
glands IS excessively acid So far as is known the 
normal maximum of from 0_^ to 0 6 per cent of 
hydrochloric aad m the gastric secretion is never 
exceeded The high acidity of the gastnc contents 
is due either to the secraion of an abnormally 
large quantity of juice (hypersecretion) or to im- 
pairment of the factors regulating gastric acidity 
5~5T7), e g , f^ure of the secretion rate to become 
reduced during the second hour, or delayed gastric 
evacuatio n 

Two pathological conditions are almost mvari- 
ably accompanied by hyperacidity, namely duo - 
denal u lcer and pylonc ob struction (non-malignant) 
In the last mentioned condition seaetions and 
food matenals accumulate m the stomach The 
gastnc contents are m consequence greatly m- 
creased, the stomach becomes dilated and large 
quantities of jluid are vomit ed from time to time 
The loss of acid through vomiting may result m a 
condition of alkalosis accompanied by Jetany (p 
849) The gastnc distention occumng m this con 
dition probably serves as the stimulus to secretion 
(p " ' 
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The neutralization test This test is of value in investi 
gating the acid regulating mec han ism in duodenal ulcer 
especially m determinuig the success or otherwise of an 
operation performed for its cure. Instead of stimulating 
gastnc secretion by a test meal or histaimne injection, 
300 cc of 0 5 per cent hydrochlonc aad solution are 
introduced through a rubber tube, mto the fasting 
stomach after its contents have been removed by 
aspiration Samples of the acid solution are withdrawn 
from time to time as m the ordinary method of frac 
tional gastnc analysis, and the total acidities deter- 
nuned The results are plotted and the curve compared 
mth a normal standard curve In the normal subject 
the total aadity falls from a value of 130 at the begin- 
ning of the test to around 40 within an hour or so In 
cases of duodenal ulcer the total aadity falls more 
slowly and may be 70 or more after the lapse of 3 or 4 
hours 


CKRONIC GASTRIC AND DDODENAL ULCER 
(reftic ulcer) 

Epigastnc pam coming on usually m from a 
half to one and a half hours after a meal and 
wmiting are the chief dimcal features of gastnc 
ulcer In a certain proportion (about 20 per c&t)" of 
cases blood appears m the vomitus (hematemests) 
■~^In duodenal ulcer, pam occurs usually within 
y three hours after a meal, that is, when 

the stomach is nearly empty T he onse t of the 
^am IS therefore earlier after a light than after a 
heavy meal The pain is relieved by taking food 


Pathogenesis 


It IS generally agreed that the dominant factor 
m the development of gastnc and of duodenalulcer 
IS the action of the pepsm-hydrochlonc aad of the 



Fig 39 10 Diagram showing the distribution of th< 

proportion of parietal cells wa; 
tnaumil and v?as taken as 100 t>er cent m 

cent (After Berger, Amer J AnaL, 1934, 54, 87 ) ^ 


gastnc juice The term peptic ulcer is therefore 
well chosen The importance of this factor is evi- 
denced by the following facts 
(1) T^art from the ulcerations caused by some 
specific disease, e g , tuberculosis, syphilis, car- 
cinoma, etc., ulcer of the gastFoTntcstinal tract S' 
confined to those regions which are exposed to the 
action of aad (a) Gastnc.ulcers m the great ma 
jonty of cases mvolve the pyJonc^ part of the 
stomach, they_aremost frequently sit uated on the. 
lesser curvature near the i nasura angutans or on 
the antenor or postenor wall in Bose proximity 
to this limited ar^ They are never seen m_the 
dome of the fundus and rarely on the upper part 
of the greater curvature, these regions, it will be 
noted, are not in contact with and for any length 
of time (b)'The lower part of the esophagi5Tnto 
which highly aad juice frequently regurgitote, 
and the adjacent part of the stomach wall, i e , 
the cardia, are sometimes the site of ulceratm 

(c) Duodenal nicer occurs practically exdusively 
within the first inch or less of the. duodenal cap 
(p S70), and nearly ala ays upon its ahlefior or 
postenor wall, that is, where the chyme before it 
has been neutralized by the alkaline juicS'bf'tbe 
duodenum comes mto contact with the mucosa 

(d) After gastrojejunostomy, the so-called stomal 
ulcer may occur m the jejunal mucosa m the region 
of the anastomosis, i e , where the gastnc juice first 
impmges (e) In a Meckel’s diverticulum which 
contains ectopic gastnc glands an ulcer occasion- 
ailv forms The ulcer’s site is either in that part of 
the mucosa of the diverticulum, which does not 
itself contain aad-seaetmg glands, or m the ileum 
at the pomt where the diverticulum opens mto it 
Matthews and Dragstedt, expenmenting with 
dogs, produced an “artificial Meckel’s divertic- 
ulum” by transplantmg a pouch of the gastnc 
wall mto the fleum, an ulcer developed m the 
ileum just beyond the transplant m every cxpcn- 
ment These observations emphasize a cunous fact 
that the commonest situations of uker nothin, 
t he mu co sa w hich itself seaetes the aad, but in 
neighboring parts which normally seaete a neutral 
or alkahne fluid—the pylqnc region, duod enal ca p, 
cardiac region, esophagus, jejunum or ileum The 
pylonc type of gland extends farther up the lesser 
than up the greater curvature (fig 39 10) It has 
even been suggested that the occurrence of ulcers 
in the body of the stomach, i e , in the aad seaet- 
mg part of the mucosa, is actually dependent upon 
^0 presence of patches of aberrant pylonc glands 
(f) Mann and Williamson, employmg dogs, excised 
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the duodenum and transplanted it into the ileum, 
thus diverting its alkaline jmces away from the 
region of the pylorus The cut end of the jejunum 
was anastomosed to the pylorus Fourteen out of 
sixteen animals upon which this operation was 
performed developed chronic ulcers m the jejunum 
just beyond the pylorus However, Fawley and 
H'y found that this operation, if combined with 
exasion of the fundus, or if the alkalme secretions 
are drained into the stomach, does not cause a 
jejunal ulcer 

(2) In a very large proportion of subjects of 
duodenal ulcer the concentration of free hydro- 
chloric aad in the gastric contents after a test meal 
IS abnormally high The interdigestive or basal 
sec retio n cspeaally durmg sleep is mcreased much 
above the normal, the pepsm concentration of the 
secretion is also frequently mcreased According 
to Hurst, hypcrchlorhydna (p 519) is present in 
61 per cent of cases Of the remainder the majority 
show an acidity which is near the higher hmit of 
the normal, a few only have subacidity Though a 
small acute or subacute ulcer may sometimes de- 
velop m the absence of aad, a large chronic ulcer 
of the duodenum is almost never seen with an- 
acidity, as m pernicious anemia In duodenal ulce^ 
the tj’pic^ findm gs u pon gastricjr analysiTTro.-a 
fa sting juice~^ greater volume than normal and of 
high_aadity, and a curve of gastnc aadity after a 
test meal which nses well above (20 units or more) 
the normal maximum In some cases the stomach 
"^pties more rapidly than usual as a result of ex- 
aggerated gastnc motility and the curve of acidity 


after reaching its maximum value falls steeply 
agam In other instances the stomach empties m 
the usual time but the curve of acidif^^ is mam- 
tamed at its maximum as a result contmued 
gastnc seaetion — the plateau type of curve In still ^ 
other mstances the emptying of the stomach is ' 
delayed as a result of pylorospasm or achalasia 
(see below), and the curve of "gastric aadity m- 
stead of fallmg at the usual time continues to 
nse — the so-called climbing curve (fig 39 11) High 
gastnc acidity is less commonly assoaated with 
gastnc ulcer, accord mg to Vanzant the acidity is 
actually a little below the normal average True 
anacidity, how'ever, is rarely, if ever, found The 
relatively low gastric acidities found m gastnc 
ulcer are probably the result of an assoaated 
gastritis and do not necessanly mdicate that 
hjqicrchlorhydna did not precede the development 
of the ulcer 

(3) Stimulation of gastnc secretion, as by the 
continued administration of histamine or of caffeme 
(p 518), IS one of the most effective experimental 
means of producing gastric ulcer Although gastric 
ulcers are produced expenmentally by means of a 
constant dnp over the gastric mucosa of a solution 
of hydrochloric acid, some pepsin must be fur- 
nished by the stomach itself Imgation of a loop 
of jejunum with aad alone will not cause ulceration 
but this IS readily produced by the addition of 
pepsin to the perfusion fluid 

(4) Measures dmected toward the prevention of 
excessive gastnc seaetion and toward the neu- 
tralization of the aadity of the gastnc contents are 


i- 4- -f ibr (J- If 2hr 2J- 2f 3hr 3f 



Fig 39 11 Chart showing “chmbing” type of curve of gastnc aaditv (After Ryle ) 
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o£ oulsUndmg value in encouraging tie healing of 
the ulcer (p 525) 

Though the unportance of aad m the production 
of ulcer cannot be denied this factor cannot be 
Eolelj' concerned For one thing, many persons who 

show hyperchlorhydna do not develop ulcer “Why 

in these instances is the gsstnc mucosa inununc 
to the action of the pepsm-h> drochlonc aad?” 
Indeed, the question has often been asked, “Why 
does not the pepsm-hydrochlonc aad of even 
normal gastric jmee digest the gastric or duo- 
denal mucosa?” It is also an extraordinary fact, 
firmly established bj se\’eral workers, that the 
tissue of other parts of the mtestmal tract or of 
other organs, though susceptible to the action o 
aad m theu: normal situations, are not digested 
when transplanted mto the wall of the normal 
stomach Dragstedt and Vaughn, for example, 
removed areas from the gastnc wall of dogs and 
then sutured portions of the duodenum, Qeum, 
jejunum, colon, spleen or kidney into the gaps 
In no case was the transplanted tissue digested 
In the case of the kidney and spleen thar gas- 
tnc surfaces became covered with a laj er of gastnc 
epithehum Sections of transplanted intestinal 
mucosa were found to be perfectly normal after a 
penod of nme months 

On the other hand, as shown years ago by Qaude 
Bernard, the mtact leg of a hvmg frog is digested 
when mtroduced through a fistula into the stom- 
ach of a dog Pa-vy showed the same thmg for the 
rabbit's ear and Dragstedt and Vaughn have 
demonstrated that the intact limb of a hve frog 
placed m an extract of frog’s gastnc mucosa is 
digested 

Until comparatively recently there has been no 
convmcmg or even very plausible answer to the 
question of why the stomach does not digest its 
own wall One explanation offered was that the 
greater alkahmty of the blood coursmg through the 
vessels of the gastnc tubules as a result of the loss 
of H ions served to neutralize the effect of the aad 
juice Others suggested that the unmunity of the 
gastnc mucosa to autodigestion is due to its con- 
tammg an antipepsm Another suggestion is that 
the mucus which coats the mucosa exerts a pro- 
tective action The probable explanation is to be 
found m the production of ammonia in the gastnc 
wall by the action of urease on urea 
Urea-Urease Ajiuosta Mechanism. The pres- 
ence of ammonia m the gastnc contents was ob- 
-eivcd many years ago (1852) by Bidder apd 


Schmidt, but httle significance was attached to the 
findmg until Luck and Seth demonstrated its 
production m gastnc tissue by the acUon of urease 
upon urea(urea -f urease — ♦ NHj + COj), and 
pomted out the possible role of this mechanism 
m neutralizmg gastnc aad A nse m blood urea 
as m renal insuffiaency, or after the oral admmis- 
tration, of urea is followed by a corresponding 
mcrease m the urea + ammonia in the gastnc 
wall, and a nse m the ammonia concentration of 
the gastnc juice In the gastnc mucosa the 
concentration of urease is higher than m anv other 
tissue. It is found in greatest amounts m the cells 
of the surface epithelium Fitzgerald and his 
assoaates have made an extended study of this 
mechanism Hastmgs and his colleagues found 
that the total urea content of the body (as detcr- 
mmed by urea tagged with C'* and an analysis 
of the expired air for C"*Oj) was 10 per cent per 
hour, this was reduced after gastrectomy 
A Consideeatiov of Other Factors Cos- 
CEENED IN THE PRODUCnON OF UtCER Boclcrwl 
tnfedton, and mterference with the blood supply 
to the mucosa, either as a result of emboh or 
thrombosis have been thought by some to be re 
sponsible for ulcer production Except perhaps m 
rare instances, these are no longer bdicv ed to play 
a r61e Tobacco smoking has been thought in some 
instances at any rate, to encourage ulcer formation 
or to interfere with the healmg of an ulcer already 
formed But Schnedorff and Ivy found that smok- 
mg had a depressmg effect, if any, upon gastnc 
aadity, and evacuation of the stomach was de- 
layed Both of these effects should be benefiaal 
rather than otherwise and if smoking is conduav e 
to gastnc or duodenal ulceration the manner in 
which It acts is not dear Trauma, although not 
essential to the production of ulcer is probably 
often a contributory factor It is not difficult to 
beheve that m the presence of other causative 
factors, rubbing of food against the gastnc mucosa 
or the passage of coarse indigestible matenal mto 
the duodenal cap, will encourage the production of 
ulcer, or retard the healing of an existing one 
It IS to be remembered that food after entenng 
the stomach passes along the lesser curvature, i e , 
through the magaislrasse (p 564), and, as already 
mentioned, this region is one of the commonest 
sites of gastnc ulcer Expenmental erosions m this 
situation heal much more slowly than do those 
produced along the greater curvature. Mann and 
BoUman also nomt out that the site of duodenal 
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ulcer corresponds to the area of mucosa upon which 
the gastnc contents impinge, and, w'hen the gastnc 
movements are energetic, this may occur wnth con- 
siderable force They found that the experimental 
production of ulcer was considerably delayed if 
the propulsiv'c force of the stomach was reduced 
by making an hour-glass constriction in the pre- 
pyloric region Ivy and his assoaates have also 
shown that in the rabbit coarse food retards the 
healing of an area of the stomach wall from which 
the mucosa has been denuded 

The possible effect of trauma upon the blood 
supply of the gastnc mucosa is referred to on 
page 522 

The itairogcmc clctmnl tn the producltoii of ulcer 

Cushing was the first withm recent years to 
stress the importance of nerv'ous mfluences m the 
pathogenesis of ulcer He drew attention to the 
relativ’^ely high inadence of acute gastnc ulcers 
after intracranial operations Others prevuously had 
remarked upon the association of tumors of the 
mid-bram and diencephalon w’lth gastnc or duo- 
denal ulcers, and the older pathologists had men- 
tioned the frequenc>' of softening of the gastric 
wall (gastromalaaa) and other gastric lesions m 
subjects dying of cerebral conditions Cushing sug- 
gests that the influences ansmg m the parasym- 
pathetic center in the hj^pothalamus (p 1024) and 
conveyed along the vagus nerves, are responsible 
for changes in the gastnc mucosa which lead to 
the development of ulcer 

The expenmental investigations of a number of 
workers support this conception Beattie, for ex- 
ample, produced areas of hyperemia and small 
erosions in the gastnc mucosa (lesser curvature) 
by stimulation of the hypothalamus m the region 
of the tuber cmereum Keller and his associates 
have observed ulcerations of the stomach and 
proximal duodenum with small hemorrhages, fol- 
lowing lesions of the hypothalamus Hyperemia 
and erosions of the gastnc mucosa have also been 
produced by the injection of pilocarpine (a para- 
sympathetic stimulant) mto the third ventricle or 
by continued stimulation of the vagus nerve It 
may also be recalled that stimulation of the 
hypothalamus in the region of the tuber anereum 
IS followed by movements of the stomach (p 570), 
and that hypersection and gastric hypertonus 
(steer-horn type of stomach) are prominent fea- 
tures of duodenal ulcer Moreover, it is recognized 
clinically that the nervous “highly strung” type of 


person is more likely to be the subject of ulcer than 
IS the phlegmatic type, and that an ulcer m the 
process of healing not uncommonly relapses as a 
result of some nervous influence, wwry, emotional 
shock, concentrated mental work, etc The pro- 
found effect of psychic states upon the vasculanty 
of the gastnc mucosa has been described Babkm 
suggests the possibility that vagal impulses cause 
the liberation of histamme in the gastnc mucosa 
Through its vasodilator action and stimulating 
effect upon the parietal cells, conditions favorable 
to ulcer production arc provided, namely, high 
gastnc acidity and, through capillary stasis, de- 
fective blood supply to the mucous membrane 

It may w ell be as Gray and his assoaates suggest, 
that the effects of stress upon the development of 
ulcer are due to hormonal rather than to direct 
nervous influences, namely through ACTH and 
the discharge of cortisone from the adrenal cortex 
In normal subjects either of these pnnciples m- 
creases the concentration of aad and pepsm m the 
gastric juice, and in patients wnth duodenal ulcer 
hemorrhage or impending perforation was m- 
duced by their administration 

A possible mode of production of gastnc ulcer 
through nervous impulses is suggested by the 
discovery by Barclay and Bentley of arterio- 
venous anastomoses in the gastnc submucosa In 
stomachs exased for duodenal ulcer the finer 
mucosal vessels did not admit injection matenal, 
due apparently to the openmg up of larger chan- 
nels through w'hich the blood had been shunted 
Ischemia of the mucosa mduced by shuntmg of 
blood through deeper vessels could quite obviously 
lead to nutritional changes, low ered vitahty of the 
tissue and its digestion by the gastnc juice Op- 
perative trauma appeared to be the cause, through 
a spmal reflex, of the redistribution of blood 
through these shunts, for it was prevented by 
spinal anesthesia But it is easy to conceive of a 
similar effect bemg induced by impulses from 
higher nervous centers 

The experimental production of gastnc ulcer Besides 
the methods already mentioned, namely, by divertmg 
the alkahne seoeUon into the ileum and stimulation 
of the hypothalamic region, gastnc ulceration can be 
produced m animals by the daily oral admmistration of 
cinchophen or by the mjection of pitressin Gastnc ulcers 
can also be produced by the continued action of hista- 
mine or caffeine They are administered intramuscularly 
in beeswax m order to prolong their stimulating effect 
UDon gastnc secretion The mode of action of cinchophen 
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(which also m large doses causes liver damage) is un- 
known. Pitressm (or pitmtnn) apparentlj mduces 
superficial necrosis ol the mucosa as a result ol vascular 
spasm (see Dodds and associates) Byrom has shown 
that fohowmg pituitrm admmistration necrotic areas 
accompaiued by small hemorrhages occur in other 
organs as welk 

The cause of the pant m duodenal ulcer 

As already mentioned the pam of duodenal ulcer 
commences when the stomach is nearly empty, 
that IS, usually about two hours after a meal 
There is not general agreement as to the mecha- 
nism whereby the pain is produced It is generally 
conceded, howet er, that it is not due to the direct 
stimulation of pam endmgs m the ulcer by aad or 
by food, pam fibers of the gastro-mtestmal tract 
are not sensitu e to chemical or the ordmarj tj'pes 
of mechanical stimuh, tension is them adequate 
stimulus (p 599) Ne\ertheless, that the aadity 
of the chyme is an important factor m the produc- 
tion of pam IS esndenced by the experiments of 
Palmer and others Palmer found that the mtro- 
duction of 300 cc. or so of a 0 j per cent solution 
of hvdrochlonc aad mto the empty stomach of a 
large proportion of ulcer patients caused pain 
This procedure aroused no sensation in normal 
persons The pain is therefore considered by most 
obseners to be a consequence, though an mdtrect 
one, of the stimulation of afierent nenes in the 
base of the ulcer bv the aad chvme. Disturbances 
of the motor mechanism of the stomach or duo- 
denal cap (p 570) dependent upon reflexes initiated 
from the imtable focus are behe\ ed to be the cause 
of the pain 

An obsenmtion of Dragstedt and Palmer, how- 
ex er. suggests that m some mstances the nerv es of 
the ulcer, as a result of inflammation, may have 
become so hypeisensitoe that they' giie nse to 
pain m response to stunuh pf a type to which 
healthy \ isceral nen es are insensitive. It was 
found that gentle stroking of the surface of an 
ulcer, m a conscious patient during an operation, 
caused pam Although spasm of the intestinal 
muscle ocoirred m the region of the ulcer, and this 
was pamful, the ulcer surface itself appeared to be 
directly sensitixe to mechamcal and chemical 
stimulation Imgating it with aad was followed 
by pam which was rehexed by the apphcation of 
sodium bicarbonate Exndence has come from 
other quarters that the gastne nerxes subsemng 
pam, which normally are inscnsiUx e to the ordinary 
types of stimulus, may be so altered by inflam- 


mation as to give nse to pam when stimulated by 
acid Jones found that whereas HCl, alcohol, so- 
dium hydroxide, and other chemicals when applied 
to the mtenor of the healthy human stomach 
aroused no sensation, sex ere pam xvas caused when 
an inflamed mucosa was treated sunflarly Bonney 
and PicLermg from experiments upon patients 
with duodenal ulcer showed that emptying the 
stomach brought rehef, but the return of the aad 
fluid to the stomach caused the pain to return 
They believe that the pam was due to the direct 
stimulaUon of the abnormally sensitive nerxes by 
aad 

Although motor disturbances of the pylonc and 
duodenal region are probably , m most instances, 
responsible for the ulcer pam, there is not general 
agreement as to their precise nature. Accordmg to 
some, spasm of the pylorus (pylorospasm), is re- 
sponsible. Hurst considers that achalasia of the 
spmeter, i e , a failure to relax upon the approach 
of a peristaltic wax e (p 562) rather than actual 
spasm exists The immediate cause of the pam he 
behexes to be the distension of the wall of the 
pylonc antrum as a powerful peristaltic wave 
drives fluid downwards against a pxlonis which 
fails to open The observations that pam may occur 
m the absence of peristaltic actixntx' in the stem 
adi, and be absent durmg gastne hypermotflity , 
and that the pam is often continuous rather than 
mtemnttent, are opposed to this conception Rxle 
attnbntes the pam to a general increase of gastne 
tone. The researches of WTlson mdicate that the 
pam of duodenal ulcer is due to contraction of tht 
duodenal cap He exammed the stomach of pa 
tients with duodenal ulcer under the fluoroscope 
after the ingestion of a banum meal, and durmg 
the pam By moderate pressure upon the stomach 
through the abdommal wall he was able to drive 
fluid through the pylorus In 14 out of 16 subjects 
the entrance of flmd mto the duodenal cap was 
followed by relaxation (receptix e relaxation) of the 
latter and the rehef of pam The case xnth which 
material was pressed mto the cap argues against 
the existence of a degree of pydorospasm, or acha- 
lasia which could result m pamful distention of the 
antrum Furthermore, m many mstances pam was 
e-xpenenced though the stomach was free from 
peristalsis In xnew of these observations assoaat- 
mg contractions of the waU of the duodenal cap 
with ulcer pam, it is quite conceivable that such 
contractions by causmg tension to be exerted upon 
inflamed nerv e endmgs in the base of the ulcer are 
responsible for the sensation 
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On the other hand, if the pain onginates in this 
way how are we to account for the immediate 
rehef which frequently follow s the mgestion of food 
or of sodium bicarbonate? The rehef, m some m- 
stances, occurs too rapidly to be accounted for 
simply by a reduction m aadity of the gastnc 
contents Are w'e to assume that m the case of 
bicarbonate mgestion the gas evolved passes at 
once through the pylorus and causes relaxation of 
t he walls of the duodenal cap m the same manner 
as does fluid matenal forced through the pylorus 
by manual pressure? On the other hand, does the 
mgested food, or the evolved gas, by mcreasmg the 
volume of the gastnc contents abolish the pam by 
causmg an adaptive relaxation of the gastnc walls 
(pp 557 and 564) This is Ryle’s suggestion Defi- 
nite answers to these questions are not forthcommg 
and the immediate cause of the pam of duodenal 
ulcer IS still under debate 

Pam, m some instances, is due, apparently, to 
the spread of the inflammatory process to the 
serous coat and the traction of pentoneal adhesions 
Pam of this nature is influenced by posture, dis- 
appeanng usually w'hen the subject redmes 

A new explanation of ulcer pam is offered by 
KinseUa, namely, engorgement of the vessels m the 
mdurated base of the ulcer and the resultmg m- 
crease m tissue tension At the time that the pam 
comes on the stomach is emptymg, then, accordmg 
to this vascular conception, the capillary bed of the 
gastnc wall is compressed and blood forced mto 
the less resflient ulcer area The rehef from pam 
after food is attributed to the withdrawal of blood 
from the ulcer site to other parts of the gastnc 
mucosa Kmsella beheves that aad and the mo- 
tihty of the stomach play secondary r61es m the 
production of ulcer pam Thus, the pam of ulcer 
IS placed m the same category with pam caused by 
a chrome mflammatory lesion m other situations, 
e g , m a boil or an ulcer of the leg It is well known 
that the pam assoaated with inflammation is ag- 
gravated by hyperemia 

The appltcahon of phystologtcal principles to 
trecUmenl 

The modem medical treatment of duodenal 
ulcer comprises the following measures (a) Meals 
at frequent mtervals, this practice has the two-fold 
effect of reduemg gastnc aadity and fumishmg 
digestive products (probably peptones) which, as 
shown by the experiments of Mann and Bollman, 
exert a protective action agamst the action of aad 
fb) The mdusion m the diet of such matenals as 


cream and milk which, by inhibitmg gastric seae- 
tion and motflity, provokmg the expulsion of bile 
from the gallbladder and stimulatmg the seaetion 
of pancreatic juice, tend to reduce the aadity of 
the duodenal contents (c) The limitation of highly 
seasoned foods and matenals nch m extractives, 
espeaaUy meats and alcohol, which stimulate the 
gastnc glands (d) The omission from the diet of 
coarse mdigestible articles, e g , raw fniits and 
vegetables, which are hkely to cause mechamcal 
imtation of the ulcer (e) The administration of 
alkalis, such as sodium bicarbonate to neutralize 
the aad, or of mucm which has a high aad-com- 
bimng power (p 502), and serves to form a pro- 
tective coatmg for the ulcer Enterogastrone 
(p 512) has been advocated as a means of m- 
hibitmg gastnc secretion and motihty There is 
real danger of mduemg alkalosis by the prolonged 
administration of readily absorbable alkahne 
salts such as sodium bicarbonate Tn-calaum 
phosphate, calaum carbonate and magnesium 
oxide, and coUoidal al umin um hydroxide although 
less effiaent antaads are much less hkely to m- 
duce alkalosis owmg to their relatively shght 
absorption The last mentioned chemical is said 
to inhibit secretion and to mactivate pepsm, 
but these substances, m general, are merely neu- 
trahzmg agents and do not affect the secretion of 
aad Some, such as sodium bicarbonate, may 
actually maease secretion Synthetic anion ex- 
change resms (e g , Resmat) used for the same 
purpose, have a high neutralnimg power, inhibit 
peptic activity and are non-absorbable (f) Atro- 
pme IS sometimes employed to reduce seaetion 
(g) On the basis of the urea-urease-ammoma 
mechamsm urea admmistration has been em- 
ployed with success m the treatment of ulcer (h) 
The avoidance of overwork, mental or physical 
fatigue, worry or any psychic state hkely to brmg 
the neurogemc factor mto play (p 523) 

In the treatment of duodenal ulcer, surgery is 
resorted to much less frequently today than m the 
past When some compheatmg feature (e g , hem- 
orrhage, perforation or pylonc abstruction) calls 
for operative treatment, one or otha of the fol- 
lowing procedures is usually undertaken with the 
object of effectmg a radical cure (a) Excision of 
the ulcer and reconstruction of the duodeno-pylonc 
region (pyloroplasty) (b) Anastomosis of the jeju- 
num to the posterior aspect of the stomach at the 
lower part of the greata curvature (posterior 
gastroenterostomy) (c) A combmation of (a) and 
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(b) (d) Resection ol the pylonc region oi the 
stomach and of the ulcer-beanng area, and then 
either (i) anastomosmg the cut end of the duo- 
denum directly to the gastric stump (Billroth I type 
of operation), (u) closmg the duodenum and the 
gastnc stump and performing a postenor gastro- 
jejunostomy (Bdlroth n operation) or (in) closing 
the duodenum and joming the jejunum to the 
gastnc stump (Polya-Balfour operation) 


The operation of supradiaphragmatic section of 
the v'agus nerves (vagotomy) mtroduced by Drag- 
stedt and associates in 1944 has been practiced 
extensively for gastnc and duodenal ulcer Its 
aun IS the reduction of the continuous (mter- 
digestive) secretion of gastnc acid (p 505), esjic- 
aally durmg the night The gastnc and intestinal 
phases of secretion are little affected by this 
operation 
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The Pancreas 

Structctee The pancreas is a racemose gland, its 
alveoli resemblmg those of the salivary ^land m their 
general arrangement and design Lymg between the 
alveoli are groups of cells constitutmg the Islands of 
Langerhans which furnish the mtemal secreluon of the 
’paiicreas (msulm, ch 49) The cells which hne the 
alveoli and furmsh the ferments of the pancreatic juice, 
contam, like the serous” cells of the sahvary glands and 
the chief cells of gastric tubules, zymogen granules 
which become reduced m number durmg secretory activ- 
ity, and mcrease agam after a penod of rest Two dis- 
tinct zones may be seen m these cells, an inner lying 
next the alveolar lumen and contammg the zymogen 
granules, and an outer which is clear and homogeneous 
Durmg secretion the outer clear zone increases m depth 
at the expense of the granular zone 

The secretion is collected by a branching system of 
ducts which eventually lead mto the main pancreatic 
duct — duct of Wtrsung This discharges m company 
with the common blle~duct mto the ampulla of Vater, 
which opens through a small orifice, situated upon the 
summit of a small papilla about mches below the 
pylorus In a certam proportion of cases the pancreatic 
and common bile ducts open mto the mtestme by 
separate orifices An accessory pancreatic duct-^ ^dwf o f 
Saniortm — is usually present It opens mto the duo- 
"denum'' about f mch above the duct of Wirsung, it also 
sends a branch to the latter through which it dehvers 
the greater part of its contents 

The acinar and islet tissues are supplied by separate 
artenoles The gland receives a rich innervation from 
both sympathetic and parasympathetic sources 

THE COMPOSITION OF PANCREATIC JUICE 

The composition of pancreatic juice is given m 
table 37 modified from Starhng It is alkaline m 
reaction, due mainly to a high content of sodium 
bicarbonate, whose concentration is from 100-150 
milliequivalents per hter Its pH is between 7 10 
and 8 20 (m the dog) 

The ferments of pancreatic jmce are trypsin, 
chyniotrypsin, amylase, hpase, renmn and maltose 
Unlike the gastric enzymes, apparently those of 
pancreatic juice are produced by one type of cell 

Pancreatic proteinoses 

There are at least two protemases m pancreatic 
juice — trypsin and chymotrypsin Trypsin is not 
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secreted as such but m an mactive form called 
trypsinogen The activation was first shown by 
Schepowalnikow m Pavlov’s laboratory to be 
brought about by the addition to pancreatic jmce 
of a small quantity of mtestmal jmce or an extract 
of the mtestmal mucosa The activation is due to 
an enzyme called enterokinase It has been demed 
by some (e g Waldschmidt-Leitz) that entero- 
kmase is a true enzyme, but, as a result of the work 
of Kumtz, its enzymic nature is now accepted 
Trypsmogen undergoes spontaneous transforma- 
tion to trypsm when the pancreas is allowed to 
stand m a slightly aad solution Pure trypsmogen 
1 is also activated by the addition of trypsm, or of 
magnesium or ammomum sulphate The spontane- 
ous (autocatalytic) activation of trypsin is greatly 
accelerated by the presence of a calaum salt 
Chymotrypsm, like tiypsm, is secreted m an m- 
active form, chymotryPsinogen, and is activated by 
tiypsm but not by enterokmase These two en- 
zymes, trypsm and chymotrypsm, are mamly re- 
sponsible for the proteolytic activity of pancreatic 
juice Both enzymes are pro terns and they, as well 
as them precursors, have been obtamed m pure 
”~crystallme form Trypsm has no milk-curdlmg 
power, but is capable of clottmg blood, whereas 
chymotrypsm, although it will not cause coagula- 
tion of blood has a powerful milk-curdlmg action, 
and is probably identical with pancreatic rennm 
The optimum pH for the action of trypsm and of 
chymotrypsm is aroimd 8, that of enterokinase is 
withm the range between pH 5 2 to pH 6 0 
The action of trypsm carries the digestion of 
protem beyond the peptone stage It also differs 
from peptic digestion m bemg carried on m an 
alkalme mstead of m an aad medium It is pos- 
sible, moreover, that different hnkages m the pro- 
tem molecule are attacked by the two enzymes 
Though under ordinary circumstances trypsm is 
called upon to commence its action after the gastnc 
juice has converted a large part of the protem mto 
proteoses and peptones, if can also attack native 
protem, flesh introduced duectly mto the duo- 
denum IS readily digested by the panaeatic jmce 
Nevertheless, the preparatory digestion of protem 
by gastnc jmce is favorable to tryptic action The 
specific action of trypsm is to break the proteose 
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TABLE 37 

(Modified from Starling) 



SEOUETIN jmCK 
T»0« THBIX 
BOOB t 

(BP Olu 1014) 

PILOCARPI NK 
^ jincE 

Altahnity, due chiefly to 
bicarbonate, number 
of cc of N/10 NaOH 
equal to 100 cc juic? 

1 

127 00 1 

5 5 

Total sohds m 100 cc. 

1 58 gm 

6 4 gm 

Total protems m 100 cc 

0 5 “ 

4 8 “ 

Ash m 100 cc 

0 96 'f 

1 3 “ 

Chlorides m 100 cc 

0 30 '' 

0 27 " 

Total mtrogen 



0 74 “ 


and peptone fragments of the protem molecule into 
smaller ammo aad groups These are generally 
termed pepiids In the earher stages of tryptic 
digestion the ammo groups are for the most part 
still relatively \z.Tgt~polypepHds Some of these 
are later split mto groups contammg 2, 3 or 4 
ammo-aads, constitutmg the dt-pepltds, tn-pepltds 
and teira-pepltds , even a few mdividual ammo 
aads, such as tyrosme and tryptophane, are re- 
leased The complete disruption of protems mto 
its ammo aads is reserved for the erepsm of the 
succus entencus (p 533) The pancreatic jmce 
itself also contains a small amount of an enzyme 
similar m action to erepsm 

Pancreatic amylase {amylopsin or diastase) 

This has an action similar to but much more 
powerful than that of sahvary amylase (ptyalm, 
see p 492) In the hydrolysis of starch by pan- 
CTeatic juice the same stages are passed through as 
have already been descnbed for sahvary digestion 
but they are completed m a fraction of the time, 
most of the starch bang converted into maltose 
within a few nunutes This en^me is ^ ytraor - 
dmarily pot^ , bemg active m a dilution of l^m 
192i2ffijOOO, and m pure form will digest 4,000,000 
times Its own weight of starch (Thomas) Due to 
traces of maltose small amounts of glucose are also 
formed m the final stages of the pancreatic diges- 
tion of starch Pancreatic amylase unlike the cor- 
respondmg sahvary enzyme is capable of dig estin g 
imboile d starch ^ Raw-eom-and wheat starcn m ay 
be conygrted entirely mto malt(}se.- and .raw-t)otato~ 
starch is transformed Jo the extent of^80 percent 
It IS important to remember m connection with 
infant feeding that dunng the first few weeks of 


life panaeatic amylase, the only really eflaaent 
ferment for the digestion of starches, is absent from 
the pancreatic juice Little provision has been 
made for the digestion at this time of any other 
food than the natural one — milk 

The amylolytic ferment of the pancreas acts m 
a neutral, shghtly alkahne or slightly aad medium 
It acts to best advantage when the medium is 
famtly acid iSi' neutral in reaction, its pH optimum 
Vll^ng'^r^ 6 7 to 7'0 Certfim morganic ions, 
espegallv Cl~, are absolutely es sentiaLipr its ac- 
tion, if these ar e separated f ronuanc reatic juice 
by dialysis the j uice is deprived of its starch- spht- 
"tuig'^wer Part of the amylase is beheved to be 
Veab^Eed from the mtestme and excreted m the 
unne 

Pancreatic hpose or sieapstn 

Fat IS not digested to any important extent until 
It has reached the mtestme Here the hpase splits 
the fat molecule mto its constituents, fatty aads 
and glycerol (see p 687) A certa in proportion 
of the fatty aads combme with the alkali m the 
mtestmal fluids to form soaps These through their 
property of lowermg surface tension aid the divi- 
sionof thefat intosmaller globules, a finer emulsion 
of fat with the mtestmal juices results and the 
total surface area of the fat exposed to enzyme 
action is thereby mcreased * The bile salts (p 536) 
have a similar but more important effect upon the 
emulsification process They therefore greatly en- 
hance the fat-splittmg action of steapsm The 
reactions are shown m the foUowmg equations 

Cia(C,7HaCOO)i + 3HiO - CiHi(OH)i + 3CoH»COOH 
Tnstciiin Glycerol Stemiic acid 

CnHaCOOH + NaOH - CnHnCOONa + HjO 
Stearic acid Sodium ttearate 

(soap) 

Pancreatic hpase has not been obtamed pure or m 
crystalhne form Pancreatic renmn has an action 
similar to that of gastric renmn (p 501), but the 
pancreatic juice has a much more powerful milk- 
curdlmg power than has gastne jmee It is probable 
that the action is not due to a separate enzyme but 
to chymotrypsm (p 527) 

The panaeatic enzymes do not show immediate 
adaptation to feedmg diSaent types of food (see 
p 531) 

’ Soaps are not formed in an aad medium, any which 
have bren formed m the alkahne juices become pre- 
apitated again as the aadity of the mtestmal contents 
inaeases 
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Disorders of the digestive function of the pancreas 

In chronic pancreatic disease (ch ronic ji ancreatitis) 
the digestive power of the juice secreted by the gland 
becomes markedly reduced tsith the result that the 
feces contam quantities of undigested fat, protein and 
starch The stools arc mcrcascd in bulk and pale, and 
there may be diarrhea ^gMcreatogcnqus_^iain[hca) 
Several clinical tests have been devised in order to 
determine the extent of the impairment of the digestive 
functions of the gland The microscopical examination 
of the feces for intact muscle fibers after a meal of meat, 
orjLhc estimation of the fecal fat often gives valuable 
"information Others estimate the enzyme activity of 
the duodenal contents withdrawn through a duodenal 
tube Acute pancreatitis is assoaated mth severe ab- 
dominal {Kun) vomiting and symptoms of shock In the 
more severe tj'pes of the acute disease hemorrhages mto 
the glandular substances wnth necrosis occur Fat necro- 
sis in the mesenterj', omentum and pentoncum, as n elf 
as in the pancreas itself is commonly obscr\’cd This is 
caused by the escape of lipase from the disorganized 
gland 

Hemorrhagic pancreatitis has been thought to be the 
result of the obstruction of the outlet of the ampulla of 
Vatcr (gallstone, spasm of sphincter of Oddi or sn elhng 
of duodenal mucosa) and the passage, in consequence, 
of bile into the pancreatic duct sj'stem (Archibald) 
Honever, according to Dragstedt and his assoaates 
only about 60 per cent of cases of hemorrhagic pan- 
creatitis anse in subjects of chronic biliary' tract disease 
and in only about 10 per cent of these is the ampulla 
obstructed by a gallstone Rich and Duff find that the 
reflux of bile into the pancreatic ducts is a rather infre- 
quent accompaniment of hemorrhagic pancreatitis 
When reflux of bile is observed obstruction of the pan- 
creatic duct sy-stem wth subsequent rupture of the 
duct r\all and Uie escape of pancreatic juice into the 
interstitial tissue of the pancreas is believed by these 
observers to be the essential factor in the production 
of the hemorrhagic lesion, rather than the action of 
the bile itself Obstruction to the lion of pancreatic 
juice, due to metaplasia of the epithelial lining of a 
branch of the pancreatic duct nithin the gland, is con- 
sidered by Rich and Duff to be the commonest cause 
of acute pancreatitis The ductules and aani behind 
the obstruction become dilated, rupture of the dis- 
tended nails and the escape of digestive enzymes into 
the glandular substance is looked upon as the im- 
mediate cause of the disease The interstitial tissue of 
the pancreas, in common with other tissues of the body, 
possesses the power to activate the trypsinogen of the 
pancreatic juice, digestion and necrosis of the blood 
vessels result These observers found metaplasia of the 
duct epithelium and aanar dilatation in 13 of 24 cases 
of hemorrhagic pancreatitis In rrtost cases of the disease 
a gallstone was not found in the ampulla of Vater and 
the mam pancreatic duct nas unobstructed It is pointed 


out that rupture of a dilated ductule or acmus is most 
likely to occur when the secretion pressure of pancreatic 
jmee is high, i e , after a large meal or the ingestion 
of alcohol 

A determmation of the concentration of the amylase 
or lipase of the serum or of the output of amylase m the 
unne is valuable as a means of recognizing acute pan- 
creatic disease In pancreatic damage the urinary 
amylase and the concentration of amy'lase and of 
lipase in the serum are greatly increased The secretin 
test IS of great value in investigation of pancreatic m- 
sufSciency, especially in chronic disease, e g , cystic 
fibrosis of the pancreas In performing the test a purified 
preparation of secretin is injected intravenously and the 
duodenal secretions withdrawn by suebon through a 
duodenal tube The secretions arc collected in 20 
minute periods for an hour followmg the mjection and 
the enzyme activity (trypsm, lipase, amylase, and 
phosphatase) determined 

TnE Efixcts of the Total Drainaoe of Pan- 
creatic Juice to tjte Exterior Elman and Mc- 
Caughan have demonstrated the fatal effect of the loss 
from the body of all the pancreatic juice In dogs the 
survival time followmg the establishment of a pan- 
creatic fistula through which the juice was dramed to 
the extenor was from seven to eight days Loss of 
electrolytes with consequent dehydration (p 24) is 
undoubtedly a factor leadmg to this result, for the hfe 
of the animals can be prolonged by' the intravenous 
admimstration of Ringer’s solution Death cannot, how- 
ever, be prevented by this treatment, the animals suc- 
cumbing after some weeks in spite of it Nor do the 
animals die simply as a result of inanition, for it has 
been showm that in the absence from the mtestine of 
the pancreatic juice either ns a result of a pancreatic 
fistula or of pancreatectomy, sufficient quantities of 
food are digested and absorbed to maintain life for 
indefinite penods It has been suggested, therefore, that 
the loss of some matenal essential to hfe other than 
salts and W’ater is the cause of death 

Ligation of the pancreatic ducts in dogs is followed by 
defective digestion and absorption of all three types of 
food stuff There is pronounced poly'phagia, loss m 
weight and impairment of liver function (Ivy) The 
general nutrition of animals is improved by' feeding raw 
pancreas Similar defects of digestion occur in man 
when the flow of pancreatic jmee is obstructed But the 
depression of fat digestion and absorpbon vanes 
considerably in animals and man, the range being 
from 0 to 92 per cent of fat absorbed There is no 
satisfactory explanabon for this variability 

THC SECRETION OF PANCREATIC JUICE 

Small quanUbes of pancreatic juice are secreted 
continuously Secretion is under both hormonal 
and nervous control 
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The hormonal control 


In 1902 Bsjbss and Starling showed that an 
aad (HQ) extract of the duodenal mucosa when 
mj^eaihto the blood stream of an anunal caused 
a copious flow of pancreatic juice Intra\enous 
mjection of the aad itself was meffectiie. A seae- 
togogue effect also followed the mtroducUon of 
aad mto a loop of bowel whose ner\ ous connec- 
tions had been completelj se\ ered, the onlj com- 
mumcabon between the bowel and the panaeas 
bemg then through the blood stream Theseaetorj’ 
effect was shown to be specific and not simplj due 
to \-asodilatation of the panaeaUc \essels The 
eiatatorj substance was called secretin 
The obinous phj'siological implication of these 
results was that the aad chj-me upon commg into 
contact with the duodenal mucosa caused the 
production, or liberation, of a substance which was 
then con\ ej ed bj the blood to the panaeatic cells 
Ivj, Farrell and Lueth transplanted a loop of 
mtestme and the tail of the panaeas to subcutane- 
ous sites, thus isolatmg the two structures indubit 
ablj from extrinsic nerv ous control Thej observ ed 
secretion from the panaeatic transplant when 
aad was placed m the isolated loop Smce the 
mtraienous mjection of aad alone is ineffec- 
ti\e, this expenment affords conclusiie evidence 
for the liberation of a hormone from the mtestmal 
mucosa * MeUanby and Huggett in 1926 demon- 
strated that seaetm existed preformed m the 
mucosa from which it could be extracted bv water, 
alcohol and otha solvents as well as by aad 
Bajhss and Starhng had claimed that the hormone 
existed m an macbve or precursory form which 
they called prosecretin Mdlanby also found that 
bile mtroduced mto the duodenum caused seaetm 
to be absorbed mto the blood stream and that the 
activ e agent m the bile was the diohc aad of the 
bile salts He suggested that the bile salts m their 
passage through the mtestmal mucosa absorbed 
the seaetm and earned it mto the blood Bile 
salts, howeva, though aidmg m the absorption of 
the hormone are not absolutely essential Ivy and 
his colleagues ha\ e shown that food (meat and fat) 
entenng the mtestme stimulates panaeatic seae- 
tion m the usual manna afta hgation of the 
common bile duct. 

Seaetm exerts a hydrelatic action,* that is, it 


The word, hormone, was used for the first tim 
^ e^enments They also furnished 
first Mndunve endence of a hormonal mechanism 
i “d ecboltc are terms mtroduced by 1 

^=^vely, the secretion of wite 


causes the seaetion mainly^ of water and the in 
organic constituents of the juice (see below) lu 
action IS little affected by aUopine m moderate 
dosage, or by ergotamme which paralvacs sy'iiipa 
thetic seaetory fibers, so thac is no cv idence that 
its production or absorption is influenced by ner 
vous mechanisms, or that it stimulates para 
sympathetic or sympathetic terminals in the 
pancreas It appears to be a direct excitant of the 
glandular cells Secretin also stimulates the scae- 
tion of bile and probably of the succus entencus 

An influence of the hypophysis on the seaetm 
content of the small intestine has been demon 
strated by Dorchester and Haist In rats, the ex- 
tractable hormone is significantly reduced afta 
hypophvsectomy, but this result could be pre 
vented by daily injections of an antenor lobe 
extract, by ACTH, or by the growth hormone A 
slight macase m the seaetm content was mduced 
by mjections of an antenor lobe extract into normal 
rats, but not bv ACTH or the growth hormone 

Agren and assoaates have prepared seaeUn in crys- 
talline form It IS a polypcptid (molecular wL 5000) 
giving a positive biuret but a negative ninhydnn re 
action It IS basic in charaaer, containing histidine and 
arginine but is free from cystine, tysosine and trypto- 
phane This preparation and a cruder but non tone 
amorphous material has been used by these workers 
to test bdiary and panaeatic functions m man Ivy 
and Greengard have obtamed 'eaepn in the form of a 
crystalline piaolonate The highest vield of *;caetin is 
given by the upper two-thirds of the small intestine. 
Minimal amounts are obtained from the Iowa third of 
the small mtestme and from the ascending colon It is 
absent from the gastric mucosa 

Pancreozymin This is the name which Harper 
and Raper have given to a second pancreatic 
e.xcitant obtained, like secretin, from extracts of 
duodenal mucosa Its existence has been confirmed 
by Greengard and his assoaates Unlike seaetm it 
stimulates the secretion of trypsin, amylase and 
hpase {ccbolic effect) but exerts little or no effect 
upon the volume of secretion It causes the dis- 
charge of the zvmogen granules, its action is thus 
similar to that of the vagus, though its effect is 
apparently a direct one upwn the gland cells and 
not exerted through the nerve terminals, for it is 
not altered by atropme 

It caimot be definitely stated that panaeozymm 
is a hormone for it has not been shown to play a 
physiological role, i e., discharged into the blood 
stream durmg digestion, as has been proved for 
seaetm 
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The control of pancreatic secretion by nerves 

It has been know n since the important w ork of 
Pavlov on pancreatic secretion that the gland cells 
are exated by vagal impulses Control of pan- 
creatic secretion by the vagus was shown in the 
follow'ing way The nerv'e was dmded in the neck 
four days previously This preliminarj’ procedure 
has the effect of abolishing the irritability of the 
cardiac fibers since thej' degenerate before the 
Becretor>' fibers IVhen the nerve prepared in this 
,ray is stimulated a secretion of juice occurs, but it 
js much less obvious than that caused by secretin 
jr may not be evident at all This led to the belief 
that nen ous control of pancreatic secretion w as of 
little importance, or that the vagus contamed 
inhibitor}' as w ell as the exatatory fibers, and that 
the effect of the former overshadow’cd the effect of 
the latter But there are two reasons for the in- 
conspicuous effect of \agal stimulation First, 
\agal secretion as compared with the secretion 
evoked by secretin is viscous and of small volume, 
and, secondly, a coincident contraction of the 
larger ducts results, which blocks the flow' The 
vagal secretion is particularly nch in ferments 
(ccbolic effect) and is accompanied by a reduction 
m the zymogen granules of the cells The chief 
effect of secretin, on the other hand, is to cause the 
secretion of the water and inorganic constituents, 
e g , the bicarbonate of the pancreatic juice Only 
after repeated injections of secretm docs a reduc- 
tion m the z}'mogen granules occur, and this effect 
IS always less pronounced than that follow-ing vagal 
stimulation Apparently then, the extrusion of the 
colloidal zymogenous partidcs from the cells into 
the alveoli is largely controlled by nervous im- 
pulses Secretin, on the other hand, causes a flow' 
of alkaline fluid which serves to flush the alveoli, 
to thin the juice nch m organic matenals and 
sweep it along the ducts Pilocarpine acts similarly 
to vagal stimulation Atropme annuls the nervous 
secretion but, as already mentioned, has little 
effect or none at all on the action of secretin or of 
pancreozymm Stimulation of the splanchnic 
neiv'cs w as found by Harper and Vass to reduce the 
rate of secretion of pancreatic juice and the output 
of enzymes, but this may be secondary to a con- 
strictor effect upon the vessels of the gland They 
conclude that the sympathetic is either \vithout 
effect upon pancreatic secretion or is mhibitory 
Pavlov showed that there is a psychic element 
in the control of pancreatic secretion Though the 
secretion m this cephalic phase is much less than m 
the case of gastric secretion, sham feeding was 


found very definitely to mcrease the pancreatic 
flow' — a result which Iv}' has confirmed 

THE ACTION OF THE CHYME UPON PANCREATIC 
SECRETION 

Chyme escaping through the pylorus causes an 
approximately equivalent amount of alkaline flmd 
(bile and pancreatic juice) to enter the mtestine 
Among the substances in the chyme which exert 
the greatest secretogogue effect upon the pancreas 
are aads, meat extracts, protein denvatives, fats, 
fatty aads, soaps and w ater 

There is evidence that peptones, acids and soaps 
exert their action through local reflex mechanisms 
and that these m turn are influenced by vagal 
impulses Cnder and Thomas found that the effect 
of peptones and of aad (but not of soap) upon 
secretion was abolished immediately after section 
of the vagus nerves Recovery occurred a few days 
later but the juice w'as reduced in volume and m 
its concentration of total mtrogen They suggest 
that the vagus exerts its control upon the pan- 
creatic seaetion not directly but through augmen- 
tation or inhibition of the activity of the local 
reflexes ^ The splanchnic nerves, on the contrary, 
appear to be w ithout effect upon pancreatic seae- 
tion mitiated by chemical stimulation of the in- 
testine Peptone stmiulation causes the seaetion 
of a juice resemblmg that resulting from vagal 
stimulation, being of higher speafic gravity and 
w'lth a nitrogen concentration many times greater 
than that caused by acid, water or seaetin Pep- 
tone stimulation is also accompanied by depletion 
of the zymogen granules of the aanar cells (Ram- 
say, Thomas and Coder) It is possible that certain 
other products of digestion may enter the orcu- 
lation and be carried duectly to the gland (humoral 
mechanism, p 512, footnote) Bile m the mtestme 
appears to be mthout effect upon panaeatic se- 
cretion or IS inhibitory, the secretion induced by 
soap or peptone is definitely mhibited by bile 

The adaptation of the concentrations of amylase and 

trypsin in the pancreatic juice and tissue to the 
predominant dement of the diet 

Grossman, Greengard and Ivy found that the am- 
ylase concentration m the panaeatic juice and tissue 
of rats maintained upon a diet predominantly carbo- 
hydrate was greatly inaeased and the trypsin content 
deaeased In animals on a high protem diet, the trypsm 
content of the pancreas was inaeased and the amylase 

* It may be, as Greengard and his assoaates suggest, 
that the vagus exerts its effect sunply through causmg 
vasodilatabon 
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content reduced A high fat diet had httle efiect, h<rv- 
eeer, ■upon the p-oduction of pancreatic Iqiate or of 
trvpsin hut reduced the concentrapon of am\lase in 
tne pancreaPc juice and UiStte. The h\ drol\-tic product 
of starch, naraeli , gluco^ increases the amjdase con- 
tent 01 the panaear, but the products of protein (casern) 
digestiDn have no such action upon trypsin production. 
G-osnnan and his associates suggest that amvlase pro- 
duction IS regulated through a humoral mechanism 
miolimg gluco^ irhereas the trrpPc content of the 
pancreas is controlled refleili 

The Ixtestesae Jetce 

THE STFECrrEE OT THE rSTESTECAE GLANDS 

The mtestmal juice or siKctis erlcrtcits is the 
name gn en to a specific secrebon of mnumerable 
gknds scattered diffuselj over the mucosa of the 
small mtestme The glands consist of mmute tubu- 
lar pits — the cry pis of LtcberhV r — Imed bt cells 
v-hich are contmuous nth the general epithelial 
covering of the mucosa. Glands of a smafiar char- 
acter are present m the large mtestme, mduding 
the appendix but their secretion possesses httle or 
no digestive action Confined to the duodenum, 
and espeoallv numerous m its upper part, another 


type of gland is found, this is the gland of Brunner 
The glands of Brunner ramble the gastac glands 
of the pv lone region and, like the latter, are tortu- 
ous and branching Their secretion, also, like that 
of the pvlonc glands, is alkaline, it contains mucus 
and a weak proteolytic ferment 

To the naked ev e the mucosa of the small mtestme 
presents a v eh eh appearance, due to the presence of 
immense numbers of minute slender processes which — 
like the pile of v civet — ^project from its surface. These 
are the tnlesimal ''iUi They are barelv vnsible mdi- 
vuduaDv to the unaided sght and number from 20 to 
•10 to the square millimeter They are absent from the 
large intestine. Each villiis shows a Jvmph vessel 
(lacteal) which occupies its ans from the base to near 
Its tip -An artenole enters each viDas, and from this a 
capiUarv plems arises from which the blood is returned 
by one or two venules The deeper regions of the pits 
formed between adjacent villi dip mto the submucosa 
and constitute the mtestmal glands or crypts of Lieber- 
LOhn (fig 40 1) The ceDs covenng the somewhat club- 
shaped extrermbes of the vilh are columnar m shape 
and peculiar m that their free borders show a v ery fine 
stnation, the stnae running peipendicular to the free 
surface of the cell ilany of the columnar cells become 
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transformed into goblet cells which discharge mucus 
into the intestinal lumen 

The cells lining the erupts of Lieherktihn arc of four 
Ij-pcs (a) CoUtmnar cells (b) Goblet cells These two 
Ij^pes of cells arc similar to those of the \illi but do not 
possess the fine stnations just referred to Tlie more 
superficial portion of the gland tubule is lined by these 
two cell tj-pes alone (c) Large flask shaped cells which 
stain with silver ammonium oxide Thej’ arc therefore 
known as argentaffin cells or cells of Kultschitzsky These 
cells contain granules but their function is a disputed 
question According to some thej arc endocrine ele- 
ments, while others bclic\c thc\ supplv ferments to 
the intestinal juice (d) Cells of Pandh These he in the 
bhnd extremity of the glands of the ileum but not in 
those of the duodenum Their protoplasm shows a fine 
reticulum and is studded with coarse granules The 
function of these cells has not been definitely deter- 
mined, but from their resemblance to the secretory 
cells of other digestive glands tliej arc presumed to sup- 
plj the ferments of the intestinal juice (fig 40 2) 

■nre COMPOSITIOV of the intestinal juice 

Owing to the admuxture of the succus entencus 
with tlie other intestinal secretions — pancreatic 
juice and bile— and to the fact that tlie glands are 
diffusely scattered throughout the mucosa, special 
means must be devised for its collection in a pure 
state Pure juice may be obtained by the establish- 
ment of a Tlnry fistula This consists m completely 
isolating a loop of small bow el from the rest of the 
intestinal tract by two circular inasions placed 
from 6 to 10 inches apart, and then restoring the 
continuity of the bowel by an end to end anas- 
tomosis of the sections above and below the isolated 
portion The blood vessels and nerves reaching the 
loop through its mesenterj'^ arc left intact One end 
of the loop may be dosed by suture, the other end 
being left open and brought through the abdominal 
wound where it is fastened by sutures and the 
abdomen dosed around it It may be desirable to 
leave both ends open and stitch each into the ab- 
dominal wall a short distance apart This consti- 
tutes a Vella {or Tlnry Vella) fistula 

The Maun-Bolhnau fistula, so called after its 
inventors, is useful for certain types of investiga- 
tion A loop of ileum IS isolated The distal (aboral) 
end IS anastomosed to the duodenum or any desired 
part of the small intestine, the proximal (oral) end 
IS sutured to the abdominal wall By giving the 
loop this direction in relation to the extenor, the 
peristaltic waves, which are inherently incapable 
of passing in any other than an aboral direction 
along the bow'd (p 578) whatever the latter’s posi- 
tion, prevent leakage from the external opening 



Fig 40 2 A erj-pt of LiebcrkUhn wath surrounding 
lamina propria BZ, goblet cells, BZ', goblet cells at 
the end or beginning of secretion, C, capillary, KT, 
mitosis m an epithelial cell, LZ, lymphocj'le, M, smooth 
muscle cells, PK, Paneth cells, \V, wandering cells m 
epithelium, Z, epithelial cells of the gland (From 
Maximow and Bloom, after Schaffer ) 

In man, samples of intestinal contents can be 
obtained by means of the Miller-Abbot tube 
(p 596) 

The composition of mtestmal juice vanes greatly 
under different conditions At times it consists 
chiefly of water and salts and has a low' digestive 
pow'er At other times it is slimy from the presence 
of a large proportion of mucus Its concentration 
in ferments varies considerably It owes its alkalme 
reaction (pH from 7 0 to 8 5) to the presence of 
sodium carbonate and bicarbonate It contains 
cnlerokinasc, the activator of tr^qisin (p 527) 

The chief ferments of intestinal juice are — 
(1) Various peptidases (erepstn) , (2) A ferment for 
each of the disacdiands, sucrose (cane sugar) 
maltose (malt sugar) and lactose (milk sugar), (3) 
Lipase, (4) Amylase m traces 

Peptidases, erepsin 

The peptids that have resisted pancreatic diges- 
tion are finally broken up mto the seoarate ammo- 
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aads by peptidases in the intestinal ;uice The 
juice contains several peptid splitting enzymes, 
each with a specific action upon a particular tj^ic 
of peptid The sncciis eulertctu is almost powerless 
to attack native protein or peptone, the protem 
must first have been partially digested by trypsin 
and have reached the peptid stage The peptid- 
splitting action of the mtestmal juice has until 
recent years been attributed to a single enzyme to 
which the name erepstn was apphed by Cohnheim 
The mtestmal mucosa itself is nch in peptidases,* 
their presence here would appear to afford a safe- 
guard against the entrance into the blood stream 
of incompletely split products of protem digestion 
Peptidases are also found widely distributed, 
though to variable extent, throughout the tissues 
of the body, as well as in vanous plants, yeast and 
even m bacteria They are also present m low 
concentration in pancreatic juice The optimum 
pH for the reaction of the peptidases of the siicciis 
entencus is around 8 0 

The mtestmal wall also contams such enzj mes 
as micleases, nudtoHdasts and mcleostdases (ch 
48) The first of these hvdrolyze nuclac aads into 
their constituent nucleotides, the nucleotidases 
^ht the nudeotides into nucleosides and phos 
phone aad, the nucleosidases separate the nu- 
deosides mto sugar (pentose) and purme bases 
Argtnase, a ferment which sphts argmme into 
ormthme and urea (p 633) is also present m the 
mtestmal mucosa as well as m the hver and other 
tissues Phosphatase (p 866) is found m relatively 
high concentration m the mucosa of the small 
mtestme 


Ferments which act upon sugars 


K we except the small amounts of maltase 
contamed m saliva and panaeatic juice, and the 
comparativdy slight change that the HCl of the 
gastnc juice exerts upon cane sugar, then the 
responsibility for the digestion of the disacchandes 
devolves entirely upon ferments in the succus 
entencus Maltose, sucrose (also called timriase) 
and lactase are powerful enzymes which act specifi- 
cally upon the corresponding substrates to convert 


Though It It generally stated that these and th( 
otter ei^cs m fistula juice are secreted it must hi 
Mmitted that the experimental conditions under whid 
tte jmee is collected do not exclude the possibihty tha 
liberated from dwmte 
^ted cells of the mtestmal mucosa Some indeed hoh 
that under physiological condiUont onli 
actuaUy secreted m th' 


them into monosaccharides A molecule of maltose 
IS converted by maltase into two molecules of the 
hexose, glucose, by a process of hydrolysis accord- 
mg to the equation— 

CijHnOii + HiO = 2C6H15O6 
maltose glucose 

Similarly sucrose is split into a molecule each of 
glucose and fructose by sucrose 

C]->H£>Oii + HvO = CsHijOs + CeHijOe 
sucrose glucose fructose 

Lactase converU lactose (milk-sugar) into the 
hexoses, glucose and galactose The enzy mes acting 
upon the disacchandes are also present m the 
tissue of the intestinal w all 

Lipase 

The intestinal juice contams small but not un- 
important quantities of lipase, relatively large 
amounts of fats arc digested in the absence of the 
pancreas or after ligation of its ducts Fifty per 
cent or more of the ingested fat may undergo 
hydrolysis under these arcumstanccs 

The vanous digests c ferments arc scacted in 
much smaller amounts m the lower reaches of the 
small mtestme, and m the large bowel the sccrc 
tions arc composed mainly of water, mucus and in- 
organic salts, ferments arc almost entirely lacking 

THE SEC3UETION OF INTESTINAL JUICE 

The mtestmal juice is secreted continuously 
though in variable quantities from tune to time 
The activity of the intestinal glands is under 
nenous and hormonal influences 

Nerrons influences Mechanical simulation The 
glands respond very promptly and energetically 
to mechanical stimulation of the intestinal mucosa 
The scoetion is then brought about reflexly 
through the nerve plexus within the bowel wall 
Juice drams contmuously from a loop of bowel 
openmg to the extenor and division of the cxtnnsic 
nerves does not reduce the secretion resulting from 
mechanical stimulation (e g , distention) The se- 
cretion indeed is more likely to be increased by 
syrmpaUictic denervation of the loop, an observa- 
tion which suggests the removal of an mhibitory 
mfluence Belief in a sympathetic mhibitory mflu- 
ence is supjwrted by the well known exjmnmcnt 
of Moreau He obstructed the bowel at four pomts 
by means of ligatures, thus forming three closed 
loops The central loop was denervated The m 
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testine was replaced within the abdomen which 
was then closed Upon exammmg the loops m from 
four to sixteen hours later, the central loop was 
found distended wath mtestmal juice while those 
on either side were comparatively empty It is 
possible, however, to explam this result upon a 
vascular basis — ^namely, the loss of vasomotor tone 
and consequent hyperemia of the denervated loop 
— without assummg that an inhibitory influence 
upon secretion had been removed 

Expenmental stimulation of the vagus nerve 
has on the whole given mcondusive results, Wnght 
and his associates have reported that vagal stimu- 
lation causes secretion from the upper part of the 
duodenum but from no other part of the mtestme 
if the sympathetics were mtacL After section of 
the sympathetics in the thorax a secretion from 
the mtestme followed stimulation of the vagus 

As a result of the sensitivity of the mucosa to 
mechanical stimuh, undigested food residues or 
other unabsorbable sohd matenal will m their 
passage through the bowel cause excitation of the 
glands and so mcrease the flmdity of the mtestmal 
contents The advantage of this m aidmg the 
movement of food along the alunentary canal is 
obvious 

Hornwml influences It is probable, though it 
has not been defimtely proved, that secretin serves 
as a stimulant for the secretion of mtestmal juice 
as veil as for pancreatic secretion, accordmg to 
Florey and Hardmg it exates the glands of Brun- 
ner Injection of secretin mto the blood stream has 
been reported to cause secretion from a Thiry 
fistula, the secretory effect is unaltered by denerva- 
tion of the loop of bowel Secretion mto an isolated 
loop has also been observed when aad was placed 
m a second loop The secretion was due presumably 
to the passage of secretm mto the general blood 
stream Pancreatic jmce acting locally withm the 
bowel lumen, accordmg to Pavlov, also excites the 
mtestmal glands The jmce which results is nch m 
enterokmase Pancreatic jmce mjected mto the 
blood stream has no such effect. Nasset and asso- 
aates have isolated a substance from the mucosa 
of the small mtestme which they beheve is a 
specific hormone controlhng the secretions of the 
mtestmal glands This substance, which they have 
named enterocnmn, is free from vasodflator effects 
and does not stimulate pancreatic secretion It is 
prepared from extracts of the small and large 
mtestme, it mcreases both the volume and enzyme 
concentration of the succus entencus But un- 


eqmvocal evidence that enterocrmm is a hormone 
— a prmciple hberated mto the circulation under 
physiological conditions — has not been secured 

Earher experiments with secretm seemed to 
show that it stimulated Brunner’s glands, for when 
mjected mto the circulation, these glands secreted, 
and food or aad placed m the stomach or mtestme 
caused seaetion from an isolated denervated pouch 
of the first part of the duodenum (see Ponomarev, 
Florey and Hardmg) The effect upon Brunner’s 
glands IS due, however, to another substance, 
termed duocrtntn by Grossman, for it does not 
occur with highly punfied preparations of seaetm 
Experiments fall short of estabhshmg duocrmm as 
an mtestmal seaetory hormone smce the effect on 
an isolated bowel loop may be due to the absorption 
of secretagogues 

Secretion of mucus Mucus is seaeted by the 
epithelial cells (goblet cells) of the small mtestme 
and colon Florey m experiments upon cats con- 
cluded that the seaetion of mucus by the colon 
was not under nervous control Prolonged stimula- 
tion of parasympathetic fibers (pelvic nerve) or of 
the sympathetic was without effect Pilocarpme, 
a parasympathetic drug, is also meffective unless 
administered m relatively enormous doses Me- 
chamcal stimulation of the mucosa or the apphca- 
tion of chemical imtants, e g , silver nitrate, mus- 
tard, lodme, or high temperature, causes a 
pronounced seaetion of mucus The seaetion is 
brought about, it is beheved, by direct stimulation 
of the goblet cells which maease m number pro- 
gressively from the upper to the lower regions of 
the mtestmal tract The mjection of histamme, 
acetylchohne, adenosme or peptone solutions which 
cause vasodilatation did not cause seaetion The 
chief functions of the mucus secreted by the colon 
are to protect the mucosa from mjunous agents 
and, under certam circumstances, by lubncatmg 
the mtestmal hnmg, to aid the movement of feces 

A great maease m the production of mucus by 
the colon is an outstandmg feature of the condi- 
tion known as mucous colitis Abdommal pam, 
spastic constipation mtermittmg with attacks of 
diarrhea and the passage of masses of mucus char- 
acterize the disease Its cause is obscure 

Anthelones (L anti fi- G helkos, ulcer) This is a 
principle in extracts of mtestmal mucosa which pre- 
vents the development of ulcere m dogs after aMann- 
Wilhamson operation (p 520) A similar substance is 
present m urme The mtestmal pnnaple is called en- 
teroanthelone, and the unnary pnnaple iiranthelone 
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TABLE 38 

Water 

976 22 


Sohds 

23 78 


hlucm and pigments 


5 00 

Bde salts 


9 00 

Fatty aods from soaps 


1 23 

Cholesterol 


0 63 

Lea tom) 



Fat / 


0 60 

Inorganic salts 


7 32 


The Boe 

In most animals and m man, hfle is seoeted 
contmuousl> by tbe liver ceEs It passes along the 
bfle capiUanes, hqiatic and lystic ducts to be 
stored m the gali bladder Its expulsion from the 
latter and its passage along the common duct mto 
the duodenum is intermittent, related m time to 
the ^arrival of food m the mtestme, and is quite 
mdqiendent of the actual seaePon by the liver 
(seep 553) 


THE coiffosrnoN of the bile 

The bfle is a highlj complex fluid The physi- 
ological significance of many of its consPtuents is 
unknown, some are present only m minute amounts 
and are most probably merely iraste products 
undergomg ehmmation Table 38 gives the com- 
posiPon of human liver bile (parts m 1000), modi- 
fied from Hammarsten Liver bOe has a pH of 
between 8 0 and 8 6 The reaction of human gall- 
bladder bile IS neutral or slightly alkaline, that 
of the dog (or cat) is definitely aad— pH between 
5 0 and 6 0 The chief bilmry components are the 
We sails, bile pigments, cholesterol and lectthm 
These organic materials make up over 60 per cent 
of the total biliaiy sobds As a result of the ab- 
MipPon of water and moigamc salts (p 551) gall- 
bladder bile IS several times more concentrated m 
orgamc sohds than hver bfle The biliary consbt- 
uents may vary mdependenUy of one another 


i he bile sails 

Nof 'T Slycochol 

IhiSt u (Ct^isNSO,), wi 

mtSni ^ «mbmed, are formed by t 

(C.iH^oO,) Thegljcochohcand taurochohe aci< 
the herbivora and of man Taurochohe is tl 


sole aad m the bile of the dog and other carnivora 
Taurm is related to cjsteine, a sulphur-contammg 
ammo-aad, glyane we are familiar with as the 
simplest amino-aad and one which can be syn- 
thesized by the body (p 631) Glycocholic and 
taurochohe aads therefore contain nitrogen, but 
sulphur IS present m the latter only The structural 
formula of cholic aad contams the tetracyclic 
carbon group characteristic of the sterols, this is 
shown below m skeleton form 



Cholic aad is therefore related to cholesterol, 
to the male and female sex hormones (chapter 61) 
and to corticosterone and other adrenal steroid 
fractions (p 838) It is highly probable that 
cholesterol is a precursor of chohe aad in normal 
metabolism Block and his assoaates have demon- 
strated the production of cholic aad from cho- 
lesterol The latter containmg deutenum was fed 
to dogs, chobc aad containmg the isotope was 
isolated from the unne 


wu,,auujg me sue oj origin oi tne 

<±olic aad, whether it is formed by the hepatic epi- 
thelmm, or is merely brought preformed to the hver 
from other body bssues is not known. That some is 
formed m the body is indicated by the fart that the 
Me salts contmue to be discharged from a bihaty fistula 
during long periods of starvation That it is denved 
also from the food appears from the observ-ation that 
mcieas^ exoTtion follows the mgesuon of protein 
matorml Though the supplies of glycocoU and taurme 
TOthm the body are apparenUy plentiful the supply 
of chohe aad is limited, for experiments m which 
teunne w fed alone caused no mcrease m the eicre- 
n o e salts whereas chohe aad ingestion alone 
a nse m the eicreUon of taurochohe aad It is 
^-ble to deplete the taurme stores by feeding chohe 
for sevtr^ days to a dog with a bihary fistula 
^en cystine disulphonde, cysteine, cysteme sulphmic 

mcnlL ^ “ 

m toe tau^ohe aad of the fade foKows 
Wme md Doster-Virtue) This result suggests that 
mtoe^ °^JWMlar compounds, taurme is produced 
« Sd2^ araimstances 

aad must be furnished m toe diet. The ouantitv of 

SZlaS determmr toe Lei 

ot Ode aad production (Whipple) 
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So far as is kno'wn the hver is the only situation 
where the conjugation of taunne or of glycocol with 
chohc aad, and the production of the respective bde 
aad can take place. The following observations suggest 
that their formation is a specific fimcUon of the hver 
(1) When the function of the hver is depressed by m- 
jury, or by the establishment of an Eck fistula (p 336), 
the output of bile salts maj^ be reduced by 50 per cent 
or more (Smyth and Whipple) (2) When the common 
bile duct IS hgated m dogs bile aads appear m the 
blood On the other hand, no accumulation occurs m 
the blood after removal of the hver 

The CrRctiEATioN oe the Bile Salts After- 
their passage into the intestine, the bile salts 
undergo reabsorption and are earned in the portal 
blood stream back to the hver for re-excretion 
This portal-biliary circulation of the bile salts is 
intimately connected with the absorption of fat 
(p 541) When bile salts are fed to an animal they 
can be recovered almost quantitabvely from a 
bfliary fistula This mdicates that m the mtact 
animal the reabsorption of bile salts is almost 
complete (about 90 per cent) Under ordmary 
circumstances comparatively small amounts (about 
10 per cent) of bile salts are formed afresh, i e , 
then concentration m the bile is mamtamed largely 
as a result of then bemg arculated over and over 
agam through the portal and biliary systems 
Nevertheless, if the bile be prevented from enter- 
ing the mtestme by drammg it to the extenor 
through the fistula, its concentration m bile salts 
does not become raatenally reduced Berman and 
his assoaates found that, m dogs which lost all 
then bile through a fistula, about 0 5 gram of 
chohc aad was exacted m 8 hours These facts 
mdicate the existence of some unknown mecha- 
nism controUing bile salt production 

Test for hie salts Peitenko_ffer’s test Five cubic centi- 
meters of the flmd to be tested are mixed m a test tube 
with a few drops of a 10 per cent solution of cane sugar 
A cubic centimeter or two of concentrated sulphimc 
aad are mtroduced beneath the surface of the mixture 
The appearance of a red rmg at the junction of the two 
hqmds mdicates the presence of bde salts, upon agita- 
tion the color diffuses through the solution The color 
IS due to the formation of cholahc aad from the bde 
aads and its combination with the furfural resulting 
from the decomposition of the cane sugar A few drops 
of a 1 m 1000 aqueous solution of furfural itself may be 
employed (Myhn’s modification) instead of the sugar 
solution 

Rowntree and associates have developed a method 
for the quantitative estimation of bde salts m blood 
based upon the Pettenkoffer reaction The bde salts are 


extracted from the blood with alcohol and the test 
performed upon the extract The color is compared in a 
colorimeter with that produced under similar conditions 
m a standard solution of pure glycochohc aad The 
results are expressed m terms of glycochohc aad Nor- 
mal human blood contams from 2.5 to 6 mg per cent 
of bde aads In obstructive jaundice the value is m- 
aeased, sometimes several fold 

Hay’s test is based upon the property of the bde 
aads to lower surface tension (p 541) 

The Me pigments 

The bihary pigments are Mirubin and biliverdtn 
Bibrubm (CajHssN^Oe) is the chief pigment m 
human bile and m the bile of the carmvora Bili- 
vadm (CssHaeNiOg) is an oxidative denvative of 
bibrubm and is present only m small amounts 
m human bile but is the chief pigment of birds’ 
bile The pigments constitute from 15 to 20 per 
cent of the total sohds m hva bile 

The readmess with which the bile pigments are 
oxidized and the color changes which they undergo m 
the process are the basis for Gmelm’s test for bde m 
body flmds If, for example, a fluid contammg bde be 
passed through filter paper, and a drop of fuming mtnc 
aad be then dropped upon the wet surface of the filter, 
the pigment is oxidized and a senes of concentnc nngs 
of different colors appears — yellow, yellowish-red, violet 
and blue-green from withm outwards Besides bihverdm 
other denvatives of bibrubm are found m the body 
Urohhnogen (cf below and p 539) is a reduction prod- 
uct of bihrubm, upon oxidation it yields tirohhn 
Bilicyanin and hhfuscin are formed by the oxidation 
of bihverdm The latter two pigments are not found 
m bile but may be present m gallstones 

The Origin of the Bile Pigments Bfiirubm 
is denved from hemoglobm, bemg the porph 3 Tmr 
(globm-free and mon-free) fraction of the hemo- 
globm molecule (ch 6) Any condition which leads 
to an maeased destruction of red cells (hemolysis) 
causes a greater production of bile pigment “ 

From the researches of Lemberg it appears that 
an mtermediate stage m the production of bilirubm 
from hemoglobm is the openmg by oxidation of 
the porphyrm rmg at the alpha methene bndge 
The compound so produced consists of a chain of 
four pyrrol nudei and still contams iron and globm 
(ch 6) It IS a greenish pigment called verdo 
hemoglohn Later, the iron is readily split oflF, the 
resultmg iron-free compound is called Minihtn- 
globin Accordmg to Watson it exists m this form 

^Myoglobm (p 58) and possibly pigment constitu- 
ents of the diet may also be a source of bibrubm 
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m the circulation attached to the albumin fraction 
Of the plasma This complex is responsible most 
probably for the delayed direct or for the mdirect 
van den Berg reaction The iron becomes bound 
to the globulin fraction of the plasma 


was called Iwmatoidm (Virchow), the significance of 
its discovery lay in the fact that the old blood clots 
in which it was found were in situations remote 
from the liver Hcpatcctomy in geese— which is a 
relatively simple operation on account of the ana- 
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The bilirubmglobm next loses its globm — a re- 
action which occurs m the liver The pigment now 
freed of both non and globm is called bdiverdtn 
In man and the carnivora the bihverdm undergoes 
rapid reduction to 6ihr«&ni, which is a weak acid 
and probably combines with sodium to form 
sodium bilirubmate The latter is beheved to be 
responsible for the prompt direct van den Berg 
reaction 

The iron is stored m the liver spleen and other 
tissues and with the globm is eventually utilized 
for hemoglobm synthesis The chemical relation- 
ship between hemoglobm and the various bfle pig- 
ment derivatives is shown schematically above. 

The Site of Bilik.ijbin Fobmation has been a 
sub 3 ect of controversy for many years and it is 
only comparatively recently that the question has 
been answered defimtely The discovery, m old ex- 
travasations of blood, of a pigment with the chem 
ical properUes of biluubm, was one of the first 
observations to throw doubt upon the view then 
prevailmg, namely, that the liver was solely re- 
sponsible for bile pigment formation This pigment 


tomical pcculanties of the avim liver — was per- 
formed by Mmkowski and Naunyn w ith the object 
of findmg a decisive answer to the question of the 
site of bile pigment production Arscniuretted 
hydrogen, a powerful hemolytic poison, when 
mjected into normal birds caused the accumulation 
of bile pigment in the blood No such effect fol- 
lowed injection of the poison into hcpatectomizcd 
birds This apparently cruaal c.xpenment mdi- 
cated that the liver alone was capable of fonnmg 
bile pigment McNce some vears later repeated 
this experiment and obtamed the same results, 
but he suggested that the reticuloendothelial ele- 
ments of the liver (Kupffer cells) rather than the 
true seaetory cells were responsible Investigations 
upon this subject within more recent years have 
proved conclusively, however, that in mammals 
the liver is not essential for bile pigment formation 
Whipple and Hooper, employmg dogs, attempted 
to isolate the liver from the general arculation 
Bihrubm was found in excess m the arculating 
blood, a result diametrically opposed to the results 
obtamed with birds The method employed bj 
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these investigators for the isolation of the liver has 
been criticized, but nevertheless the conclusion 
which they reached, namely, that tissues other than 
the hver have the ability to produce bile pigments 
has been substantiated by Mann, BoUman and 
Magath, and is now umversally accepted These 
observers removed the liver completely from dogs 
(p 336) The animals survived for 24 hours or 
more, bilirubm commenced to appear m the blood 
m from 3 to 6 hours after the operation^ and 
gradually increased m amount up to the time of 
death The mjection of hemoglobm into the circu- 
lation mcreased the bile pigment accumulation 
Mann and his associates also showed by spectro- 
scopic methods that the blood of the splemc vein 
of a normal animal has a higher bihrubm concen- 
tration than that m the correspondmg artery 

It is now accepted that the elements of the 
rcltculo-eiidolhdtal system (see p 105) situated m 
vanous parts of the body, spleen, lymph glands, 
bone marrow and the general connective tissues, 
as well as m the liver, are responsible for the for- 
mation of bile pigment Of these, the bone marrow 
is probably the most important In an animal 
depnved of both spleen and hver, bihrubm con- 
tinues to be formed at approximately the normal 
rate 

A certain amount of bilirubin is normally present 
m human serum, (from 0 2 to 0 8 mg per 100 cc ) 
as a result of the transformation by the reticulo- 
endothehal elements of hemoglobm liberated from 
broken down red cells (p 73) It has been esti- 
mated that 1 gram of hemoglobin yields 40 mg of 
bilirubm The iron which is freed from the hemo- 
globm IS stored mamly in the liver (p 76) but also 
to some extent m the spleen It has been shown 
by Rich that the hemoglobm-bilirubm transforma- 
tion effected by the reticulo-endothelial structures 
IS an intracellular process When fresh red cells 
were cultured with the reticulo-endothelial cells 
the former were destroyed, and m a short time 
typical crystals of bilirubm, and m some cases 
bihverdm, were found to have formed withm the 
phagocytes In some instances iron deposition 
withm the cells and adjacent to the crystals could 
be detected by means of the Prussian blue reaction 

The results of the earher experiments of Minkowski 
and Naunyn are explamed in the hght of these dis- 
covenes The reticulo-endothehal system of the bird 
IS practically confined to the hver When the hver was 

’’ Dog’s plasma normally does not contain apprea- 
able amounts of bdirubm 


excised all the cells capable of formmg bile pigment 
were therefore removed 

The r61e of the true secretory cells (polygonal 
cells) of the liver m the production of bilirubm is 
not known with certamty The openmg of the 
porphynn rmg and the formation of verdohemo- 
globm as well as the removal of iron seems to be 
accomplished entirely by the reticulo-endothelial 
cells It is not known whether the removal of 
globm IS a function of the Kupffer cells and other 
reticulo-endothelial elements or of the hepatic 
parenchyma The latter excretes the pigment prob- 
ably as a sodium salt (Na bilirubmate) 

Urobilinogen, Urobilin, The Circulation 
OF Bile Pigment The bihrubm that enters the 
mtestme undergoes reduction by bactena to form 
urobilinogen (also called siercobihnogen) A part of 
this IS excreted m the stools and, by exposure to air, 
is oxidized to urobilin {slercobtlm) The latter can 
be detected spectroscopically or by the green 
fluorescence which it gives with a solution of al- 
cohohc zmc acetate A certam proportion of the 
urobilmogen is reabsorbed mto the portal circula- 
tion, passes to the hver, where it is reconverted m 
part to bilmibm m the bile (fig 40 3) It is then 
almost enturely re-excreted both as bihrubm and as 
urobilmogen Any urobihnogen which may escape 
mto the general circulation and be excreted by the 
kidney becomes oxidized to urobilin after the unne 
has been voided Normally, however, no urobilm 
or mere traces (0 5 to 2 mg ) appears m the urme 
Only traces are present m normal blood Bih- 
rubm itself does not appear normally m the 
urme, so the color of urme is due to neither of 
these pigments (p 466) That the urobilmogen 
normally present m bile merely represents re- 
excretion of this pigment after its absorption from 
the mtestme was clearly shown by Elman and 
McMaster When the enture output of bile was 
collected through a fistula (i e , none was allowed 
to enter the mtestme) there was complete disap- 
pearance of urobilmogen from the bile after the 
pigment already present m the mtestme had been 
earned away m the feces The fistula bile remained 
free from urobilmogen unless infection of the 
biliary tracts had occurred, under which circum- 
stance bacterial action m these situations caused 
its formation When a part of the bile was allowed 
to enter the mtestme or bile was fed by mouth 
the denved pigment mvanably appeared m the 
fistula bile 

Also, comnlete experimental obstruction of the 
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Fig 40 3 Diagram illustrating the {ormation ol 
urobilinogen from bilirubin in the intestine, its excretion 
m part in the feces and its absorption m part into the 
portal blood Normally, the absorbed pigment except 
m negligible amounts is practically all re excreted in tlic 
bile The dotted lines indicate its passage into the 
blood, and its excretion by the kidney in cases of li\er 
damage, excessive blood destruction or m the early 
stages of obstructive jaundice 

common bile duct, smce it prevented the re- 
eiaetion of the urobilinogen absorbed from the 
mtestme, resulted in its accumulation in the blood 
and Its excretion m the unne These effects, how- 
ever, can only occur for a short tune after the duct 
has been obstructed, and are due to the absorption 
of pigment remaining in the mtestme from the 
penod prior to obstruction After the pigment has 
been cleared from the mtestme, the unne, though 
It may contam large amounts of bilirubin, is quite 
free from the denved pigment Depression of the 
excretory function of the liver bv such hepatic 
poisons as chloroform, carbon tetrachlonde, phos 
phorus, etc., caused urobilinogen to appear m the 
urme, hepatic damage from other causes, eg, 
mfectious hepatitis is also assoaated with the 
urmary exaction of urobilmogen even though the 
mjury is sbght and there is no biluubinuna 
When bilirubm formation is maeased by hemo- 
lytic agents urobilmogen production is also in- 
aeased, the liva even though its function is 
normal is unable to re-exaete the excess pigment 
absorbed from the mtestme, and urobilm appears 
m the urme 

Urobilmogen is in rare instances formed m situations 
other than the intestinal tract and SndependenUy of 
bacterial action Rabmowitch, for example, has re- 
ported a case m which large quantiUes of urobilmogen 


were present in the unne A stcnlc ovanan cyst con 
taming an old blood clot and a high percentage of 
urobilmogen was revealed by operation When the cyst 
was removed the urobilmogen disappeared from the 
unne 

Lectlhin and clwicsiercl 

Lecithin IS present in human liver bile to the 
extent of from 0 02 to 0 05 per cent The cho 
Icsterol content is normally from 0 04 to 0 10 per 
cent The cholesterol is present in the free state, 

1 e , not in the form of esters The percentages of 
these materials m the bile of the gall bladder is, 
as a result of the absorption of water and salts 
through the gall bladder mucosa, much higher than 
the percentages in liver bile The ratio of the con- 
centration of cholesterol in bile to that of the bile 
salts is from 1 20 to 1 30 The ability of the bile 
to hold cholesterol m solution is m large degree 
dependent upon the bile salts If the ratio falls to 
1 13 prcapitation of cholesterol occurs Andrews 
and assoaalcs showed that if bile be dialysed 
against water, bile salts arc removed and the bile 
becomes turbid as a result of cholesterol prcapila- 
tion The importance of this observation m relation 
to gallstone formation is considered on page 540 
The fattv aad concentration of the bile is of as 
great if not greater importance than the bile salt 
concentration in holding cholesterol in solution 
Little IS known concerning the ongin and function 
of the biliarv cholesterol It ma\ be denved from, 
the stroma of disintegrated red cells or from nerv- 
ous tissue, which of course contains it in large 
amounts According to Gardner the cholesterol of 
the bile docs not vary’ with changes in the total 
blood cholesterol, nor is its concentration raised bv 
macasing the cholesterol content of the diet, it 
continues to be e.xactcd upon a cholesterol free 
diet A biliary portal arculation of cholesterol has 
been shown to occur, le, e.xcrction in the bile, 
re-absorption from the intestine and re exaction 
by the liva 

THE FtTNCnONs OF THE BILE 

Besides serving as a vehicle for the exaction of 
pigments and certain other waste products from 
the body, the bile performs important functions 
in the mtestme. 

The rdle of the bile in fat digestion 

Bile is essential for the efSaent digestion of fat 
by the panaeatic and intestinal juices, yet the 
bile itself contains practically no lipase or indeed 
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any other digestive enzyme The absence of any 
lipolytic action on the part of the bile is illustrated 
by the observation of Claude Bernard made upon 
the hmph vessels of the rabbit’s intestine at the 
height of digestion In this animal the pancreatic 
duct opens into the intestine 10 cm or so below 
the orifice of the bile duct After a meal the mesen- 
teric lymph vessels m the intervening area were 
quite dear, but those below the pancreatic duct 
were milky with absorbed fat The importance of 
bile, nevertheless, in fat digestion (and absorption) 
w as show n by the follow ing e^enment When the 
onficc of the bile duct in the’dog was transplanted 
mto the intestine a short distance below the pan- 
creatic duct the lymph vessels of the mesentery' 
between the ducts were free from fat, while those 
below the transplanted bile duct were milky The 
coadjutant action of the bile upon fat digestion is 
also shown by tlie fact that, if the bile is prevented 
from entering the duodenum, cither by experi- 
mental ligation of the common bile duct or pan- 
createctomy in animals, or in man as a result of 
obstruction of tlie bile flow, by a calculus, tumor of 
the head of the pancreas, etc , fat digestion is 
imperfect, a proportion of the fat of the food being 
excreted unhanged in the feces The important 
aid which bile lends to the digestion of fat is due to 
the bile salts The influence of the bile salts is 
exerted m tw o w av s 

First, they aid emulsification to a marked degree, 
the fat globules arc reduced in size, and in consequence, 
a finer and more stable emulsion results In this way 
the total surface area of the fat exposed to the action 
of pancreatic lipase is enormously increased This action 
depends mainl> upon the property possessed by the 
bile acids of lowenng surface tension Upon this prop- 
erty IS based Hay’s test for the detection of bile in 
unne Flowers of sulphur float upon the surface of 
normal urine but sink if bile is present The bile salts 
have also a hydrotropic action, i e , they render water- 
insoluble matenals such as fatty acids and calcium 
soaps readily soluble in the water}' fluids of the intestine 
Some of these fatty aads when free in solution aid the 
emulsification process since they too have the property 
of lowenng surface tension Their combination wnth 
alkali to form soaps — the extent to which this occurs 
being dependent upon the reaction of the intestinal 
contents — also, and for the same reason, furthers emulsi- 
fication The cholesterol of the bile acti as an adjuvant 
to the bile salts in the emulsification process 

Secondly, the bile salts (by virtue of the cholic aad 
radical) act as speafic activators of pancreatic lipase, 
the latter enzyme has only a weak action in their ab- 
sence Thev also act in a similar manner, though to a 


less degree, upon gastric lipase, but have no effect 
apparently, upon the fat-splitUng enzyme of the in- 
testinal juice That this action of bile is distinct from its 
effect in furthering emulsification is shown by the fact 
that the h}drolysis by pancreatic lipase of tnacetin, 
which IS soluble in water, is also accelerated by the bile 
salts 

The rdlc of btlc xn fal absorption 

Fat digestion although seriously impaired may 
be carried on to a considerable extent in the in- 
testine after removal of the pancreas and ligation 
of the bile duct, the lipase of the intestinal juice 
is then chiefly responsible for tlie cleavage of the 
fat molecule Gastric lipase, espeaaUy if the in- 
testinal contents are definitely aad in reaction, 
may also aid to some extent Certain bactena in 
the colon have a lipolytic action and they may 
account for a considerable quantity of fat being 
split in the large intestine In obstruction of the 
bile ducts alone the greater proportion of the fat 
IS spilt, over 80 per cent of the fecal fat being in 
the form of fatty aads The absorption of fat, on 
the other hand, is very greatly interfered with 
under these circumstances, only a small proportion 
of ingested fat being utilized Bile is therefore of 
much greater importance for fat absorption than 
for fat digestion According to Vcrzdr the fatty 
aads unite with the bile salts to form complex 
compounds, as such the greater part of the fat is 
absorbed from the intestine 

The solvent action of the bile salts upon cho- 
lesterol has been mentioned (p 540) Bile is also 
necessary for the ahsomtinn-of v'ltamin D. the 
essential constituents for this action being, appar- 
ently, th e bile salts Graeves and Schmidt found 
that the calaum balances of dogs with biliary 
fistulae became negative but w'ere restored to 
normal by the subcutaneous injection of vitamm D 
Taylor, Weld and Sykes noted that a rise in the 
scrum calcium could not be induced m dogs with 
biliary fistulae by the oral administration of ir- 
radiated ergosterol but that this substance exerted 
its usual effect when given intravenously, or by 
mouth if combined with bile or bile salts (see also 
p 546)' With regard to the other fat-soluble 
vitamiils, vitamin K and probably vitamm E also 
fails to be absorbed in adequate amounts in the 
absence of bile Bile is necessary for the absorption 
of carotene though not for vitamin A itself 

Other Functions have been ascribed to the bile, 
but they are based upon a less sure foundation than 
those that have been discussed Among these are (a) 
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inltpulr^adm Thu acUoa is probabl) secondar) in 
nature and not due to an> direct inhibiloiy effect of 
the Me upon bacterial growth. Indeed it has been 
shown that bffe win ser\e as a suitable culture medium 
for rmcroCrganisms, and the contents of the gaU bladder 
Bpparentl) atereadd> mfected Howe\-er, m the absence 
of the bile putrefactive processes m the mtestmes are 
no doubt more acme, but this is probab!> due to the 
proteemx covxnng which the undigested fat affords 
for protem material, the growth of proteol>Uc bacteria 
IS thereby encouraged (b) Laxalm Bile when mtro- 
duced directly mto the rectum or colon stimulates 
peristalsis It is also stimulatmg to the movements of 
the «^all bowel, but the constipatmg effect which fol 
lows the exclusion of bde from the mtesune is probablj 
brought about mainly mdirectl), the unsplit fat in 
hibitmg mtestinal motdity (c) Bile appears to possess 
a function apart from all those mentioned which is 
essential to life. UTuppIe found that bile fistula dogs 
develop abnormalipes of the bones, associated with a 
loss of morgamc constituents They eventually succumb 
unless bile is fed 


THE SECStETION OF BOE 


It will be recalled that the secretion of bile by 
the polygonal cells of the liver and its oassage 
along the biliary channels for storage m the gall- 
bladder IS a continuous process The intermittent 
discharge of bile from the gall-bladder will be 
considered in chapter 41 Several substances stim- 
ulate biliaiy seaetion Matenals which act m this 
way are known as cholagoguu * The natural and 
the most powerful exalants of biliary secretion 
are the bile salts themselves Secrdin is also a 
physiological stimulus of biliary seaetion (p 530) 
Meat or fat m the diet stimulates the flow, whereas 
sugar IS inhibitory' In starv ation the v olume of the 
secretion is reduced by about half Drugs sudi as 
podophyllm, aloes, aads and several other chemi- 
cals which have enjoyed a reputation as chola- 
gogues, were found by WTiipple and his assoaates 
to have no notable effect upon biliarv seaetion 
Calomel and ammonium chlonde are vnthout any 
significant effect, but salialates and linseed oil 
are definitely stimulatmg Adrenaline dcaeases the 
flow, whereas pilocarpine and prostigmme inacase 
It The rate of seaetion in man (bile fistula) on an 
ordinary diet averages around 23 cc. pa hour 


•This a a very old term dating from the time 
Men and refp to mcreased flow of bffe mto the mi 
t^which, of i»ui^ may be due either to mcrea 
secretion or to discharge from the gall bladda It 

u^ to mdicate a stimulating action upon the discha 

to bladder, and the term elwlcr 

to denote mcreased seaetion by the liva 


durmg the waking hours and 15 cc per hour in 
sleep— a total \ olume of around 500 cc daily 
The bUc is capable of being secreted unda a 
pressure of from 250 to 300 mm of water When a 
manometer is placed m the common 
seaetion of bile ceases when the pressm ^^'caches 
this height and shortly afterward jaundic^ appears 
Under ordinary phv siological conditions tlj ; sphinc- 
ter surroundmg the opening of the com' ' duct 
into the duodenum is kept tonically cli ,tc, 

duct svstcra fills with bile and when the .-^if 

rises to from 50 to 70 mm HjO the fluid ./ - 
along the cysUc duct into the gall bladd 7^ As a 
result of the pressure regulating function of the 
gall bladda (p 553) the mrami! pressure < t ^ 
biliary canal sy stem is not attained after Oi ..v 
tion of the common duct in animals until a con- 
siderable time has passed Mann found that 
jaundice did not develop after this operation in 
dogs until the lapse of from 48 to 72 hours 
Bflc seaetion is under vagal^ control, stimulation 
of the pcnphcral end of the t vagus (m dog or 
monkey) causing a very definite inacase in bile 
production (Tantun and Ivy) Snyder found that 
an acetylcholine like substance appeared in the 
hepatic veins upon vagal stimulation A reflex 
seactory effect can also be demonstrated by stimu- 
lating the central cut end of one vagus Bflc 
seaetion is inhibited rcflc.xh by di'tcnsion of the 
colon, mhibiUon also follows stimulation of the 
sympathetic. This latter effect is probablv second 
ary to constriction of the hepatic v csscls The vagus 
in the dog also contains some fibers which inhibit 
seaetion There appears also to be a psv chic scac- 
tion of bile 


Jaitsdice 

DEFIMTION A^•D CLASSIHCATION 

WTien bile pigment is present m c.tccssiv c amount 
in the blood (hypcrbilurubmcmia) it diffuses from 
the capillanes, the skin, mucous membranes and 
conjunctivae then become stained a pale yellow 
tmL But the pigment is not merely dissolved in 
the tissue fluids but appears to be bound m some 
way to the tissues The discoloration is called 
jaundice or iderut. The bilirubin appears in the 
unne and sweat but does not pass into the saliva 
or milk, nor as a rule into the cerebrospinal fluid * 
Jaundice may be due to the production of bfle 

* Its appearance in the cerebro-spmal fluid is not 
uncommon m children 
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pigment in excess of the amount with which the 
excretory poii;er of the lu er can cope Or, it ma> 
result from failure of a damaged liver to 
excrete the biirubm produced in normal amounts 
jaundic^ therefore be divided into tv o main 
^-^,r^T^pondmg to the mode of its produc- 
' tion i^^e are, the hemolytic and the hepatic, the 
former r ' hltmg from mcreased produ ction of bfle 
pigmen^ \ om hemoglobin, and the latter from de- 
suppressed excretion of pigment bj" the 
^r'^fhehepaticlorm the retention of pigment 
^lic^due to (a) obstruction of the bile passages 
- (of damage of the liver cells bj" toxic agents or 
infe^' ms Jaundice is also sometimes classified 
, obstructive and nonobstructive, the latter 
^r^jjg|ubdivided into hemolytic, on the one hand, 
and toxic or infective on the other These principal 
varieties of jaundice are tabulated below 


1 Hemolytic jaundice 

( 2 Toxic, or infective 
jaundice 

3 Obstructive jaundice 


non-ob- 

structive 


A third classification proposed by Rich has come 
into use based upon whether bile pigment has been 
taken up by the liver cells and then returned to 
the blood, or has been rejected bj' the cells (due to 
hepatic dysfunction or to an excess of pigment), 
and thus retained in the cuculation The first 
mentioned type is called rcgurgilahoti jaundice, it 
includes obstructive jaundice, and jaundice due to 
damage of liver cells, and, therefore of the walls 
of the biliarj" canaliculi which permits whole bile 
to "regurgitate” into the circulation 

In the second form, called retention jaundice, 
excessive amounts of bile pigment arc produced 
(hemolytic jaundice) part of w hich is not taken up 
by the hepatic parenchyma and is therefore re- 
tained in the circulation, or the function of the 
hepatic cells is so depressed that a large part of the 
arculating bilirubin, even though not produced in 
excess, fails to be excreted 


IfEMOLYTIC (retention) JAUNTIICE — 

It has alreadj' been mentioned that a small 
amount of bile pigment (0 2 to 0 8 mg per cent) 
is present in normal human serum and that an> 
condition which increases red cell destruction also 


increases the formation of bfle pigment Howe\cr, 
lilt functional reSert'c of the In cr is so great that 
It is\cr\ doubtful whether o\ cr-production of bile 
pigment e\cr taxes the excretorv capacitj of an 


undamaged In er to the limit But when the hepatic 
reserve is reduced as a result of disease and 
hemolysis is excessive the normal balance betw cen 
the production and the excretion of pigment 
cannot be maintainerl, retention occurs and the 
bilirubin concentration in the blood rises abo\ e the 
normal limits Hemolytic agents of all sorts, such 
as the toxins of certain infections, septicemia, etc , 
and vanous chemical poisons maj" mduce icterus 
(p 80) of this tjTie It also occurs to some degree 
in such states as pernicious anemia, malaria, etc , 
m which blood destruction is a pronounced feature 
It maj' be produced in animals bj the injection of 
such hemolytic poisons as tolujdcndiamine and 
arsemuretted hydrogen The disease known as 
acholuric jaundice, which tends to run in families 
and is associated with splenic enlargement and in- 
creased fragility of the red cells (p 80), is of this 
tj'pe Jaundice in the new -bom, icterus neonatorum, 
(benign) frequentlv occurs as a slight transient 
staining of the skin and is most probably the result 
of the destruction of the red cells that arc m excess 



Fig 40 4 Illustrating the course taken b\ Inlc pig- 
ment, (1) normalK, (2) in jaundice due to oiislruction 
or to liver damage (regurgitation jaundice) md (3) in 
hemoljtic (retention) jaundice In (2) bilirubinate is 
formed bv the liver cells and is absorltcd into the cir- 
culation, in (3) part of the bilirubin itself or of biliru 
Innglobin is retained in the bloo<l 
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at birth (p 11) It i= periectlMnnocent and indeed 
tnai be considered ph^ 'lo’ogicaL It does not ap- 
pear unta a da> o- wo after birth and lasts tor 
m e O' =ix <ia\ t 

oBSTRtcrnx (REGtTGrrAno\) jai-vdice 

ObsimcUte jaundice results from blockage of 
the hepatic or common bSe duct bt (a) a gaUstone 
or parasite^ vnthin its lumen (b) compression oi 
the auct b\ a tumor (e g in head of pancreas) or 
ocdu^ioa OI lb opening into the duodenum (c) 
congenital obliteration of the ducts (a latal tonn 
o. icterus neonatorum) 

In complete biiian ob^tiucuon the stools are 
clat-colo'ed urobilinogen (p Safi) t= absent from 
the tecfc- and urobilin trom the unne In this tv'pe 
of jaundice bfle pigment t behet ed to pa^i mto the 
Ii\er celh where globin n- ^ht off and the acd pig- 
ment combmed with base to torm sodium biliru- 
binate The latter alter its durcharge mto the 
hiliarv canaheuh t returned — regurgitated’ — 
mto the blood oi a result oi the rupture or in 
jjarenchvTnalou- In er dlsea^e disintegration oi the 
canahcular walb 

McMaste* and Roit lound lor esample, that 
when oh=truai\ e jaundice was mduced m dogs, the 
ducts 11 occluded tor long, became filled with a 
fluid tree trom pigment and bile^alts — the so-called 
Me (p 553) \ccordmg to these ob- 
'cneis the colorless fluid is not bile but a simple 
'ero-mucoid matenal -ecreted b\ the membrane 
lining the ducts 

The creretora mechanism oi the lirer has been 
'hown b\ McMaster and Rous to possess a \ erv 
large re-en,e eincc m the dog laundice does not 
develop until from 90 to 95 yier cent oi the ercre- 
tow ducb hav e been oeduded 

tomc avd ivfxcmx jai-vdice— lh-es damage 

Ln-er damace and consequent depression of the 
eccrtton functions ot the li\ er max be p-oduced 
hv (a) ranous poisons e g , arsphcnaraine, pho- 
phcru= chloroiorm, etc., (b) aculc and drome li-cr 
disease^ t g miectious hepatitis homologous 
‘crum jaundice (p 41 1 acute velloi atrophi 
arrhosis inflammation of the bile pas-agcs (ca- 
tarrhal jaundice Mippurativc cholangitis) (c) 
toxins fit v-anous pathogenic bactena (d) engorge- 
ment ot the hepatic ve-s-els as a re-mlt of cardiac 
to lore It has iKxn pomtetl out b\ Meaknis that 
m the latte' condition the edema or asatic fluid 
iW not contain hflirubm and the =.km over 


edematous regions is not stained TTiere is no ex- 
planation of this fact 

Jaundice is iisiialh due to a combircstton ot causes 

It should be pointed out that m an} gi' en case 
oi laundice two or all three causativ e favors max 
and frequentlv do, coexist Blood destruction 
alone, accordme to Rich is not capable of pro- 
ducinc jaundice except perhaps m rare instances 
when the hemoh-tic process is of extreme degree 
In penuaous anemia tor example, there is an 
as-ociated hepatic msutfiaenc} and even m the 
ordinarv icterus of the new-born the immatuntx 
of hepape function is daimed to be a factor, also, 
manx hemolx-tic ‘substances are lixer poisons as 
well In obstructixe jaundice the hxer cells suffer 
damage irom pressure and the retenpon ot bfle 
-alts probabK induces a certain amount of hemoix - 
SIS Furthermore, in manx inflammatorx condiPons 
01 the hxer or bile ducts an obstructixe element 
fdue to pluggmg of the intra-hcpatic ducts bx the 
so-called bile-thrombi) exists in conjunction with 
the hepatic damage In the jaundice of cardiac dis- 
eases the hepatic engorgement produces obstruc- 
tion ot the finer bfle capfllanes as well as rajurx 
to the hxer cells through anoxia The occurrence 
01 infarcts m the lung is also a lacior in some cases, 
bilirubm production is inaeased through the break- 
doxm of red cells m the mfarcted areas 

CLDnCAl TESTS EMPLOYED rv THE STUDY OT 
JAfVDICE 

The ’vn den Berg reaction This te>t — a modifica- 
tion of Ehxhch s diazo reaction — is emplox ed for 
the detection oi bile pigment m blood serum There 
are two main tx-pes of the reaction — the direct and 
the indirect The direct reaction occurs wthout the 
addition oi alcohol, which is essential for the in- 
direct reaction 

The Reagents used m the test are 
Sdulton 4 

Sulphanilic aad 0 1 gram 

Concenirated HCI 1 5 cc 

ttaterupio 100 cl 

Sfluiiint B 

Sodium nnnit 0 S gram 

100 cc 

To penonn the test 10 cc. of soluuon \ and 0.3 cc of 
solution B are ire^hK mixed This mixture 15 u=cd as 
the reagent in U>lh fo“in 3 of the lest 

The direct reaction is that which lollows the addiuon 
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of 1 cc of the reagent to 1 cc. of serum It may occur 
m one of three forms, (a) tmmedtale or prompt, a violet 
color due to the formation of diazo-bdirubm develops 
m from 10 to 30 seconds (b) Delayed reaction, no change 
appears until several minutes (5-15 or more) elapsed, 
then a reddish color develops vhich gradually deepens 
to violet (c) Bt-phasic, a red color appears promptly 
as in (a) but takes a vanable but longer time than m (b) 
to change to violet 

The indirect reaction is earned out as follows One cc 
of serum is mixed with 2 cc of 95 per cent alcohol 
After shaking and centrifuging, to 1 cc of the super- 
natant fluid, 0 25 cc of the reagent mixture and 0 5 cc 
of alcohol are added A reddish-violet color develops 
almost immediately 

Normal bile and the serum in obstructive jaundice 
give the prompt direct reaction Normal serum, the 
serum m hemolytic jaundice and the bihrubm formed 
m old blood extravasations mto the connective tissues, 
serous cavities, etc , give the indirect reaction and 
occasionally a delayed direct rcacbon The sera in types 
of jaundice due to liver damage e g , hepatitis gives a 
direct reaction (usually of the delayed or biphasic 
tj^ie) all sera which give the direct reaction also give 
the mdirect but the reverse does not hold The quahta- 
tive van den Berg reaction as a means of distinguishmg 
between the different types of jaundice is regarded 
today with less favor than formerly 

The mdirect reaction used as the basis for the quanti- 
tative estimation of bilirubin m all types of sera is of 
much more value The serum after the color reaction 
has developed is compared m a colonmeter with a 
standard solution made by dissolvmg 2 161 grams of 
anhydrous cobaltous sulphate m 100 cc of distdled 
water The color of this standard corresponds to that 
developed by 1 unit of bilirubm A unit is defined by 
van den Berg as 1 part of bihrubm m 200,000 parts 
of serum Normal serum contains from 0 4 to 1 5 unit 
(i e , bihrubm is present m a dilution of 1 part m from 
500,000 to 100,000 parts of serum, or from 0 2 to 1 0 
mg per 100 cc) In the quantitative estimation of 
bihrubm m sera showang the direct reaction the method 
has been rendered more accurate by the modification 
of Thannhauser and Anderson This consists m first 
addmg 0 5 cc. of the reagent to 1 cc of the serum, and 
a minute or two later 2 5 cc of alcohol and 1 cc of a 
saturated solution of ammonium sulphate By adding 
the diazo-rcagent before the alcohol the loss of bilirubin 
which results from its bemg earned dowm with the 
albummous preapitate is avoided When the alcohol 
IS added later the diazo-bilirubin compound is not 
thrown down but remams m the supernatant flmd 

The quantitative van den Bergh reaction is of value 
in the detection of latent jaundice, i e , a hyperbili- 
rubinemia which has not reached the level at which 
jaundice appears, and m recording the progress of a 
case of manifest jaundice 


The icteric index The bile pigment concentration may 
also be estimated by companng the color of the serum 
with that of a standard solution^ A sample, of blood is 
allowed to clot, after centnfugmg, 5 cc of serum are 
pipetted off and the color of the sample compared in a 
colonmeter wnth a 1 in 10,000 solution of potassium 
bichromate The colonmeter is set at 15 mm for the 
standard solution This number is divided by the 
number on the serum scale wheyi the color of the serum 
and of the standard solution match The result is called 
the icteric index Thus if the reading of the serum scale 
IS 3 the ictenc mdex is 5 The test is invalidated by the 
presence in the serum of other colormg matter, e g , 
carotenoids 

THE EEATDRES IN DIFFERENT TYPES OF JAUNDICE 
COMPARED (see TABLE 39) 

In obstructive jaundice and in jaundice resulting 
from bver damage, the staming of the skin, mucous 
membranes and unne w'lth bilirubin tends to be 
much more pronounced than in the hemolytic 
type Except for a short time after the duct has 
been obstructed urobilm is absent from the unne 
and urobilinogen from the feces (p 539) The 
plasma alkaline phosphatase shows a pronounced 
mcrease m obstructive jaundice, a smaller nse in 
parenchymatous liver disease, but little or no 
change m the hemolytic type In obstructive 
jaundice the effects, e g , bradycardia, itching oj 
the skin {pruritus) referable to the retention of 
biliary constituents other than pigment may be 
evident The cardiac slowing has been attnbuted 
to the action of the bile salts, though proof is 
lackmg Smee the bile aads are conjugated m the 
bver it IS not to be expected that their concentra- 
tion in the blood wfll be raised in a purely hemo- 
lytic type of jaundice, this is found to be the case 
On this account the latter type is sometimes 
spoken of as “dissociated jaundice” Also in severe 
bver damage bile aads may be absent from the 
blood though the hjqierbibrubmemia is pro- 
nounced In other instances of relatively mild 
degrees of hepatic msufficiency a converse type of 
“dissociated jaundice”, namely, increased con- 
centration of bile aads in the blood without ic- 
terus, is sometimes seen 

The bleeding tendency m obstructive jaundice 
is a senous hazard should a patient be required to 
undergo a surgical operation Only within recent 
years, as a result of the work of Rodenck, of Quick 
and his associates, and of Dam, has the cause of 
the prolonged coagulation time been discovered 
It IS due to prothrombin defiaency, which is the 
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TABLE 39 


Ch^ Differencts tn t he Thru Typts cf Jaundice 

I rm.t or jaumdice 


Seram bilirubui 

Uraiary bilirabin 
Urobilinogen m nnne 
Bilirubin and urobilinogen (stercobilin) 
in feces 

Albumin/globulm ratio 

Van den Berg Test 

Plasma alkaline phosphatase 
Thymol turbidit> cephahn flocculabcm 
and galactose tolerance tests 
Jaundice 


P»rcndiyiMtoai liver 

/«mAge 

Hemolytic 

Obstnictjre 

(complete) 

moderate increase 

slight or moderate in 
crease 

great mcrease 

moderate mcrease 

httle or no change 

great increase 

great increase 

moderate maease 

absent 

moderate mcrease 

great mcrease 

absent 

greatlj reduced or re 

httle change 

httle change 

versed 



delayed direct or bi- 

mdirect 

direct 

phasic 



httle change 

httle change 

great mcrease 

positive 

negative 

negaUve 

moderate or slight 

moderate or slight 

pronounced, with pru 
ntus 


result m turn of a virtual lack of vitamin K (p 
120), for when bile is absent from the mtestme the 
vitatmn is not absorbed m adequate amounts The 
oral administration of vitamin K with. bQe salts 
corrects the hemorrhagic tendency Possibly an 
additional though minor factor in the lengthened 
coagulation time is the retention in the blood of 
certam orgamc sulphur-containmg compounds 
(e g , cysteine and taurme) possessing anticoagu- 
lant properties (Carr and Foot) Jaundice due to 
liver damage is also sometimes assoaated with a 
prolonged bleeding time and then appears to be 
due to the mcapaatj of the liver to manufacture 
adequate amounts of prothrombm even though 
there is no lack of ntanun K m the diet or any 
fadure m its absorption The cause of the pruritus 
in obstructiv e jaundice is unknown. Rowntree and 
assoaates found that though a high concentrabon 
of bile aads m the blood was frequentiv assoaated 
with pruntus this sjunplom may occur with a 
normal bQe aad concentrabon or be absent when 
the latter is high 

In obsbucbve jaundice, with complete stoppage 
of the bQe flow, urobflmogen is absent from the 
unne and feces, but bOinibm excrebon m the 
urine is pronounced, whereas, m hemolyfac jaundice 
the rev erse IS true, urobOmogen is e.Tcreted m the 
unne and feces m excess, but httle bQirubm ap- 
pears vn the unne (see table 39) In parenchyma- 
tous liver disease the albumm/globulin rabo is 
reduced and ma> be rev ersed due to an mcrease 


m the beta and gamma globulm fracbons, the 
albumm concentrabon often bemg reduced as well 
In the other types of jaundice the rabo shows httle 
change from the normal though there ma> be some 
reducbon m the total protem concentrabon The 
reason for the difference m the van den Berg reac- 
bons m the two types of jaundice — the direct m 
the obstructive and bver injury (regurgitation) 
types, and the mdirect m the hemolytic or retenbon 
type — IS thought to be that m the former, some 
physical or chemical change has been brought 
about m the aad bihrubmglobm after it has en- 
tered the hepabc cells, namely the removal of 
globm and the formabon of sodium bilirubinate 
Probably the alcohol used for the indirect reacbon 
causes a somewhat similar effect which enables the 
pigment to react with the reagent The unchanged 
pigment m the serum of the hemolybc type is 
sometimes referred to as hemobiUruhin, and that 
of the obstrucbve tjpe, or of bQe itself, as clwUbtlt- 
rulnn 

Some of the differences between the properbes 
of the two forms of bOirubm and certain observa- 
bons relevant to the foregomg discussion are 
given m table 39 

Gaixstonzs — Choleuthiasis 

Gallstones are composed of consbtuents of the 
bQe which have been thrown out of solubon 
Cholesterol is present m greater or less amounts 
in the commoner vanebes of gallstone Some stones 
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may be composed almost entirely of this sub- 
stance In other types of stone, bile pigment or 
calaum is an important or the predommant con- 
stituent Gallstones therefore differ considerably 
m size, color and inner structure accordmg to 
the materials of which they are composed They 
are classified accordmg to their compositions mto 
“pure^' cholesterol, clwleslerol-pigmejU-calctum, 
‘'pure” biliTuhtn, btltrubin-calcium and calcium 
carbonate stones The latter are very rare in man 
but not imcommon in cattle The “pure” cho- 
lesterol stone contains from 90 to 98 per cent of 
cholesterol, the remamder bemg made up of cal- 
aum, bile pigments, protein, etc The “pure” 
pigment and the bflirubm-calaum stones, on the 
other hand, contam varymg amounts of choles- 
terol The cholesterol-pigment-calaum stone is 
the commonest variety Stones of this type are 
usually multiple and, as a result of pressure of one 
stone against another, show numerous facets upon 
their surfaces They contam about 80 per cent of 
cholesterol which is deposited m cream-colored 
layers alternately with darker bflirubm-calaum 
lammae The great majonty of stones are formed 
m the gall-bladder, but they may also form m 
the hepatic duct or even m the smaller ducts 
withm the hver 

The formation of gallstones 

The mechamsm of gallstone formation is not 
clearly understood but the followmg are recog- 
nized as bemg the most important factors to be 
considered (a) Injury, especially of an infective 
nature to the gall-bladder wall, (b) disturbance in 
cholesterol metabolism, (c) stasis of the bile, and 
(d) reaction of the bile 

(a) IkfzctiO'I Followmg the classical work of 
Naun3Ti, infectioii was looked upon as the tnam, if not 
the only, cause of gallstone formation Naunyn mam- 
tamed, and It is now current teachmg, that the choles- 
terol of the bile was not dependent upon the cholesterol 
level of the blood and could not be altered by diet He 
also claimed, however, that abnormahties of cholesterol 
metabolism played a minor rble m the production of 
gallstones The mucosa of the gall-bladder, he beheved, 
normally secreted cholesterol and calaum and the 
secretory process was stimulated by any local inflam- 
matory state. Experiments m which human cholesterol 
stones were shown to be dissolved after a time m the 
gall-bladder of the dog under stenle conditions, but not 
if infection were present, the production of gallstones 
by mjecUons of rmCTobrganisms mto the circulation 
after mjury to the gall-bladder, and the frequent occur- 


rence of cholehthiasis after infective conditions, notably 
typhoid fever, were all taken to mdicate that infection 
was essential for the production of biliary calcuh The 
solvent action of the bile salts upon cholesterol was 
also held to support this view and to be against the 
suggestion that this bihary constituent could be thrown 
out of solution m the absence of infection. It was argued 
that the bile as it came from the hver could never have 
so high a concentration of cholesterol that simple de- 
position could result, but that the cholesterol must be 
produced m excessive amounts by an inflamed gall- 
bladder m order to be preapitated Of the normal 
concentratmg power of the gall-bladder httle was then 
knowm (see p 551) - 

Though not denymg the importance of gall-bladder 
mjury and the production of cholesterol from the m- 
flamed mucosa m many cases of cholehthiases, Aschoff 
and others have msisted_,that these conditions are not 
essential to the formation of calcuh, and that certam 
types, espeaally the sohtary cholesterol stone (see be- 
low), can arise m sterile bile and m the absence of any 
diseased condition of the lining membrane. This view 
is now generally accepted Much of the earher work 
upon cholesterol metabolism to which Naunyn pmned 
his faith has been proved to be erroneous 

The multiple cholesterol-pigment-calaum stones are 
usually looked upon as typical infection stones They 
are lammated on cross section and have usually a frame- 
work of coagulated protem These stones are often very 
numerous, sometimes numbered by hundreds, and an 
exammation of their structure mdicates that they have 
aU been formed at about the same time Accordmg to 
Aschoff, the startmg pomt of their formation is the 
deposition of pigment m the form of fine rosette-hke 
structures upon which coatmgs of cholesterol, pigment 
and calaum are subsequently laid The inflammatory 
exudate is rich m protem matenal denved from the 
blood, as well as m cholesterol and calaum The protem. 
It IS pomted out, cames an electnc charge of opposite 
sign to that held by the cholesterol, pigment and mor- 
gamc constituents of the bde It is beheved that as a 
result of these physicochermcal relations the deposition 
of cholesterol combmed m varymg degree with the 
other bihary constituents is effected 

(b) “Metabolic” The typical “metabohc” calculus 
IS the large smgle stone of almost pure cholesterol — the 
cholesterol solitaire This type of stone, accordmg to 
Aschoff, IS formed qmte mdependently of infection or 
mjury of any sort and is due to the crystallization of 
cholesterol out of a bile surcharged with this material 
The co mm on mixed stones (cholesterol-pigment-cal- 
aum) are also composed predominantly of cholesterol 
and probably m many instances are metabohc rather 
than infective m ongm In certam conditions, e g , 
pregnancy, m which gallstones are prone to develop, 
the blood cholesterol has been said to be higher than 
normal (hypercholesterolemia) and there is evidence of 
a disturbance m cholesterol metabolism But as a matter 
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of fact, hypercholesterolemia, accordmg to Gardner, 

13 not common m pregnancy, the normal proportions 
of free cholesterol to cholesterol esters (cholesterol 
combmed with fatty aad«), however, are altered, the 
former being inaeased, the latter reduced Abnormali 
bes in cholesterol metabolism leadmg to such changes 
ere probably of more importance m the production of 
gallstones than a nse in the total blood cholesterol It 
has already been mentioned that a high blood choles- 
terol does not cause an maease m the cholesterol of 
the bile Also, m certam forms of renal disease and in 
myxedema in which hypercholesterolemia exists there 
IS little evidence that the latter leads to the production 
of gallstones, m other forms of renal disease the ma 
dence of gallstones is higher than usual, yet hyper- 
cholesterolemia does not occur 

It has been mentioned that incieasiDg the cholesterol 
of the diet does not raise the cholesterol concentration 
of the bile, so there is no logical reason, as pointed out 
by Gardner and associates, for exdudmg cholesterol rich 
materials from the diets of those subject to cholehthm 
SIS. Indeed, a high fat diet, by stimulating gall bladder 
ooutracUons and so preventing undue concentration 
and stasis of bile, may exert a beneficial effect 

The ratio of cholesterol m bile to the bde salts is 
an important factor m the formation of gallstones The 
cholesterol bile aad ratio in normal bile is between 1 20 
and 1 30 Smee neither btle salts nor cholesterol arc 
absorbed under normal circumstances from the gall 
bladder this ratio holds for both hver and gall bladder 
bile Accordmg to Andrews, deposition of cholesterol 
occurs when the ratio falls to 1 13 He beheves that 
infection, when it is a factor, plays its part m gallstone 
formation not so much through increasing cholesterol 
production as through reduemg the bile salt concentra- 
tion, for he claims that bile salts are absorbed through 
the inflamed gall bladder mucosa Dollart and asso 
aates attach more importance to the concentration of 
fatty aads m the bfie than to that of the bile salts m 
preventing the preapitation of cholesterol 

“Pure" pigment stones (they contain calaum and 
cholesterol as well) also occur apart from infection 
They are small, and dark and, though usually occurring 
m the gall bladder, may be found m the bile passages 
Their ongin is not clear, but since they often occur m 
conditions assoaated with an abnormally high bilirubin 
excretion, eg, acholunc jaundice, they may be the 
result of the preapitation of bilinibm from a bile which 
contains excessive amounts of the pigment 
(c) Stasis or Slowing op the BruAHY Flow withm 
the bile passages may be responsible for the formation 
of small stones of pigment-calaum m these situations 
iVhcn there is complete stasis, due to mechanical ob- 
strucUon, the flmd in the larger bile passages contains 
none of the important biliary constituents The so- 
aUed 'white bde” fills the ducts and m consequence 
the formaUon of calcuh is not possible (p 544) Com 
plete bihaiy stasB appears also to be a very mmor factor 
» the production of stones m the gall bladder 


(d) Reaction oe the Bile Until the work of Drury, 
McMaSter and Rous this factor had received com- 
paratively httle attenUon These observers chused gall- 
stones composed, in varying proporUons, of calaum 
carbonate, pigment and cholesterol to be formed m the 
bile of dogs which had their gallbladders removed 
and their common ducts drained into n system of tubmg 
Encrustations of bihnry constituents os well as more or 
less discrete calculi formed upon the walls of the tubing 
These occurred under sterile conditions and m the ab- 
sence of stasis The deposits ate claimed to result from 
the alkalinity of the hver bile Normal bile of the dog 
as It flows along the bile passages was show n by Okada 
to be definitely alkalme while that of the gall bladder 
WOE acid Rous and his assoaates found the liver bile 
of dogs to have a pH of 8 20 or more, while after its 
stay m the gall bladder its reaction became deadedly 
aad — ^pH 5 18 to 6 00 Bile from the human gall blad 
det, thou^ less alkahne than hver bile, has rarely a 
pH below 7 0 One of the functions of the normal gall 
bladder (p 553) therefore appears to he depression of 
the pH of hver bile. So long as this occurs m the usual 
manner the calaum carbonate of the bde remains m 
solution In an alkahne bile, such as is collected from 
the common duct in the absence of the gall bladder the 
calaum carbonate is thrown down, and with it the 
pigment and cholesleiol constituents, to be deposited 
upon the walls of the dehvery tubmg These obsenm 
tions suggest therefore that in any condition which 
mterferes with gall bladder function, e g , infection, 
injury, or mterrmllent stasis, the usual aadificaUon of 
the hver bde will not occur, calaum carbonate will then 
undergo spontaneous preapitation, and serve as a 
center or centers upon which the other biliary constit- 
uents become deposited 

An Enumeration of Hepatic Functions 

Besides its secretory and excretory functions 
dealt with m this section the liver plays an im- 
portant r61e m many other physiological processes 
For the reader’s convenience a list of these with 
page references is given below 

(a) Blood fotmaUon m the embryo (p 103), stor- 
age of vitamm Bu (p 85) 

(b) Fibrmogen production (p 6) 

(c) Prothrombm production (p 116) 

(d) Hepann production (p 115) 

(e) Iron and copper storage (pp 76, 79) 

(f) Blood volume regulation (p 335) 

(g) Beticulo-endothelial activity (Kupffer cells) (p 
105) 

(h) Detoxication (p 592) 

(i) Trotem metabolism, deammation (p 628), ammo- 
^d synthesis (p 630), urea (p 632), and unc aad 
(p 654), hippunc acid synthesis (p 458) 

0) Carbohydrate metabolism (ch 49) 

(L) Fat metabolism (ch SO) 

(1) Heat oroducUon (p 736) 
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(m) Formabon of vitamin A from carotene (p 744) 

(n) Liberabon of a depressor anbdiurebc pnnaple 
(pp 29, 77 and 304) 

The hepabc circulation is dealt witli m chapter 28 

Liver Function Tests 

Several of the speafic funcbons of the hver have 
been utilized as tests for an investigabon of the 
functional capaaty of the liver as a whole, i e , 
as a means of detecting the presence of hepatic 
damage and, in some instances, of gaugmg the 
extent to vhich such damage has occurred, and 
to distinguish bet\\een different types of jaundice 
Some of these tests will be very briefly descnbed, 
the accounts bemg confined in the mam to the 
general pnnaples upon which the tests are based 

A TESTS BASED UPON TIIE EXCRETORY FUNCTIONS OF 
THE LIVER 

The quanbtaUve van den Bergh reacUon has been 
descnbed (p 544) Since the excrebon of bihrubm is 
an cssenbal hepabc function a detemiinabon of the 
quanbt} of arculabng bilirubin is a valuable means of 
esbmabng the extent of hver damage associated with 
jaundice, provided the hj^perbihrubmemia is not the 
result of biliary obstrucbon or of blood destrucbon 

The esbmabon of the quanbty of tirohltnogen ex- 
creted m the unne (p 539) has also been employed as 
a test of liver funcbon Inaeased blood destrucbon, 
as m pemiaous anemia, quite apart from hver damage 
will also cause urobihnogenuna, but it is usually much 
less pronounced than that due to parenchymatous liver 
disease Also, mfecbon of the biliary passages may 
mcrease the urobihnogen output out of all proporbon 
to the reducbon of h\er funcbon 

Other tests based upon the excretory funcbon of the 
liver are the bromsulphlhaletn, btliruhin and rose bengal 
tests In each of these tests the respecbve matenal is 
mjected mtravenously and the rate of excrebon esb- 
mated from the quanbty retained m the serum after 
the lapse of a speafied bme, the concentrabon of the 
material m the serum is determined colonmetncaUy 
These three substances are excreted pracbcally entirely 
by the liver and no significant amounts are taken up 
by the rebculo-endothelial cells In normal persons 
less than 5 per cent of bromsulphthalem (5 mg per kilo- 
gram of body w eight injected) is retamed after 45 nun- 
utes, or of bihrubm (1 mg per kilogram of body weight 
injected) is observed at the end of 4 hours In the case 
of rose-bengal (10 cc. of 1 per cent solubon injected 
without regard to subject’s weight) 50 per cent or more 
disappears from the serum wnthin 8 minutes after the 
mjecbon These tests, like the van den Berg test, will 
of course be of no value if obstrucbon of the bile ducts 
txists, obviously, whether damaged or not the hver can- 
not then excrete the mjected substances Colonmetnc 
difllculbes also render the dye tests mapphcable m the 


presence of hyperbdirubmemia from whatever cause 
The bihrubm mjecbon test is employed only m the 
absence of jaundice, for if the fiver’s power to excrete 
the endogenous bihrubm is depressed it is a foregone 
conclusion that it will show a correspondmg mcapaaty 
to excrete the mjected pigment In the absence of 
jaundice, however, the bihrubm mjecbon test is one 
of the most rehable means of esbmabng the degree of 
liver damage Determmabon of the serum alkaline phos- 
phatase level is one of the most sensibve tests of hver 
funcbon (p 866) 

B TESTS BASED UPON THE METABOLIC FUNCnONS OF 
THE LIVER 

(a) The Galactose and Levulose (Fructose) 
Tolerance Tests Li the levulose tolerance test the 
blood sugar curve is determmed after the ingesbon of 
from 40 to 50 grams of pure levulose dissolved m 250 cc 
of water — the dose of sugar is varied accordmg to the 
subject’s weight The test is performed m the mormng, 
that IS, after a 12 hour fast The blood sugar level is 
first determmed before the mgesbon of the sugar and 
every half hour for 2 hours thereafter The hver con- 
verts levulose to glycogen, the greater quanbty of sugar 
so converted the less pronounced will be the nse m the 
blood sugar In absence of hepabc disease the mgesbon 
of 40 grams or so of the sugar causes a maximum nse 
of the blood sugar curve of 30 mg per cent or less above 
the fasbng level (when this is between 80 to 100 mg 
per 100 cc ) wnthm one hour, the curve returns to withm 
10 mg per cent of the fasbng level withm 2 hours Defi- 
nite hepabc injury is mdicated by a nse m the blood 
sugar of over 30 mg per cent when the fasbng level is 
between 80 and 100 mg per cent, and a nse of 35 mg 
per cent, and of 40 mg per cent when the fasbng levels 
are from 70 to 80 and from 60 to 70 mg per cent, re- 
specbvely Failure of the curve to return to withm 15 
mg per cent of the fasbng level after 2 hours, regardless 
of the height of the curve is also definitely abnormal 

A similar test may be made usmg levulose At the 
end of a 12 hour fast the blood sugar level is determmed 
and 50 gm of levulose given m 400 cc of water The 
blood sugar level is then estimated at half hour mter- 
vak for 2 hours Normally the maximum value is 
reached m one hour and does not nse to more than 30 
mg per 100 cc above the fasbng level (80-100 mg per 
cent) and falb to 10 mg per cent above this level by 
the end of the two hours The total unnary excrebon 
normally by the end of the Sth hour is less than 130 
mg Higher values than these m blood and unne are 
found m hepabc insufficiency 

(b) Tests based upon the funcbon of the hver to 
deaminate the ammo-acids with the producbon of urea 
(p 632) or upon its detoxicabng funcbon have ako 
been devised Though m the dog hippunc acid is synthe- 
sized (from glycme and benzoic aad) only m the kidney 
m the rabbit and m man this funcbon is performed 
to an imp ortant extent by the hver as well In carrymg 
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out this test benzoic aod (5 9 grams) is given orally, 
1 77 gram of sodium benzoate (equivalent to 1 SO gr 
benzoic acid) is given intravenously and the hippuric 
aad excretion determined Normally, at least 1 gram 
of bippunc acid is excreted ivitbin an hour and the 
quantity of hippunc aad excreted m the urme at hourly 
mtervals for four hours thereafter is determmed If the 
liver possesses some reserve from 3 to SS grams are 
excreted ■withm tbm time The determination of the 
pTothromhn time (p 119) is also employed as a hver 
function test In damage of the hver, the prothrombm 
time is prolonged 

Tats baled upon the protein constitution of the plasma 

When damage to the hepatic parenchyma exists the 
albumm/globuhn ratio of the plasma is reduced due to 
an absolute mcrease m the beta and gamma globulin 
fractions and usually, as well, to an absolute reduction 
m the albumm fraction The tests to be descnbed are 
based upon the nse in the globulin fractions and the 
reduction m albumm, for the latter fraction tends to 
protect the globulm from the action of the reagent and 
thus to inhibit the reaction The higher the serum globu 
Im and the loner the albumm the more pronounced will 
the reaction be The tests to be descnbed cannot be 
correlated specifically with any given hver function and 
are, therefore, largely empuical The first test of this 
type to be mtroduced is knomi as the Taka Ara test, 
after its ongmators In the presence of an excess of glob- 
ulm a reagent composed of sodium carbonate, mercunc 
chlonde and aad fuchsin when added to the abnormal 
serum causes the preapitation of the mercunc chlonde 
A similar test is the colloidal gold test of Gray But the 
most commonly used and the most satisfactory tests 
of this group are the thymol turbidity test of Maclagan, 
and the cephalm-cholesterol flocculation test of Hanger 
In the former, 3 cc of the thymol reagent^® are added 
to 0 05 cc of serum and the degree of turbidity measured 
after J to 1 hour in a spectrophotometer at a wave 
length of 650 miUunicrons The turbidity is beheved 

“ This consists of 

1 38 gm barbitone 
1 03 gm. sodium barbitone 
3 gm. thymol 

500 ml doubly distilled water 


to be due to the preapitation of a globuhn thymol 
phosphohpid complex The cephahn-cholesterol floc- 
culation test consists of adding an emulsion of cephahn 
(100 mg from sheep’s brain) and cholesterol (300 mg ) 
to the semro and allowing the mixture to stand for 
from 24 to 48 hours Normal serum remains clear, 
whereas the serum from a patient wnth parenchymatous 
hver disease (mflammatoo, or degenerative) shows 
flocculation 

Several mvestigators have studied the reliability of 
the different liver function tests by companng the 
results obtained with the histological findings in biopsy 
samples of hepatic tissue Sherlock obtains a cjlmder 
of hepatic tissue by the use of a needle 1 mm m cahbcr 
and provided with a trocar The liver is punctured 
through the skin under local anesthesia. She finds the 
most useful and rehablc tests were determinations of 
serum bilirubin, serum alkaline phosphatase and the 
albumin globulin ratio In experiments upon dogs m 
which the liver was damaged by carbon tetrachloride, 
Drill and Ivy found that the number of hepatic func 
tions affected maeased wnth the seventy of the hver 
damage The exaction of bromsulphalcm was the first 
to become depressed Scrum alkaline phosphatase 
showed a nse about the same time or slightl) later 
Next in order of sensitivit) was the test for the pro- 
thrombin time, the galactose tolerance test was the 
least sensitive of the four tests employed From these 
results Dnll and Ivy suggest that the association of 
hepatic functions rather than their dissociation (i e , the 
smghng out of one or other function by liver damage) 
should receive emphasis 

It IS to be remembered that the foregomg are purely 
functional tests and that a negative result docs not 
necessarily mdicate the absence of liver injury On the 
contrary, liver disease may exist mthout its condition 
being revealed by any of these means This is obnous 
from the observations of Mchlaster and Rous and of 
Mann and his assoaates upon the reserve function of 
the hver The first mentioned observers showed that 
m the dog 95 per cent of the exaetory function could 
be abolished before jaundice appeared, hfann and his 
associates found that the hver tissue of the dog could 
be reduced by 80 per cent or more mthout a fall m urea 
production occurring 
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Anatomy 

The human gall-bladder has a capaaty of about 50. 
cc Its u all IS composed of a thin la'i er of mnsHp 
and fibro-clastic tissue, with a lining of mucous mem- 
brane The muscle fibers are sparse and loosely mter- 
laccd'u ilh one another and wth~tHe~sti^*ds of fibTo; 
clastic t issue '^c mucosa is surmounted by a layer of 
columnar epithelium 

The cysltc thro ugh which the bile enters and 
later leaves the viscus is tortuous, or S-shaped and 
shows spiral folds~of mucosa — the valves of Heisler — 
mthin Its lumen These so called valves have not a 
valve-like action, for they offer httle resistance to the 
passage of bile in either direction, nor do they seem to 
prevent a too rapid flow of bile as some have supposed 
They develop late in phylogenetic history being asso- 
aated apparently with the erect posture, they are found 
only m pnmates The folds are formed in the embryo 
py the twisting or uinding of the duct dunng develop- 
ment Their function, as suggested by Keith and sup- 
ported by Lichtenstein and Ivy, is to stiffen the uall 
of the duct and prevent its kinking 

The conimon btle duct, formed by th^union jif the 
hepffic and cys^c ducts, passes very obhquely through 
*010 muscular wall of the duodenum and joins with the 
“pSicreatic duct to form the ampulla of Vat^ (fig 41 1) 
The latter opens into the duodenum through an orifice 
situated at^the summit of a smallpapiUa about 3 J mchra 
bejow the pylorus The ampulla of Vater is surrounded 
near its outlet into the duodenum by a nng of muscle 
fibers— theTp/(»ic/cr of Odds Boyden has studied the 
circular fibers surrounding the common bile duct at its 
duodenal end (i e , the smooth muscle usually referred 
to as the sphincter of Oddi) and disUnguishes three sets 
of fibers (a) spinneier clwledochus {or Boyden’s sphincter), 
fibers which ..surround Bie_duct between its penetraUon 
of thejduodenal wall and the^dinfwhere it is joined by 
Ihe pancreatic duct, (b) fibers .emnr^ng^ the panwratic 
duct where it opens into the ampulla ^d^(c) those which 
surround the ampulla itself These latter are prraent m 
only aboutline-sixth of human subjects, when m spasm 
fhey may block the ampullary porbon of the common , 
bile duct and permit bile to pass into the pancreatic 
duct, or pancreatic juice to ascend the common bile 
duct Thejnucosa_of.. the common duct is devoid of _^e 
_usua l muco us gla ^s. but contains special branched^ 
tabulaLglan3i_hned with tall^coluranar cells These 
glands furnish a thin fluid which dilutes th^bile 

The gall-bladder, though it possesses important func- 
tions, IS not mdispensable smee it can be removed with 


impumty After such an operation, however, the larger 
bde ducts undergo dilatation, which may m part com- 
pensate for the removal of the viscus The gall-bladder 
IS absent in some ammals whose habits and digestive 
processes are not essentially different, apparently, from 
those of animals which possess one It is absent m the 
horse, deer and rat but present m cattle, sheep, dogs, 
cats and mice It is present in fish, amphibia, reptiles 
and birds, but is absent from orders lower than these 

CONTRACTIONS OF THE GALL-BLADDER AND 
COMMON BILE DUCT 

The gall-bladder shows spontaneous rhythmical 
contractions w'hich occur at the rate of from 2 to 6 
per mmute (m the dog), and also a tonic contraction 
which lasts for from 5 to 30 mmutes or more The 
rhythmical contractions (m the dog) are capable 
of produemg a pressure change of from 250 to 
300 mm of w'ater which is about the maximal 
pressure at which bile can be secreted by the. liver 
(fig 41 2) Rhythmical contractions of the common 
bile duct have also been demonstrated m animals 

The Functions of the Gall-bladder 

THE concentration AND STORAGE OF BILE— THE 
SECRETION OF MUCUS 

Gall-bladder bile may be some ten times more 
concentrated m total solids than bile collected from 
the hepatic duct Water and morganic salts are 
absorbed through the lymphatics and blood vessels 
of the gall-bladder wall The composition of the 
absorbed fluid is virtually that of physiological 
salme Bile pigments, bile salts and cholesterol are 
not absorbed to any appreciable degree under 
normal circumstances 

It IS undecided whether cholesterol is excreted 
by the normal gall-bladder mucosa, though Elman 
and Taussig present evidence for such a process 
In this connection it may be mentioned that a 
pronounced diffuse deposition of a cholesterol ester 
m the connective tissue of the human gall-bladder, 
amounting to from 35 to 60 per cent of its dry 
weight, IS seen as a pathological condition The 
tissue of the vesicle is stiff and greatly thickened 
as a result of its impregnation with hpid matenal 
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Fig 41 1 Shcming the smooth musde surroundiDg the duodenal end of the common bile duct (After Boydm 
shghtl> modified.) D chol , common fiife dud, D pane., />oncTea/ic dud, Sph chol , sphincter ctioledocims (Boyden s 
Minder), Sph amp , sphnder ampullae, Sph pane., sphtnder panaeaticus surroundmg tho pancreatic duct, 
T muse., T Bubmucosa and T mucosa, coots of the duodenal wU 


The disturbances leading to this condition, which 
is spoken of as cholesterosis of the gall-bladder or, 
from the appearance of the mucosa, as the “stroio- 
berry gall-bladder”, are unknown, the existence of 
this condition cannot, however, be used as evidence 
for the secretion of cholesterol by the gall-bladder 
mucosa under physiological conditions (See El- 
man and Graham ) 

To the work of Hammarsten and more recently 
to that of Rous and McMaster we owe the greater 
part of out knowledge of the absorptive powers 


‘.-t Udc'*'!*' kr‘j_u' 





Fig Examples of normal gall bladder cont 
^J^^Time matter, 1 second. (After Taylor 


of the gall bladder By means of a cannula placed 
in the bfle duct the latter observers collected the 
bile as it came from the liver and compared its 
composition with that m the gall-bladder The 
bflirubm percentages of the respective fluids were 
used as a measure of the degree of concentration 
that had been effected m the bile dunng its stay 
m the gall-bladder The bladder bile was found to 
be darker, thicker and more “syrupy” than the 
bile collected from the ducts It contamed from 3 1 
to 10 8 times more bflirubm than the liver bfle 
Absorption occurred with remarkable rapidity ui 
some instances In one experiment about 50 ca of 
bile which entered the gall-bladder was reduced to 
less than 5 cc, m about 22 hours In experiments 
mvolvmg the drainage of the gall-bladder through 
a cannula inserted mto its fundus it has been shown 
that the mere passage of bfle through the organ 
causes a nearly fivefold concentration Inflamma- 
tion of the gall-bladder reduces or abohshes its 
concentratmg power 

The gall-bladder mucosa also adds to the 
viscosity of the bile by the secretion of a thick 
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mucinous material Little or none of this matenil 
IS furnished by the bile ducts Nor were the latter 
observed to have any concentratmg power but 
were foimd, on the contrary, to dilute the bfle with 
a thin watery fluid 

When the ducts were obstructed by hgation and 
the gall-bladder tied off, after some days a clear 
colorless flmd was found to have collected within 
the ducts This fluid — the so-caUed “white bile " — 
IS not uncommonlj’^ seen during an operation upon 
an obstructed bile duct associated with a function- 
less gall-bladder The “white bile” under these 
arcumstances is furnished solely by the mucosa of 
the ducts It contains no pigment, bile salts or 
cholesterol and bears almost no resemblance to 
bile The secretion of the latter had been sup- 
pressed by the rise m pressure (to 300 mm or so 
of water) withm the hgated duct system 

If the gall-bladder is healthy and left m communica- 
tion with the obstructed sj stem the sequence of events 
IS entirely different. Bdiary stasis then causes thick 
greenish hie to collect m the ducts and bladder as a 
result of the latter’s concentratmg activity, and of the 
muemous matenal which it secretes After a lapse of 
weeks the imprisoned bile develops an almost tarry 
consistency The functions of the ducts and of the 
bladder are therefore antagonisUc, the former tendmg 
to dilute, the latter to concentrate the bihary fluid 
The diluting effect is at flrst overbalanced by the con- 
centrating action of the gall-bladder, and when this 
remains m commimication with the duct system, the 
net result is marked thickemng of the bile There is, 
however, a tendency with time for the activity of the 
ducts to ov ercome that of the gall-bladder The biliary 
constituents disappear and ultimately the contents of 
the system are entirely replaced by the thm simple 
secretion of the ducts and muemous matenal from the 
bladder (hydrops) (Rous and hlcMaster) 

Another type of “white bile” is sometimes produced 
In dogs a clear colorless flmd is secreted by the hver 
cells when their true secretion is suppressed by some 
Ee\ ere hver mjury such as that mduced by the admm- 
istration of chloroform (Drury and Rous) “White 
bde” of this tj'pe is sometimes seen m the human sub- 
ject as a result of hepatic disease. 

Other functions of the gall-bJadder subsidiary to 
its concentrating power are the reduction in the 
alkalinity of the bile (p 548) and the equalization 
of pressure within the bfliaiy duct system Without 
the abihty to absorb flmd and reduce the hulk of 
the bile its power to equalize pressure would be 
negligible It is to be remembered that the amount 
of bile secreted m 24 hours is some twenty times 


or so greater than could be contamed m the gall- 
bladder The loss of its action m equahzmg the 
pressure withm the duct system is probably a 
factor leadmg to the dilatation of the bile ducts, 
which so frequently follows removal of the gall- 
bladder (cholecystectomy) After this operation 
the flow of bile mto the mtestme is at first nearly 
contmuous, but later the adaptation of the ducts 
permits mtermittent discharge 

The importance of the gall-bladder m the con- 
trol of pressure wnthm the bihary ducts is apparent 
from the results of the experiments of Mann and 
BoUman They found that after ligation of the 
common duct m dogs a nse m the bihrubm con- 
centration of the blood did not occur until from 
24 to 36 hours had elapsed, and jaundice did not 
appear for 2 days If, on the other hand, the gall- 
bladder was removed at the time that the duct 
was hgated jaundice was fully developed withm 
24 hours due, presumably, to the nse m duct 
pressure, and the “regurgitation” of bile mto the 
blood 

In dogs, cholecy'stectomy causes some impau- 
ment of hver function, as shown by the serum 
phosphatase test, for at least 70 days following 
the operation In man, the excretion of bromsul- 
phthalem is reduced for a short tune after this op- 
eration, presumably until the ducts can function 
vicanously for the gaU bladder 

THE EUXING AND EVACUATION OF THE 
GALL-BLADDEE. 

The bile as it leaves the hver flows mto the 
hepatic duct and thence mto the common bile 
duct Durmg fastmg its entrance mto the duo- 
denum is blocked by the tome contraction of the 
sphmeter muscle (sphmeter choledochus) at the 
duodenal end of the duct As the bile accumulates 
withm the duct its pressure rises, and reaching a 
height of from 50 to 70 mm of water, forces its 
w'ay along the cystic duct mto the gall-bladder 
Dunng fastmg therefore the viscus becomes gradu- 
ally distended with retamed bile 

The nature of the force by w hich the gaU-bladder 
is evacuated has been a question of some debate 
The wall of the gall-bladder is relatively thm, and 
its muscle fibers so sparse, that it seemed unlikely 
that It could exert the pressure required to dis- 
charge its contents — espeaaUy smee the gall- 
bladder is evacuated with considerable difficulty 
by manual compression Intra-abdommal pressure, 
“niilkmg” action exerted by the duodenal move- 
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ments, and sunple leaking into the duodenum as a 
result of relaxation of the sphincter of Oddi have 
been vanously suggested as possible factors It has 
however been proved quite definitely as a result 
of evidence denved from several modes of mvesti- 
gation that t he contractions of th^g^ Madder 
itself, despite thpapparent muscukr we^e£s_of 
its walls, are responsible^^for the expulsion of its 
cbnlents "jhe times of emptying of the gall bladder 
are related to gastnc digestion Dunng fasting it 
remams distended i\ith bile though the sphincter 
guarding the common duct is relaxed, plamly mdi- 
catmg that the \tscus is competent to retam the 
bile without the aid of the sphmcter of Oddi That 
changes m mtra abdominal pressure arc not re- 
sponsible for Its emptymg xi’as shown by Mann 
and Higgins norkmg with gumea-pigs, whose gall- 
bladder can be readily mobilized 

The abdomen was opened under local anesthesia, 
the gall bladder exposed and drawn outside the ab- 
dominal wound, which was then sutured around the 
cystic duct. The vesicle was observed to contract and 
expel Its contents in response to food placed in the 
duodenum. It was also shown that m fish, which of 
course have no diaphragm and m which, apparently, 
the mtra abdommal pressure remains constant, inter- 
mittent evacuations occurred In dogs the influence of 
the sphmcter was removed by suturing a catheter 
into the common duct, the abdomen was left open 
m order to minimize the effects of mtra abdominal 
pressure. The gallbladder remamed distended, only 
dunng the digestion of a meal did it discharge its con 
tents 

When the walls of the gall bladder contract, 
bile IS discharged along the cystic and common 
rhicts mto the duodenum The sphmcter or sphme- 
ters guarding the lower end of the common bile 
duct normaUy can withstand a pressure of 100 to 
120 mm of water but the pressure developed by 
the contractions of the gall-bladder m dogs was 


shown by Mann and his associates to amount to 
over 250 mm HjO It is probable moreover that 
relaxation of the sphmcter occurs as part of a co- 
ordinated mechanism when the bladder wall con- 
tracts, and that the passage of bile through the 
sphincter is not simply a matter of the latter 
“givmg way” before the biliary pressure created 
by the gall-bladder contractions The duodenal 
muscle surrounding the oblique intramural por- 
tion of the common bile duct (p S51) is capable 
when contracted of offering a resistance of over 
750 mm of water Since this is much higher than 
the pressure which contractions of the gall bladder 
can exert, the flow of bile is completely blocked 
dunng contractions of the duodenal muscle but 
dunng the latter’s relaxation the compression of 
the duct IS relieved (fig 41.3) Therefore, dunng 
the cv acuation of the gall bladder and active duo- 
denal movements, the bile may be observed to 
enter the duodenum in squirts This is not due to 
the "mdkmg” action of the pcnstaltic movements 
of the bowel but is the result of the alternate block- 
age and release of the duct, the bowel movements 
arc incapable of causing any flow of bile when the 
gall-bladder is not contracting 
The most eflcctivc stimulus for the discharge 
of bile is fatty food, particularly cgg-yolk, cream 
or o!n c oil It appears that some degree of digcs- 
bon of the fat must occur before cv acuation results 
The effect of fat upon the gall bladder was shown 
definitely by Boy den He found that dunng a 
period of fastmg the gall bladder in the cat was 
distended with bQc, and its walls so stretched 
that they were reduced to about one fifteenth of 
their thickness m the collapsed stale It emptied 
slowly' after a meal, being collapsed, or nearly so, 
in from 1} to 2 hours The effect of meat upon 
the discharge of bile is much less than that of fab 
Pure protem, such as egg white, and carbohy dratc 
food IS almost without effect These findings hav c 
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been amply confirmed by several observers Whit- 
aker and his assoaates, for example, observed 
changes in the contour of the gall-bladder after 
fillmg it with iodized oil and examining it radio- 
scopically The human gall-bladder w hen rendered 
opaque to the X-rays by the administration of 
tetraiodophenolphthalein (p 556) can also be seen 
to discharge its contents in response to a meal of 
fat Its contractions dunng operations have also 
been observed frequently The products of fat 
digestion, hydrochlonc acid of a strength com- 
parable to that m tlie chyme, or magnesium sul- 
phate i\ hen placed in the duodenum, cause evacu- 
ation of the gall-bladder and relaxation of the 
sphmeter of Oddi Bile salts injected intravenously, 
on the other hand, cause relaxation of the gall- 
bladder Liquid petrolatum introduced into the 
duodenum is without effect 

The emptjung time of the gall-bladder is pro- 
longed in duodenal ulcer, during pregnancy and m 
pemiaous anemia (Boyden) 

The mcchamsms controlling nacnalion of the 
gall-bladder 

(a) Nervous It has been mentioned that relax- 
ation of the sphincter of Oddi probably occurs as 
the gall-bladder contracts A coordinated acbon 
of this nature points to a nerx'ous mechanism 
The latter mav depend upon intrinsic nervous 
plexuses in the vails of the biliarj' passages The 
gall-bladder contractions initiated b}' the stimulus 
of a meal might be due similarly to short reflexes 
through the intrinsic plexuses of the stomach or 
duodenum and biliary tract Nervous mechanisms 
are also indicated by the folloving observations 
Electrical stimulation of the stomach and duo- 
denum m animals is followed by contractions of 
the gall-bladder Contractions are occasionally m- 
duced by psychic influences, e g , the smell or 
taste of food The gall-bladder also responds to 
expenmental exatation of the vagus or sympa- 
thetic nerves Experiments attempting to demon- 
strate the precise actions of the extnnsic nerves 
upon the gall-bladder movements have, however, 
given very conflicting evidence Several observers 
have obtamed weak motor effects from both vagal 
and sympathetic stimulation, a motor action of 
the latter is also indicated by the fact that adren- 
ahne is excitatory 

The results of the experiments of Johnson and 
his assoaates, however, seem clear cut Section 
ot the right vagus nerve of the cat retarded empty- 


ing of the gall-bladder as a result, apparently, of 
the mterruption of motor fibers to the gall-bladder 
and of inhibitory fibers to the sphmeter of Oddi 
The left vagus was found to carry motor fibers to 
the gall-bladder, but apparently does not contam 
inhibitory fibers for the sphmeter Reflex effects 
upon the movements of the gall-bladder may be 
initiated from other abdommal viscera Stimula- 
tion of the cecum, for example, causes inhibition 
of the movements This reflex is abolished after 
section of the splanchnic nerves or excision of the 
cehac ganglion In the cat, Boyden has demon- 
strated an inhibitory effect upon gall-bladder 
motility of electrical stimulation of the duodenum 
by means of tied-m-electrodes But m a similar 
human experiment (an electrode being passed into 
the duodenum through a Rehfuss tube) an m- 
hibitory effect could not be demonstrated From 
this and from the fact that the rate of gallbladder 
emptying is little altered in subjects of double 
vagotomy, Boyden concludes that in man nervous 
control of the gall-bladder is of httle importance 
as compared with hormonal control 

(b) Hormonal Even m animals nervous mecha- 
nisms arc not essential to gall-bladder activity, 
this is evident from the fact that the reaction to 
the introduction of fat into the duodenum occurs 
after all nerv'ous connections between the biliary 
and gastro intcstmal tracts, and betw'een the 
former and the central nervous system have been 
severed That gall-bladder contractions can occur 
under such circumstances suggests, of course, a 
hormonal or humoral mechanism Boyden found 
that the blood of an animal taken at the height 
of digestion, when injected into a fasting animal 
causes the evacuation of bile, blood from a starved 
anunal has no such effect 
Ivy obtamed an aad extract from the mucosa 
of the upper part of the mtestme which caused 
contraction of the gall-bladder when mjected m- 
travenously mto animals The mjection of aad 
alone is without effect Nor will fat or its denva- 
tives excite contractions of the gall-bladder when 
admmistered mtravenously Acid and other sub- 
stances which are exatatory when placed m the 
duodenum or fed therefore act apparently by 
causing the production or liberation of a hormone 
m or from the intestinal mucosa The active 
principle is related to secretin but is quite distmct 
from this hormone, for it does not cause pancreatic 
secretion, and secretm does not cause gall-bladder 
contractions In crossed circulation experiments 
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the mtroductioa of aad into the duodenum of one 
animal caused contractions of the gall-bladder of 
the other I^'v and Oldberg named this hormone 
“choIcc}Stol:iii:ii'’ As little as 0 2 mg of the solid 
material prepared from a potent extract causes 
definite contractions of the gall-bladder It is free 
from histamme and other v asodilator substances 
Its effect has been demonstrated upon man The 
transfusion of blood from a human subject di- 
gesting egg > oik has been found to cause evacuation 
of the gall bladder of the reapient No effect was 
observ ed with blood from a fastmg donor 

TJc actions of drugs upon the moUUty of the gall 
bladder Adrenaline, pitressin, histamme and mecholjl 
stimulate the smooth muscle of the gall bladder, where 
as morphine, ergotamme and atropme are inhibitor} 

CHOtECYSTOGRAPHA 

Graham and Cole showed in 1924 that if the chlonne 
radical of a dje such as tetrachlorphenolphlhalein, 
which IS excreted selecUvel} b} the User, be replaced 
hj iodine or bromine, the compound, after concentra 
tion m the gall bladder, is opaque to the X rays Sodium 
tetra lodophenolphthalem or the correspondmg bro- 
mine compound (sodium tetra bramphenolphthalein) w 
given intrav enousl) or b} mouth m a special coated 
capsule. After fasting for a penod of about 14 hours a 
radiogram is taken. The normal gall bladder at this 
Ume shows a well defined shadow The gall bladder is 
then stimulated to contract by means of a meal con 
tainmg egg } oik and cream, and a second radiogram 
taken 5 hours later, when the normal organ should be 
found pracucall} empt> The depth of the shadow 
after dje administrahon depends directlj upon the 
concentratmg jxiwer of the gall bladder For this reason 
a diseased gall bladder ma} throw onlj a famt shadow 
or none at all 

Gallstones, which are relativel} transparent to the 
X raj-s, espeoall} those of a high cholesterol content, 
show up against the gall bladder shadow Gallstones 
containing more than 0.5 per cent of calaum are \Tsible 
without the aid of an opaque dy e, 

ATFECnONS OT THE GAIi-BLADDER AKD BILE DUCTS 

Among the common diseases of the gaU bladder are 
injlammalion [cholecyst, Its), gallstones (eholelilhiasts) 
and new grou^hs The factors msoUed m the formation 
of gallstones have been considered (p 547) 

In the absence of inflammation, stones in the gall 
bUdder give nse, as a rule, to no definite symptoms 
but m their passage along the ducts severe pam— hilmry 
co!ic-ma) be eipenenced as a result of the spasmodic 
contractions of the gallbladder and consequent disten 
ion of the duct walls Vomiting ma} occur as a reflex 


phenomenon In the dog pain is produced when the 
gall bladder is distended b} a pressure of 540 mm of 
water This, of course, is a much higher pressure than 
the contractions of the gall bladder can create Pam is 
produced, however, b} distending the ducts with a 
pressure of 270 mm of water— just about the maximal 
pressure which the gall bladder contractions can pro- 
duce. The cau^c of the expulsion of the stone from the 
gall bladder is not altogether clear Though contractions 
of the gall bladder have been observed to cause move 
ments of stones within its cavity, and even to force a 
Slone into the cvstic duct, gall bladder contractions do 
not m the majority of instances offer satisfactory ex 
planation for the expulsion of the stone According to 
some, inflammation and distension of the gall bladder 
are impiortant factors leading to the passage of the 
stone mto the cj slic duct 

Bthary dysktntsta 

It IS now generally rccogmxcd that biliary colic may 
occur in the absence of stone, inflammation or of any 
anatomical ahnormaUty , such as kinkang of the cystic 
duct, which would hinder the expulsion of bile from 
gall bladder In such instances the colic has a func 
booal ongin, being due to the gall bladder contracting 
against a sphincter of Oddi m a slate of spasm Nor 
mally as already menboned the sphincter relaxes when 
the gall bladder contracts In biharv dyskinesia the 
nervous mechanisms upon which this reciprocal action 
depends are, apparently, disordered It has also been 
claimed that a sphincter 111 e action may be exerted at 
the junction of the cystic duct with the gall bladder 
and that spasm of this ring of muscle dunng contraction 
of the gall bladder may give nse to biliary cohc Also, 
sudden distension vnth saline of the common bite duct 
of consaous patients causes pain resembling that of 
bihary cobc. The pain is felt in the upper right quadrant 
of the abdomen and in the interscapular or the right 
scapular region Nausea and vaimiling may occur The 
pam impulses trav el by splanchnic fibers and enter the 
cord by the posterior nerve roots from the 4th to the 
9th thoraac segments, inclusive. 

GaU bladder disease frequently gives nse to derange 
menu of other organs, particularly of the stomach 
Anaadity or hypoaadity and mcrcascd motility of the 
pylonc part of the stomach are commonly encountered 
Ivy and Fishback expcnmenting with dogs found that 
mild stimulation of the bihary tract inhibited gastric 
motihty and lowxred gastric tone They suggest that 
in the human subject stimulation of this nature is con 
ducive to gastne flatulence and belching A sudden 
sharp distension of the bile duct caused pylorospasm 
and vomiting in their animals According to some 
authorities dyspeptic symptoms in from 40 to 50 per 
cent of subjects are due to bihary tract disease Cardiac 
iraegulanties may result through reflexes initiated from 
the gall bladder or bile ducts. 
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The Physiological Properties of Smooth 
(Plain*, Involun*tar\ or Nonstruted) 
Muscle of the Gastro- 
intestinal Tract 

The chief features of smooth muscle hereby 
it differs from skeletal muscle are (a) sluggishness 
of contraction, (b) greater extensibility, (c) the 
exhibition of sustamed contraction or tonus, even 
when isolated from the central nerx’ous system, 
(d) the power of rhythmical contraction, (e) the 
possession of a double autonomic mnerx'ation 
(sympathetic and parasympathetic), (f) greater 
sensitmty to thermal and chemical influences and 
to certam types of mechanical stimulation, e g , 
stretching, but a lower exatability to electrical 
stimulation, and (g) longer chronaxie 

As in the case of skeletal muscle and of heart 
muscle (p 253), the force of the contraction of 
smooth musdc is dependent, within phj'siological 
limits, upon its mitial length Thus distension of 
the wall of the intestine as by the presence of 
gas or of fluids secreted as a result of a saline 
cathartic, causes powerful contractions of the 
bowel W'all 

Tonus of smooth musde is defined by Evans 
as the resistance which its substance offers to 
extension The degree of tonus (T) may therefore 
be expressed thus — 

T = F/L 

w'here F is the extending force and L the final 
length of the muscle subjected to the extending 
force 

The rhythmical contractions of smooth muscle 
are supenmposed upon the tonus state w'hich 
varies independently of the rhythmical contrac- 
tions themselves and may be of high, of medium 
or of low degree The processes underlymg the 
production of tonus in smooth muscle are not 
clearly understood though it is possible that they 
are not fundamentally different from those re- 
sponsible for the rhythmical contractions There 
appears to be no special structural basis, e g , 
different types of fibrils, upon which the property 
of tonus depends It is probable that, as in skeletal 
muscle (p 961), only a proportion of the fibers 
are contractmg at one time during the tonus state 


That IS, that groups of fibers contract in rotation 

The chemical changes accompanymg the con- 
traction of smooth muscle are probably similar to 
those occumng during the contraction of skeletal 
musde (ch 52) Glycogen is broken down and 
lactic aad produced In the absence of oxygen, 
lactic acid accumulates in the musde contracting 
in nitrogen, and disappears upon the admission 
of oxygen >1 

The tonic contraction of smooth musde is asso- 
aated with a negligible expenditure of energy 
The tonus mechanism is rdatively insusceptible 
to fatigue, heat production and electrical changes 
arc not detectable, and a rise or a fall m the degree 
of tonus IS not accompanied by a corresponding 
change m oxygen consumption Evans found, in 
fact, that a musde, when m high tonus, used 
slightly less oxj'gen than w'hen relaxed The tonus 
of the smooth musde of the gastro-mtestmal tract 
IS dependent mainly upon the intnnsic plexuses, 
though it IS influenced through the extrinsic nerve 
as w'dl Tonus changes are also brought about 
through influences, e g , changes in hydrogen ion 
concentration, acting duectly upon the musde 
fibers 

Postural tone 

When a hollow viscus such as the stomach is 
gradually distended its w'alls become accommo- 
dated automatically to the greater volume, though 
the tone of the musde at the new length is altered 
little from that existmg before the distending 
force was applied The pressure withm the bladder 
or withm the stomach (p 568), for example, does 
not mcrcase, or does so very temporarily when the 
contents of these viscera are mcreased m volume 
several fold The tone of the muscular walls be- 
comes adjusted to the “posture” of the viscus, the 
adjustment is analogous to the lengthenmg and 
shortenmg reactions of skeletal musde (p 965) 

The mner mechanism whereby this “postural 
tone” IS brought about is obscure The great m- 
crease m capaaty which can occur m a viscus such 
as the stomach is difficult to explam simply by 
assummg that the individual musde fibers are 
mcreased m length It has been suggested, there- 
fore, that the musde fibers, which are disposed m 
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layers in the walls of the hollow \nscera, shp o^ er 
one another, the wall thus beconung increased m 
area but reduced in thicLne=s (Grutzner) 

hlASnCAHON 

This act comprises mo^ ements of the lower jaw. 
Ups, tongue and cheeks Tearing of the food is 
effected mainl\ b\ the mcisor teeth, gnndmg b% 
the molars The jaw mo\ ements consist of dela- 
tion and depression, protrusion and retraction, 
together with side to side motions, thei are all 
controlled through the mfenor masiUan diinsion 
of the tngemmal nene, the\ result m the con- 
\ ersion of the food mto a state of fine diinsion and 
its thorough moistenmg with salii'a The mo\e- 
ments of the tongue and cheeks sen e to pass fresh 
food matenal between the teeth, and to collect it 
alter treatment bi the teeth into a bolus, suitable 
for swallowmg 

The Act or Swallowesg (DEGLtrrmoN) 

It has been customan smce the time of Ma- 
gendie to dinde the act of swallowmg mto three 
stages 

The first stage is under t oluntan control The 
food which has been transformed into a soft mass 
b\ the act of mastication is brought mto position 
upon the dorsum of the tongue, and bi the action 
of the lingual musdea is rolled backwards towards 
the base of the tongue, where it Ues just m front 
of the isthmus of the fauces The mj/o/noid musde 
(p 559) then contracts, pressmg the tongue against 
the hard palate and cam-mg its base, which is also 
rotated through the arc of a arde haimg the 
h\ Old bone as its center, sharpb backwards This 
movement which is effected with great speed 
propds the bolus with considerable force mto the 
pharynx where it enters upon the second stage of 
Its joumei to the stomach. Other mnsdes, the 
h\pog]ossi, the glossopalanhni and the shhgJosst 
actmg m conjunction with the m>loh\oids assist 
in drawmg the tongue backwards -ks a result of 
the muscular mo\ ements, chiefij of the mvlo- 



Fig 42.1 Tvpical graphs of pressure m phari 
Innng swallowing Upper tracing (white), moierni 
or rarvni recorded on a tambour Lower tracing (blac 
^™)°' pharjngeal pressure. (From Barelas, af 


hjoids, a pressure of 20 cm of water is de\ doped 
m the posterior part of the mouth, pharynx and 
upper part of the esophagus A negativ e pressure, 
howcr er, exists m the antenor part of the mouth 
A negatne pressure also normallj exists m the 
dosed mouth at other times, which aids m holdmg 
the lower jaw in the derated position 
The second stage is bnef and is occupied m 
guiding the food through the pharjTix and past 
the opetungs leadmg from it The muscular 
mo\ ements dunng this stage are purely reflex m 
nature. Harmg once passed through the isthmus 
of the fauces, the further progress of the food is 
berond \oluntary control, though sometimes ma- 
terial can be returned to the mouth by a special 
effort of coughing or “deanng the throat” Upon 
the food entering the pharynx the constnetor 
muscles contract, the pressure thus brought to 
bear upon the food forces it mto the esophagus, 
the palatophar\iigeiis and slylopharyngetts musdes 
at the same time drawmg the pharvnx upwards 
o\er the bolus There are howe\er, three other 
possible paths or by-ways along which the food 
ma^ tra\d These are (a) foruard again tnlo the 
mouth, (b) upnrards and foncards through the noser- 
pharynx, and (c) foncards and dovcmcards into the 
larynx The return of the food mto the mouth is 
pretented by the contmued contraction of those 
musdes which forced it mto the pharynx during 
the first stage The base of the tongue remains 
devated and drami backwards while the pharyn- 
gopalatini and glossopalatini formmg the fauaal 
pillars contract and, approximatmg the latter 
structures toward the midhne, narrow the openmg 
mto the mouth A negatic e pressure amountmg to 
35 cm H»0 or more is created m the pharynix and 
esophagus dunng this tune (fig 42 1) thus aidmg 
m the descent of the bolus 
The openmg mto the naso-phamix is dosed by 
the contraction of the levator veil palatini, tensor 
ndt palatini and mulac musdes which raise the 
soft palate so that its postenor edge is approxi- 
mated to the postenor pharyngeal wall WTieu this 
moiement carmot be accomplished as m post- 
diphthenhc parali'sis, bulbar paralysis, etc., at- 
tempts to swallow hqiuds are followed by their 
r^urgitation mto the nasal canties 
The entrance of food mto the larmx is prei ented 
by the contraction of the thyreohyoid musde which 
raises the organ, hnngmg its openmg under the 
shdter of the epiglottis and the root of the tongue. 
The epiglottis itself, however, is not essential for 
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the protection of the laryngeal opening, since 
when it IS destroyed there is little difficulty m 
preventing the food from entering the air passages 
— the elc\ation of the lar>Tix is the important 
safeguard, when it is fixed by disease swallowing 
IS difficult or impossible The epiglottis was at one 
time thought to sera c as a sloping lid for the larjmv 
over whicli the food slid m its passage downwards 
Tins structure, however, stands erect and inclined 
a little forwards, the foo<l passes over its dorsal 
(posterior) not over its ventral surface Coincidently 
with the upward movement of the laty nx the vocal 
cords arc approximated This is cfTcctcd b 3 ' the 
contraction of muscles attached to Uic arv'tcnoid 
cartilages which are tliercbv drawm forwards from 
their usual positions against liic postenor phaiym- 
gcal wall, and rotated mcdiallv This manocuver 
has the two-fold cficct of closing the glottis and 
causing the upper opening of the esophagus to 
gape The food, being subjected to pressure bv the 
contraction of the pharyngeal constrictors, is 
forced along the path of least resistance 

A short inspiration (inspiration of swallowing) 
occurs at the v cry commencement of the first stage, 
and IS followed bv complete inhibition of respira- 
tion whicli persists until the end of the second 
stage 

The third staf;c involves the passage of the food 
dowai the esophagus Tlic food is scircd by a 
peristaltic wave (p 578) winch, travelling along 
tlic esophagus, cirrics the material before it into 
the stomach The cardiac sphincter guarding the 
lower end of the esophagus and which at other 
times IS kept tonicallv' closed relaxes upon the ap- 
proach of the bolus whicli is then swept into the 
stomach by the wave of constriction which follows 

Time rclntwiiships The food reaches the upper open- 
ing of the csojilingus in nhoiil 1 second after the initi- 
ation of the swallowing act The rate of progress of 
the bolus along (he human csojihagus is not the same 
at all levels Tlic muscle m the upper or cervical portwn 
of the tuIie, winch is about 6 cm long is of the stnated 
type and conscqucntlj is capable of rapid contraction 
Solid food traverses this section in about 1 0 second * 
In the upper thoracic portion, which is approximately 
10 cm in length, the fibers arc mixed, some being 
stnated, others unslnatcd, and the food takes 1 5- 
2 0 seconds to pass In its lower thoracic part the tube 
IS composed entirely of unstnped muscle Its length 
has not been determined precisely but the food takes 
about 3 seconds to pass jhrough it Solid or semi solid 

' 1 he esophagus of the dog is comjioscd of stnated 
muscle throughout 


food therefore takes between 6 and 7 seconds to pass 
from the mouth into tlie stomach 

When liquids arc drunk the swallowing process is 
not quite the same During the first stage the liquid 
is squirted forcibly into Uic pharynx and down the 
esophagus by the contraction of tlic mylohyoid and in 
less than a second reaches the lower end of the gullet 
which becomes relaxed throughout its entire length 
That the fluid is not earned bv a penstaltic wave but 
passes down the esophagus with great rapidity can be 
demonstrated by means of X-ray or by auscultation 
over the lower part of the esophagus when the sound of 
the fluid arnving here can be heard On this account 
the accidental dnnking of corrosive liquids tends to 
cause injury', not equally throughout the lengtli of the 
esophageal mucosa, as would occur if it were carried by' 
a penstaltic wave, but more cspcaally' at certain points 
where the fluid strikes or collects, eg in the upper part 
of the esophagus and above the cardia When a single 
mouthful of liquid is drunk the cardiac sphincter docs 
not relax immediately ui>on the amval of the fluid 
This collects above the sphincter until a penstaltic 
wave, started in the upper part of the esophagus, arnves 
a few seconds later to relax the sphincter and carry the 
accumulated fluid through it In other instances, the 
fluid IS not shot down the full length of the tube but 
only as far as the lower part of the cervical segment or 
into the Uiomcic jiortion The distance depends upon 
the degree of relaxation of the muscular walls and the 
force of the propulsive movement When a senes of 
mouthfuls of liquid arc swallowed in rapid succession, 
as in dnnking a glass of water, the csojihagus usually 
relaxes throughout its length, and the fluid is projected 
to Its lower end or even through a relaxed cardia di- 
rectly into the stomach 

The first stage for the swallowing of liquids is not 
the same for all species In tlic dog and most other 
mammals the squirting action is important On this ac- 
count these animals can drink in the head dow n position 
and force the fluid into the esophagus against gravity 
Tins ability is dependent upon the contraction of the 
mylohyoid aided by the negative pressure in the 
pharynx and esophagus, removal of the phary'ngeal 
constnclors docs not interfere with it In birds such 
ns fowl, geese, etc ns was shown by Cannon and Moser, 
the passage of liquids ns well as of solids is dependent 
upon peristalsis, there is no squirting action These 
animals in consequence must raise the head in order to 
swallow liquids which arc thus allowed to trickle by' 
gravity' into the esophagus If the mylohyoid muscle 
IS denervated in the dog, liquids must be swallowed in a 
similar manner 

THE INNERVATION OF THE SWALLOWING REFLEX 

Upon first thought, it might appear that the 
swallowing act could be initiated when desired, 
yet It IS onlv the first stage that is under voluntary 
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control If one wishes to swallow when the mouth 
IS free of food or foreign material, a little sahva 
IS passed bad.wards by the tongue and thus serves 
as a mechamcal stimulus for the imtiation of the 
second and thud phases of the act which are 
purely reflex. If the mouth is kept perfectly free 
of saliva de^utition becomes impossible. The 
e^nent Abers of the refle-x are furnished by the 
hypoglossal nerve to the lingual muscles, the third 
division of the trigeminal nerve to the mylohyoid, 
the pharyngeal branches of the glossopharyngeal 
nerve and the pharyngeal and esophageal branches 
of the vagus to the muscles of the phaiymx and 
esophagus 

That the carnage of food along the upper two- 
thuds or so of the gullet is dependent upon ex- 
trinsic nerves, and that the peristaltic contraction 
IS not initiated or controlled by nerve plexuses 
nuthm the wall of the tube, nor > et the result of a 
property inherent m the muscle itself, nas shown 
by the foUowmg experiment of Mosso When the 
esophagus was cut across and a swallowmg reflex 
then abated by stimulatmg the pharynx, the 
peristaltic wave which followed "crossed" the gap 
and appeared m the lower segment If the vagus 
fibers gomg to the esophagus are divided, paralj'sis 
with complete relaxation and dilatation of the 
upper two-thuds of the tube results, no peristaltic 
wave can be evoked, and food does not enter the 
stomach On the other hand, the lower quarter or 
thud, m an animal such as the cat of which this 
portion of the gullet is compiosed of unstnpied 
muscle, contmues to show active peristalsis and 
may for a tune enter into a state of spasm The 
cardiac sphincter (p 561) becomes tomcally con- 
tracted Stimulation of the vagus causes, as a rule, 
a strong contraction of the entire esophagus 
In the dog whose entue esophagus is composed of 
stnped muscle, section of the vagi at any level 
above the aortic arch causes paralysis of the lower 
part of the tube which becomes dilated wnth re- 
tamed food (Hwang, Essex and Mann) The tone 
of the cardia is not increased but, on the contrary, 
IS usually reduced 

The sympathetic causes, accordmg to Kmght, 
contraction of the upper and middle thuds and 
mhibvtion of the lower thud of the tube 

The fotegomg experimental results may be taken 
as evidence that peristalsis m the upper portions 
of the esophagus is earned out through a central 
reflex In the lower esophagus, which in many ani- 
mals and m man is composed of unstnped rausde. 


the initiation and transmission of the wave, like 
similar movements of the intestine (p 578), de- 
volves upon the intrinsic nervous mechanism But 
also, like the intesUne, this part of the tube can be 
influenced through the extrmsic nerves 

The ajerent fibers of the reflex are furnished by 
those branches of the tngeminal, glossopharyngeal 
nerv es and the pharyngeal and supenor laryngeal 
branches of the vagus, mnervatmg the mucosa m 
the regions about the entrance to the pharynx. 
Usually a certain fauly well defined area m the 
region of the fauces, the palate or of the postenor 
pharyngeal wall— the location dependmg upon the 
patbcular animal speaes — can be demonstrated 
which IS more sensitive for the purpose of ehating 
the reflex than any other In the dog and cat, for 
instance, the most sensitive region is the mucosa of 
the postenor pharjmgcal wall, supplied by the 
glossopharyngeal in the rabbit it lies m the region 
of the tonsil and the soft palate, the sensory in- 
nervation of the latter being chiefly through the 
tngeminal The tonsil is also the most sensitive 
region in the nionke> , though stimulation of other 
areas, such as the entrance to the larynx or the 
base of the epiglottis will also eliat the reflex In 
man, the most responsive area has not been pre- 
ciselv determmed, but the reflex is readily induced 
b> mechanical stimulation of the postenor phatym- 
geal wall or of the base of the tongue If the im- 
pulses ansmg from these areas arc annulled by 
cocamization, swallowing is most difficult or even 
impiossible The central reflex cannot be initiated 
from the esophagus itself, a bolus placed in its 
upper or middle third remains m position until the 
reflex is evoked by stimulating the pharyngeal 
mucosa 

Experimental stimulation of the central end of the 
supenot laryngeal nerve wiU chat the complete senes 
of swaflownng mov ements The glossopharyngeal nerv c 
contams afferent fibers which ciate the reflex, others 
which inhibit it. A reflex started by the stimulation, 
say, of the supenor larymgeal may at once be cut short 
by stimulation of the central end of the glossopharyn- 
geal The tome inhibitory effect of the glossopharyngeal 
may be shown by simply cutting the nerve, when the 
esophagus passes mto a state of tome contraction which 
persists for some time The afferent glossophatyrngeal 
fibers responsible for the mhibitory effect respond to a 
rruider stimulus than do those which eiale the reflex 
The glossopharyngeal also contains those fibers through 
which the inhibition of respiration is effected refleily 
during the descent of the food through the pharynx. 
Stunulauon of the central end of the nerve causes the 
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breathing to be immediately checked, either in inspira- 
tion or expiration according to the phase during which 
the stimulus IS applied The inhibitory effect of degluti- 
tion upon respiration maj be demonstrated upon one- 
self If the breath be held until the desire to breathe 
becomes imperative the distress is momentanly relieved 
by swallowing 

Deglutition centers 

The large number of different nerves mvolvcd 
in the act of sw allowing and the smooth manner 
in w'hich the act, once initiated, is carried to com- 
pletion, indicate that the cranial nuclei are woven 
together by assoaation fibers into a coordinated 
whole, each nudear part of the mechanism coming 
mto action in accurately timed sequence and m- 
evitably, when the first of the scries is exated 
The central nen'ous tissue composing this coordi- 
nated mechanism is therefore diffuse and extends 
throughout the pons and medulla A more arcum- 
senbed area or center apparently presides over this 
complicated mechanism Markwald found this area 
to he in the neighborhood of the vagus nudeus 
and above but independent of the respiratory 
center Here, it is presumed, the afferent impulses 
arc received and relayed to the motor nudci In 
progressive bulbar paralysis the central mecha- 
nisms arc very gravely affected as a result of the 
successive involvement of the several nudci 

ANTn>ERISTAI-SIS IX THE ESOPHAGUS, HEART 
BURN, BELaHNG 

According to Alvarez, reverse wavelets or rip- 
ples commenang at the cardia and passmg upw’ards 
along the esophagus to the pharynx are not an 
uncommon occurrence in man, but true reverse 
peristalsis is not seen unless some obstruction 
exists The reverse ripples in the esophagus arc 
thought to be responsible for some of the S3mip- 
toms of dyspepsia, e g , the deposition of "fur" 
upon the back of the tongue, bad breath and 
regurgitation of fluids into the mouth Evidence 
for the existence of reverse movements in the 
esophagus was obtained by Kast who found that 
lycopodium spores swallowed in a capsule were 
recoverable from the mouth w ashings next mom- 
mg m over 50 per cent of a series of human subjects 
The possibility of material from even the lower 
bowel rcachmg the mouth is strongly suggested 
by the fact that lycopodium spores introduced 
into the colon by enema have been recovered some 
hours later from washings of the stomach 

“Heart Burn” is ascribed by Alvarez to the 


stimulation of the mucosa of the upper part of the 
esophagus by aad flmd regurgitated from the 
stomach Payne and Poulton suggest that a tonic 
spasm of the esophagus set up by the acid stimulus 
IS responsible for the sensation Jones and Richard- 
son produced it m normal persons by distension 
of the lower third of the esophagus The mtroduc- 
tion of acid, cold water or gastric contents into 
this part of the esophagus also caused the bummg 
sensation Spasm of the wall of the tube was ob- 
served at the level in contact with the material and 
reversed peristalsis above It is generally agreed 
that the sensation does not origmate within the 
stomach itself 

Beeching The tendency, after a meal, for small 
amounts of gas to be expelled from the stomach 
into the esophagus and mouth is expenenced by 
most normal persons It is brought about, most 
probably, by reverse waves originating in the 
cardiac region of the stomach and ascendmg the 
esophagus The repeated belching of gas is, how- 
ever, abnormal The gas in these instances is not, 
as a^rule, produced by digestive or fermentative 
processes in the stomach, but is simply air which 
has been previously swallowed (aerophagy) , it has 
the composition of atmospheric air The greater 
part of the swallowed aur does not enter the stom- 
ach but IS held m the low er part of the esophagus 
until a sufiBaent volume has collected to give the 
subject a certam satisfaction when it is belched 
The condition is seen m the nerx'ous type of sub- 
ject or in one who has some gastric discomfort, 
he resorts to the air-swallowing tnck in an effort to 
gam relief The mtragastnc pressure is not in- 
creased above the normal, apparently, in subjects 
who have the sensation of "gas on the stomach” 
and the pressure is not lowered after gas has been 
belched 

The Cardia 

The muscular rmg encircling the lower end of 
the esophagus is commonly known as the cardiac 
sphmeter, though, as a matter of fact, in man the 
thickness of the muscle m this situation is scarcely 
greater than that in the rest of the tube We have 
already seen that the cardia is held tomcally con- 
tracted, but relaxes upon the approach of a peri- 
staltic wave or may even remain relaxed durmg a 
series of swallow's, as in drinkmg (p 559) 

Experiments upon animals suggest that the 
cardia is supplied with both motor and inhibitory 
fibers from the vagus, stimulation of this nerve 
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though Mowed m many cases by relaxation of 
the sphincter, at other times causes contraction 
Though m some animals a tonic contraction of the 
cardiac sphincter follows section of the vagi, 
Hwang and his assoaates found that bilateral 
vagotomy in the dog in no instance caused m- 
creased tone of the sphmcter, as would result had 
they an inhibitory function, but hypotonia was 
sometimes the result of this operation However, 
the character of the response, inhibitory or ex- 
atatory, depends, apparently, upon the degree of 
tone, high or low respectively, exhibited by the 
sphmcter at the moment of stimulaUon Speaes 
differences may also be responsible for the van- 
abihty of results Observations upon cardiospasm 
(q V ) suggest that m the human subject the chief 
influence exerted by the vagal fibers is inhibitory 
The cardia is also mnervated by the sympa- 
thetic, but there has been uncertamty agam as to 
whether this nerve exerts an inhibitory or an 
exatatory action As in the case of the vagus, both 
inhibitory and motor effects have been reported 
(Carlson) to result from its stunulation In man 
the sympathetic has been thought to have a motor 
action The fact mentioned earher, that m some 
animals bflateral vagotomy causes spastic con- 
traction of the cardia, would also suggest that the 
usual action of the sympathetic upon the sphincter 
IS exatatory, were it not for the observations of 
Hwang and associates that sympathetic gangUonec- 
tomy IS without any effect upon sphmcter tone, 
whereas vagal section may be followed by hypo- 
tonia Knight m experiments upon cats found that 
whereas vagal stunulation, m all instances, caused 
relaxation of the cardia, sympathetic stimulation 
mvanably resulted in contraction 
Thus, as m the case of the vagus, the conflict 
of experimental results in respect to the sympa- 
thetic mnervation of the cardia does not permit 
any clear cut statement to be made The con- 
fusion IS likely due to speaes differences Observa- 
tions in cases of cardiospasm (see below) have 
suggested a motor action of the sympathetic m 
man but Gnmson has thrown doubt upon such a 
lunction for he could find no change m sphmcter 
action after double supradiaphragmatic vagotomy 
The cardia relaxes much more readily to pressure 
apphed to its esophageal aspect than to pressure 
from withm the stomach In anunals, a pressure 
of from S to 7 cm of water on its upper surface 
IS suffiaent to cause relaxation, but a pressure of 
25 cm IS requu-ed to be exerted from the stomach 
side Alvarez found, however, that m the human 


subject the mere pressure of the stomach contents 
upon the cardia may cause it to relax This fact 
was brought out by plaang persons in the head- 
down position The toniaty vanes m degree m 
different individuals, and in some, simply bendmg 
over forces the cardia, and causes a reflux of fluid 
mto the pharynx or mouth, as a result, no doubt, 
of the compression of the abdomen, and the conse- 
quent elevation of intragastnc pressure It is to be 
recalled in this regard that the pressure m the 
esophagus is, like that w ithm the rest of the thorax 
generally, subatmosphcnc. In individuals m which 
the tone of the cardia is lessened the “negative” 
pressure in the esophagus together mth any in 
crease of pressure m the abdomen, will encourage 
the regurgitation of fluid from the stomach 

The tone of the cardia is inhibited by mild 
stunulation of the gastric mucosa, and by sensory 
impulses arising m the mouth and pharynx Its 
tone mcreases as digcsbon proceeds The factor 
responsible for the inacased tone does not appear 
to be the aadity of the gastric contents, the hyper- 
tomaty apparently is a part of the general increase 
m tone that occurs m the fundic pmrtion of the 
stomach with the progress of digestion 

The tone of the sphmcter may be increased 
reflexly by abnormally strong stimulation of the 
stomach or of more remote regions of the alimen- 
tary tract Afferent impulses arising from a dis- 
eased gall bladder and other abdominal organs 
have been held responsible for abnormally hyper- 
tomc states of the cardia 

Cardiospassi Cardiospasm is the term applied to a 
condition in which the sphincter does not relax prop 
erly during deglutiUon, difficulty m swallowing (dys- 
phagia) results, the subject complaining that the food 
"sticks in his throat” X-ray examinaUon frequently 
shows that the lower portion of the esophagus is dilated 
mto a funnel shaped or fusiform structure. The condi- 
tion IS usually one of mcodrdination between the muscle 
of the esophageal wall and the sphincter — achalasia — 
rather than one of actual spasm Hurst showed that m 
most instances a tube weighted with mercury passed 
readily through the obstruction, and suggested the term 
achalasia m these cases in preference to cardiospasm 
The mode of its produebon is not known for certain 
In some instances it may be reflex m nature and due to 
the irritation of afferent fibers in the stomach, gall 
bladder or other abdominal viscus In tw o cases reported 
by Rake, from which tissue was obtamed for histological 
examination, degeneration of Auerbach’s plexus (which 
receive vagal fibers) was found Degenerative changes 
m the ganglion cells of this plexus have been described 
fiy several investigators Rake considers the condition 
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analogous to Hirschsprung’s disease (p 591) which is 
due to an unbalance between sympathetic and para- 
sympathetic mfluences These findmgs suggest that 
the normal action of the vagus upon thic; part of the 
alimentary tract of the human subject is to raise the 
tone of the esophageal wall and lower that of the cardia 
Increased resistance at the cardia together with dilata- 
tion of the esophageal wall would therefore naturally 
result from disease of the vagal endmgs Kmght has 
reported the treatment of cardiospasm and achalasia by 
sjunpathectomy But this operation which was designed 
to remove exatatory impulses is not, as a rule, perma- 
nently successful 

In some mstances achalasia of the cardia or even 
true spasm appears to be a manifestation of vitanun B 
defiaency and benefit has followed the admmistration 
of thiamme 

Mechanical Factors in the Physiology 
OF THE Stomach 

GENERAL CONSIDERATIONS SHAPE, POSITION AND 
DIVISIONS OF THE STOMACH 

The normal position of the empty human stom- 
ach IS not horizontal, as used to be thought before 
the development of roentgenography The greater 
part of the viscus is vertical or nearly so In some 
subjects the stomach is shaped like the letter J, 
m others like a steer’s horn and m others agam 
like a reversed L The majonty of normal stom- 
achs are J-shaped In this type the pylorus hes at 
a higher level than the lowest part of the greater 
curvature and the body of the stomach is nearly 
vertical In the steer-hom and reversed L types, 
on the other hand, the pylorus hes on a level with 
or below the most dependent part of the greater 
curvature The body of the reversed L-shaped 
stomach is also nearly vertical whereas that of the 
steer-hom type slants from above downwards and 
to the nght (fig 42 2) The hypotomc or atonic 
stomach tends to assume the J-shape, the hy^per- 
tomc stomach is of the steer-hom type The tone 
of the reversed L-shaped stomach is mtermediate 
between the two 

The lowest pomt of the greater curvature 
reaches, usually, to about the level of the umbfli- 
cus, or to a hne drawn between the highest pomts 
of the iliac crests But even m quite healthy and 
apparently normal mdividuals it is often well be- 
low the umbilicus m the standmg position A low 
position of the greater curvature has been looked 
upon m the past as pathological and has been be- 
lieved to be the cause of vanous dyspeptic symp- 
toms X-ray examinations, however, have shown 


that m a large proportion of perfectly healthy 
persons the lower hmit of the stomach may even 
be well down m the pelvis But there is no “drop- 
pmg” or ptosis of the viscus m the trae sense, for 
the fundus remains m contact with the diaphragm 
That is, the stomach is elongated but no down- 
ward displacement of the organ as a whole occurs 
Most observers now beheve that the descent of the 
greater curvature is an unusual findmg which, 
though sometimes associated with digestive dis- 
orders IS not, as a rule, a cause of them, and may 
usually be disregarded The stomach does not 
empty itself by gravity, but through the contrac- 
tion of its muscular wall like any other part of 
the digestive tube, of which it is merely a dilated 
segment It is not to be expected, therefore, that 
a lower position of a portion of a stomach with 
healthy muscle would necessarily affect its empty- 
mg any more than the evacuation of a loop of 
mtestme would be influenced by the position which 
it occupied m relation to the rest of the mtestmal 
canal The pylorus hes m or a few centimeters to 
the nght or left of the mid-hne When the stomach 
fills, the pylorus moves to the nght 



A B C ^ 

Fig 42 2 Diagram showing the posifaon and sub- 
divisions of the stomach A, B and C represent J, re- 
versed L and steer horn types of stomach, respiectively 
D, stomach of the J-shaped ty^ie with the greater 
curvature lymg well below the level of the umbihcus 
Antrum is also known as the vestibule 
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The wall of the stomach is composed of a serous coat 
and three la> ers of muscle fibers — longitudinal, arcular 
and ohhque, from without mwards The mucous mem 
brane is thromi mto numerous ndges or folds called 
rugae These are parlicularlj well marked when the 
stomach is empt> but tend to become flattened out as 
the organ becomes distended There is a well marked 
tnuscularis mucosae The capaaty of the stomach is 
from 1 to li quarts 

The portion of the stomach Ijnng above an imaginary 
homontal plane passmg through the cardiac onfice is 
called the/imdui (fig 42^) It is filled with entrapped 
gas The more or less vertical portion of the organ 
below the fundus is called the tody The succeedmg 
portion, represented by the hook of the J m the case of 
the J shaped stomach, is known as the pylortc part (pars 
p> lonca) and consists of a pronmal chamber the antrum 
or pyloric vtsltbide and the pyloric canal through which 
the stomach commumcates with the duodenum The 
notch at the low er end of the lesser curvature formed by 
the bending of the pj lone part upon the body, is known 
as the tncisura annularis The pylonc canal is a narrow 
passage about 3 cm long around which the circular coat 
of the stomach is thickened to form the pylonc splnncter 
The thickenmg of the muscle causes a projection of the 
mucosa which is responsible for the narrowmg of the 
digestive tube at this pomt and for the slight arcular 
depression on its outer surface. The musculature of the 
stomach is almost completely separated from that of 
the duodenum by a nng of connective tissue, 

THE MOTOR AC'llVi'llKS OF THE STOMACH 

When the stomach is empty its cavity below 
the upper part of the fundus, which as mentioned 
above is inflated with gas, is nearly obhterated by 
the apposition of the gastric walls Food, after 
passing through the cardia, collects just above the 

/ J' jr 
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obhterated portion, apparently simply of its own 
weight it gradually separates the gastnc walls, and 
passes downwards along the lesser curvature into 
the body and pylonc part of the organ (fig 42.3) 
This passage-way is sometimes referred to as the 
magcnslrasse 

The fundus and usually the remainder of the 
stomach above about the middle of the body shows 
little or no motihty The muscle of this part of 
the organ is the seat of a weak tome contration 
which is immediately inhibited by the entrance of 
food mto the stomach or even by the taste of food 
or Its passage dowm the esophagus (see p 568) 
This “receptive rdaxatmi" of the gastnc wall is 
known as the gastnc feeding reflex it also mvolves 
inhibition of peristalsis in the rest of the stomach 
The reflex is mediated through the vagus nerves 
Welch has observed abnormalities of the reflex m 
mtra-abdommal conditions outside the stomach 
Instead of the usual effect of eatmg upon the activ- 
ity of the stomach, an mcrease of tone and of pen- 
stalsis occurs, which not infrequently gives rise to 
mmor digestive disturbances, eg, a feeling of 
fullness, tightness, eructations, heart bum, or even 
pam (see fig 42 4) 

The lower part of the body and the antrum of the 
stomach constitute a chamber wherein the food is 
macerated, fragmented, and thoroughly mixed 
Peristaltic waves commencmg near the middle of 
the body of the stomach sweep downwards through 
the pylonc vestibule They are shallow and ill- 
defined at their commencement but become 
stronger as they descend They also mcrease m 
strength as digestion proceeds and, when this is at 
Its height, bite deeply mto the gastnc walls 

Two or more penstalbc waves may be seen at one 
moment travelling through the lower part of the body ) 
and pylonc region, for this reason the X-ray appearance 
of the acbvely motile stomach is irregularly convoluted 
The waves m their downward journey show rhythmical 
vanabons m depth They might be described as wai- 
mg and wanmg At one mstant thej deeply mdent the 
gastnc wall and the segments between the annular con- 
stnebons are also reduced m diameter There appears 
to be a general mcrease m tone of the gastnc wall, the 
capaaty of the entire pylonc region being reduced At 
the next instant there is a general reduebon m tone, 
the waves are less mtense, the convolubons of the stom- 
ach outhne less pronounced, and the capaaty of the 
pylonc region mcreased (fig 42 5) 

Gastric motihty shows great mdividual vana- 
tion, m some types of stomach the wave travels 
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very rapidly, completing its journey m from 10 to 
15 seconds In others the wave takes 30 seconds 
or so to pass from its ongm to the pylorus The 
slow waves are the more common 

A second type of wave is seen m the antrum 
which may occur rhythmically or arrhythmically 
The former type is of the same rate as the pen- 
staltic waves but much weaker, exertmg a pressure 
of less than 5 cm of water These waves, which 
have a duration of about 20 seconds, are not 
propulsive, being purely mixing or chummg m 
function Variations m tone also occur m the 
antrum upon which these contractions are super- 
imposed 

Apart from mdividual differences, the motor 
activity of the stomach is mfluenced by the chem- 
ical characters and bulk of the meal Fat, for 
example, inhibits the movements, reducmg the 
depth of the peristaltic waves, and lowermg gas- 
tnc tone Fat exerts this effect after reachmg 
the duodenum Ivy and his associates have ob- 
tained evidence that the inhibitory effect of fat 
IS mediated through a chalone (see enterogastrone, 
p 512) Gastnc motdity is altered m duodenal 
ulcer, the weak mixmg movements bemg less 
frequent than normally, while peristalsis becomes 
more pronounced, they appear to be largely re- 
sponsible for the ulcer pam 



^ Fig 42 5 Serial X-ray photographs of human stomach taken at 2 second intervals durmg digestion (From 
Cole ) 
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Fig 42 4 Showing normal (A) and abnormal (B) 
gastnc feeding reflexes The record B was from a 
patient with chronic appendicitis Arrows indicate 
when food was given Time (hour) given along the 
abscissae (After W elch) 

Some of the products of protem digestion m the 
mtestme (e g , the monoammo-monocarboxyhc 
acids) and bydrochlonc aad inhibit gastnc tone 
and peristalsis This action which is referred to as 
the enterogaslnc reflex is brought about through 
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the vagus Sugars in high concentration also inhibit 
gastric movements, this effect is probably induced 
through the medium of enterogastrone rather than 
by a reflex mechanism 

In the mtact normal stomach distension of the 
gastnc walls acts as a stunulus though extreme 
distension is inhibitory Nervousness and anxiety 
tend to mcrease peristalsis while certam other emo 
tional states— apprehension, fear, mental strain, 
shock or depression — tend, as a rule, to inhibit 
the movements and to reduce gastnc tone Pam 
and physical fatigue act similarly Exerase unless 
very moderate tends to mhibit gastnc motility 
After the operation of va^ ‘omy for peptic ulcer 
the motility of the stomach and the hyperemia of 
the mucosa caused by food are less than normal 
It is believed that in many instances the dis 
comfort or distress nhich follows shortly after a 
meal has its ongin m one or other of such nervous 
factors as those just mentioned Ilffien food is 
taken while one is fatigued, anxious, agitated or 
humed, disturbances of the normal motor mecha- 
nisms of the stomach give nsc to unpleasant 
gastnc sensations The precise manner in which 
these are set up is not clear, but it is not unlikely 
that, m some instances at least, w ith the mhibition 
of the normal descending waves of peristalsis, 
reverse waves arise which lead to heartburn, 
belching and a feelmg of discomfort (p 561) But 
whatever the mechanism, the relation of psychic 
factors to gastnc symptoms is dearly evident 
This so-called nervous dyspepsia is, to quote 
Alvarez, “the disease of the mother who prepares 
the meal and then wrangles with children or 
husband at the table, it is the disease of busmess 
men and women who gulp down some food at a 
counter and rush back to work, and it is the dis- 
ease of the president of a luncheon dub, or of the 
travelmg salesmanager who gives ‘pep talks’ at 
luncheons and dinners ” 

Among chemicals which influence gastric mo- 
tfhty the foUowmg may he mentioned Alcohol, 
lactic aad, coffee, sodium bicarbonate m thera- 
peutic doses, histarome, insulm and cholmergic 
0 g , methylcholine chloride and carbo- 
ammocholme mcrease peristalsis, smoking, atro- 
pme, vitamm Bi defiaency (p 750) infectious 
fevers and anoxia depress it Insuhn is without 
effect upon motihty after double vagotomy 
Ganghomc blodong drugs, such as tetraethyl- 
ammonium chlonde and'the heiamethonium com- 
pounds, are powerful inhibitors of the gastnc 


movements Morphine increases the tone and 
amplitude of the contractions of the pylonc 
sphincter, its effect upon the antrum is variable 

mE EUPTYING OF THE STOiIAC3I 

After an ordinary mixed meal the normal human 
stomadi empties m from 3^ to 44 hours A meal 
consisting mainly of carbohydrate leaves more 
rapidly than one containing much meat, and this 
more rapidly than one containing fat Sugar 
(glucose or sucrose) fed in concentrated solu- 
tion retards evacuation In normal young adult 
males a lest meal is evacuated in about 2 hours 
the range is from 1 5 and 3 3 hours (Van Licre 
and Nortlirup) Fluids and scmi fluids commence 
to leave the stomach almost immediately after 
being swallowed (see table 40) 

The theory propounded by Cannon, that the 
pylorus IS controlled bv the acidities of the gastnc 
and duodenal contents — high gastnc aciditv caus 
mg opening and high duodcml acidity closure— 
IS held no longer A stimulus of practically any 
sort arising in the duodenum can rcflcxly increase 
the tone of the pylonc sphincter and effect its 
closure, a high aadily can serv e as such a stimulus, 
but It has no spcafic effect in thus regard A high 
degree of alkalinity m the duodenum also inhibits 
gastric motibly and delay s evacuation The empty 
ing time of the stomach is actually shortened by 
reducing the gastnc aadity, as by the ingestion 
of sodium bicarbonate or of disodium phosphate 
(Van Litre and Slcctli) Bile salts reduce the 
emptying time of the human stomach Gastnc 
evacuation is prolonged by general anesthetics, the 
greatest increase being caused by chloroform and 
ether and the least by nitrous oxide and cyclo- 
propane 

The rapidity with whidi raw egg white or water 
leaves the stomach, as well as the normal and 
sometimes shortened empty mg time m gastnc 
anaadity (p 518) had always offered obstacles 
which the acid theory of pyloric control found 
diflBcult to surmount McClure, Reynolds and 
Schwartz have shown dearly that no important 
relationship exists betw ecn the emptyang time 
and gastnc or duodenal acidity The maintenance 
of a constant aadity m the duodenum did not 
prevent pylonc opening On the other hand, when 
the duodenum was kept neutral or alkaline by 
means of fluid introduced through a duodenal 
tube, rhythmical openmg and dosure of the sphinc- 
ter ocoirred m the usual way Nor were Baird 
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TABLE 40 

Gastric evacuation — various foods 
(After Wilson) 



UINUTES TO 

FIRST LEAVING 

PERCENTAGE OVT OF STOilACH IN 



SIOUAL'I! 

1 

U hours 

3 hours^‘^ 

V4} hours 

Carbohj drates 

Thick pomdge 

2 

minutes 

4 

75 ! 

/ J 

/ 

;\ 

Bread 40 grams, dales 100 grams 

3 

3 ’ 

60 J 

- '95 

\ 

Proteins 

Egg while, raw 

1 ^ 

3 


■85 

■i 

Codfish, boiled 

Lean meat, baked 

Fats 

5 

5 

20 

7 


85 

- 95-, . 

on ' ^ 





Cream 32 per cent 

1 

1 


40 


Bacon and egg v oik 

5 

12 


30 

95 

Olu e oil 

1 

1 


50 



and assoaates able to obtain evidence for the aad 
thcoty of pylonc control from evpenments on 
human subjects The emptj mg time of the stom- 
ach shoved no dependence upon the reaction of 
the gastnc or duodenal contents Essentially 
sunilar results have been obtamed by McCann 
and several other investigators 
The opinion is now w idelj held that the pylorus 
IS patent for the greater part of the tunc and that 
the evacuation of the stomach is definitely related 
to the peristaltic activity of the antrum Wheelon 
and Thomas obtained simultaneous records in 
animals by means of balloons placed, respectively, 
m the pylonc antrum and the pyloric canal, w hich 
showed that as the constricting ring traverses the 
antrum the sphincter becomes relaxed and the 
chyme is swept before the wave into the duodenum 
The pylorus then closes for a moment, rclaxmg 
agam and remaining open until the next wave of 
constriction amves from the antrum Graphic 
records obtained by means of balloons placed in 
the antrum combined w ith X-ray examination also 
show that the emissions of chyme through the 
sphincter are coinadent wth the passage of waves 
over the former region (Carlson and associates), 
and Baird and associates found that in the human 
subject fluids shortly after being drunk issued 
from a tube placed in the duodenum just beyond 
the pylorus not continuously, but in jets The 
importance of the pylorus (the keeper of the gate) 
m controlling gastric evacuation has, therefore, 
been greatly exaggerated X-ray examinations of 
the stomachs of patients in whom the pylorus has 


been excised, show emptying times which do not 
differ significantly from the normal (Smgleton) 
It IS apparent from the foregomg discussion 
that factors which increase or dimmish gastric tone 
and the force of the antral peristalsis, wtU shorten 
or lengthen, respectively, the evacuation time 
The immediate factor which determmes the rate 
of gastric evacuation appears to be the pressure 
gradient between the antrum and the duodenal 
bulb Fat, for example, inhibits gastric motility 
and so delays the emptying time 
The degree to which the gastric contents have 
been reduced to fluid or scmt-fluid consistency ap- 
pears also to be an important factor determmmg 
the rate of emptying of the stomach As already 
mentioned, water drunk by the human subject 
passes through the pylorus m squirts almost im- 
mediately after havmg been drunk In the early 
stages of digestion, when the food contains pieces 
of solid material, the tone of the pylorus is higher 
than m the later stages, when the gastnc contents 
arc in a semi-fluid state Raw egg white and fluid 
milk also leave more rapidly than coagulated egg- 
albumm or clotted milk The shorter emptying 
time of carbohydrate food as compared with pro- 
tein is due most probably to the greater readmess 
w'lth w'hidi the former is reduced to a semifluid 
state The details of the mechanism whereby the 
consistency of the food and the emptying rate are 
correlated are not clear, unless, as has been sug- 
gested, solid particles act as mechanical stimuli 
which, coming into contact w ith the pylorus, cause 
pyloric closure and possibly set up retrograde 
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waves m the vestibule Cannon, for example, fed 
pellets of a bismuth salt to an animal and, observ- 
ing the gastric movements by means of the X-ray, 
saw the opaque particles earned up to the pylorus 
bj peristaltic waves They were not, however, 
allowed to pass into the duodenum but were re- 
turned to the vestibule They were retained in 
the stomach after the rest of the gastnc contente 
had been discharged Retrograde waves m the 
vestibule have also been observed by Kleine and 
others when solid matenals such as undigested 
meat came mto contact with the mucosa m the 
region of the pvlorus 

The observations of Apperly and several other 
mvestigators mdicate that the osmotic pressure of 
the gastnc contents is another factor mfluenemg 
the emptymg time of the stomach Macleod and 
associates found that hypertomc glucose solutions 
when fed to rats were reduced to isotoniaty before 
evacuation occurred, and McSwiney and SpurreU 
observed that hypertomc meals delayed gastnc 
evacuation, proportionately to their hypertomcity 
Correspondmg observations have been made by 
Van Liere, 

Finally, the state of the upper part of the duodenum 
(p 572)— Its fullness or empUness, which thus 
alters the pressure gradient between the antrum 
and the duodenal bulb— has also a pronounced 
effect upon the state of the pylonc sphincter and 
the emptying time of the stomach It has been 
mentioned on page 566 that certam digestive 
products m the duodenum cause gastnc mhibition 
through the enterogastnc reflex or through the 
liberation of enterogastrone 
The mam factors, therefore, which influence the 
emptymg time of the stomach are (a) the nwtihly 
of the stomach itself, (b) the consistency of the gastric 
contents, (c) the osmotic pressure of the gastric con- 
tents, and (d) the quantity and nature of the malenal 
lit the duodenum It should be remembered that 
the pressure in the antrum must exceed that m 
the duodenum m order for the stomach to empty 
Gastric evacuation is also influenced to some extent 
by the position of the body, emptymg bemg more 
rapid when the sub}ect is lymg upon his right 
side than when standmg or recumbent upon his 
left side 

inteagastric eeessuees 

The pressure within the human stomach vanes m the 
standing or silting posiUon from 6 to 10 cm HjO In 


certain other posiUons, as shown by Wilson and Irving, 
e g . lying on the right side, the pressure is frequently 
subatmosphenc (-1 to -S cm HiO) The pressure 
m the fundus is considerably lower than that m the 
pylonc part. This mdicates that the tonic conlracUon 
of the fundic walls does not serve to press the food 
towards the pylorus, as has sometimes been supposed 
The pressure Is also usually higher m the antrum than 
m the duodenal bulb In the dog, mtragastne pressures 
up to 90 cm of water have been observed The intra 
gastnc pressure vanes with the mtra abdommal pres- 
sure and with the respiratory movements 

As already mentioned, the entrance of matenal into 
the stomach causes a reduction m the tone of the gastnc 
musculature, and an increase m the capaaty of the 
stomach for the accommodation of the ingested food or 
dnnk (see postural tone, p 557) When, for example, a 
large quantity of water is drunk the upper surface of 
the flmd m the stomach as shown by X-ray rises very 
slowly and, after reaching a pomt about the middle of 
the body, remains practically stationary at this level, 
though an additional quanbty of fluid be drunk, little 
change in the level of the fluid occurs Ordinanly, the 
mtragastne pressure shows no increase after the inges- 
tion of a meal, and even after a hter or so of water has 
been swallowed no nse in pressure, or only a very 
transitory one, can be detected Conversely when fluid 
IS withdrawn from the stomach the gastnc capaaty 
becomes automatically reduced and the mtragastne 
pressure remams virtually unaltered The adjustment 
of the gastnc capaaty to the volume of the food ap 
pears to be dependent m part at any rate upon a central 
reflex Accordmg to Kelling it is abolished by deep anes- 
thesia Adaptation is shown, however, to some extent 
even by the excised surviving stomach The increase in 
gastnc capacity is accompanied by reflex relaxation of 
the abdominal muscles If, on the other hand, an amount 
of fluid, which when taken into the dog’s stomach causes 
no change in mtragastne pressure, is mjected mto the 
pentoneal cavitj , relaxation of the abdommal muscles 
does not occur and the mtra abdommal pressure nses 
m proportion to the volume of the flmd which has been 
introduced The mtragastne pressure nses, of course, 
to a corresponding degree The discomfort and sensation 
of fullness after a meal eaten hastily or under condi- 
tions of nervous stram are attnbutable m many m- 
stances to the mabihty of the gastnc wall and abdomi- 
nal muscles to become accommodated rapidly enough to 
the inaeased volume of the stomach contents 

the innervation of the gastric movements 

The stomach contams mtrmsic plexuses (of 
Auerbach and Meissner) similar to those in the 
mtestme (p 583) Its extnnsic innervation is 
through both the right and left vagus nerves and 
the sympathetic (fig 42 7) The fibers of the vagus 
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end around cells m Auerbach’s plexus ’ The post- 
ganglionic fibers of the sympathetic (cell stations 
in celiac ganglion) end by arborizations around the 
muEde cells The effects of the experimental stimu- 
lation of either of these nerves cannot always be 
predicted Vagal stimulation may cause ather 
augmentation or inhibition of gastnc motility The 
result obtained depends upon several conditions, 
e g , the frequency and strength of stunulus, the 
level of the tone of the muscle at the time and the 
activity of the peristaltic movements Generally 
speaking, when the tone of the gastnc muscle is 
high and actively contracting, inhibitory effects arc 
produced bj' vagal exatation, vhereas when the 
musde shows little or no motility and its tone is 
low a motor response is obtained from the vagus 
Thus, McCrae and MeSwnney, and Stopford 
found that when the rhythmical viovemcnls were 
present in the antrum, vagal stimulation caused 
inhibition but, if the movements were absent, 
vagal stimulation initiated them Similarly m the 
case of the sympathetic, when hjqiotonus or 
hypertonus pre-exists, stimulation causes augmen- 
tation or inhibition, respectively, of gastnc mo- 
tility Inhibition of the rhythmical movements of 
the antrum, however, is the frequent result of 
sympathetic stimulation The sympathetic is gen- 
erall> considered to be excitatory to the pylonc 
sphincter and the vagus mhibitory, but an opposite 
effect may be obtained from cither nerve, the tonus 
level at the time appeanng to be a determining 
factor Though vanability of response is quite 
evidently a characteristic of the gastnc nerves, 
their functions can be summarized in the state- 
ment that the lagus is predominantly motor, the 
sympathetic predominantly inhibitory with opposite 
effects, respectively, upon the pyloric sphmeter 
Thomas and Cnder observed that, in dogs, vig- 
orous gastnc pcristalis ceased immediately upon 
sectioning the vagus nerves, the stomach remamed 
quiescent for hours But when the sympathetic 
nerves arc sectioned as well, although there is 
inhibition of pcnstalsis for a time, motility soon 

’ Both vagus nerves enter into the formation of the 
esophageal plexus Trom the latter, two trunks, each 
of i.hich contains fibers from the nght and the left 
vagus, emerge The anterior vagal trunk supphes the 
antenor surface of the stomach and the postenor trunk 
the postenor surface Each aspect of the stomach thus 
receives fibers from both vagus nerves The pylorus 
and first part of the duodenum receive a speaal branch 
which anscs from the antenor trunk This branch also 
sends twigs to the liver The postenor trunk supphes 
a large branch to the cchac p'ev.s fSee MeCtae) 



Fig 42 6 Diagram of innervation of the two mam 
types of smooth muscle classified on the basis of effects 
of adrenaline and acetylcholine In each of the two 
diagrams the parasj mpathetic mnervation is shown on 
the left and llie sympathetic mnervation on the nght 
The type of smooth muscle on the left is inhibited by 
adrenaline and contracted by acetylcholme, the type 
on the right is contracted by adrenaline and inhibited 
by acetylcholme E and I designate two types of “re- 
ceptive mechanisms” m the cells which must be postu- 
lated to explain the fact that a smgle chermcal, e g 
adrenaline, causes one cell to relax and the other to 
contract (From Youmans, Amer Jour Med Vol 13, 
p 213, 1952 ) 

returns This suggests that a tonic inhibitory 
influence, exerted by the sympathetic mnervation 
is responsible for the abolition of gastnc motility 
w'hen the vagi alone are sectioned In man, de- 
crease m tone and m the motility of the stomach 
and reduction in the tone of the pyloric sphincter 
have been reported to result from section of the 
gastric vagi On the other hand, section of the 
sympathetic innervation has been found to mcrease 
the motility of the human stomach The innerva- 
tion of the cardia is discussed on page 561 

After section of both sets of extrinsic nerves 
to the stomach, the movements when they return 
are dependent upon the mtrmsic nervous mecha- 
nisms The evidence for the mediation of excita- 
tory effects of the vagus by acetylcholme is given 
in ch 72 The gastnc vagi also contam afferent 
fibers Section of one vagus and stimulation of its 
central end is followed by movements of the 
stomach 

In order to explain exatation of the gastric wall 
together with relaxation of the sphmeter by vagal 
stimulation and converse effects by sympathetic 
stimulation, the existence of two functionally 
distmct receptive mechanisms m each muscular 
site has been proposed, rather than that the op- 
posmg effects of the vagus or sympathetic are 
mediated by two different types of fiber con tamed 
m each of the two nerves (see Youmans) One 
mechanism (m muscle of gastnc wall) is excited 
by acetylcholine and inhibited by adrenahne 
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Fiq 42 7 Diagram of the mnervation of the stomach, small intestine and pronmal part of the colon GT 
SPUI , great splanchmc nerve, SM SPL N , small splandinic nerve, L SPL least splanchnic nerve, C G , 
cehac ganghon, S M , supenor mesenteric ganghon, I M , inferior mesenteric ganghon Continuous Imes, 
va^l and sympathetic preganglionic fibers, broken lines, sympathetic postganghomc fibers, ganghon cells 
and postganghomc fibers of vagus m gastro-intestinal wAl 
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(fig 42 6) The other (in sphincter muscle) is 
inhibited by acetylcholine and exated by adren- 
ahne Thus stimulation of the cholmergic nerves 
of the vagus causes exatation of the mural muscle 
and relaxation of the sphmcter, stimulation of 
adrenergic fibers of the sympathetic causes relaxa- 
tion of the mural muscle and contraction of the 
sphmcter 

Evidence for a diencephalic center for gastric 
movements has been ob tamed by Beattie and 
Sheehan Stimulation of the hypothalamus m the 
region of the tuber cmereum resulted m contrac- 
tions of the stomach, the effect was abolished by 
section of the vagi Stimulation of the postenor 
hypothalamic region, on the other hand, inhibited 
all gastnc movements Sheehan m a later com- 
munication reports that coolmg or faradic stimu- 
lation of the frontal or premotor area of the cortex 
m the monkey inhibited the movements of the 
stomach which had been contractmg actively 
Contractions could not, however, be mitiated m a 
restmg stomach by stimulation of the cortex 

ACOTE DILATATION OF THE STOMACH 

In this grave though comparatively rare condition 
the stomadi becomes greatly, sometimes enormously, 
distended, its cavity contains large quantities of fluid 
and gas which may stretch its walls to paper thmness 
The accumulated fluid of course represents a corre- 
spondmg loss of water and chlonde from the body’s 
stores Reduction m blood chlonde, alkalosis and de- 
hydration result (p 23), tetany may occur (p 852) 
There is profound prostration, collapse endmg m death 
IS not uncommon The condition, m the majority of 
instances, occurs as a sequence to an abdommal or 
pelvic opieration but it occasionally follows a blow upon 
the abdomen, some severe mjury or acute illness, child- 
birth, a dnnkmg bout or overeatmg 

The condition is apparently of reflex ongm, the 
mitial and essential factor bemg the loss of gastnc tone 
and penstalsis The stomach then becomes distended 
by the accumulation of its own secretions which it is 
unable to expel, as well as by the regurgitation of flmds 
from the duodenum There is no obstruction at the 
pylorus Even the normal stomach and also probably 
the upper part of the duodenum cannot absorb the 
fluids which they secrete Therefore, as a result of the 
paralysis of the gastnc wall gas and secretions simply 
collect and distend the viscus The condition would thus 
appear to be analogous to paralytic ileus (p 594) 
Hypersecretion, apparently, is not a factor m the early 
stages at any rate Later, however, the distension of the 
gastnc^walls probably acts as a stimulus to secretion 
Cp 508) In some instances, swallowed air and mtestmal 
gases play a part m balloomng the relaxed organ Ac- 


cording to Dragstedt when the dilatation reaches ^ 
certain degree an added factor comes mto play, the 
enlarged stomach by its pressure obstructs the third 
part of the duodenum 

THE DUODENAL BULB OB. CAP 

The first two inches of the duodenum are re- 
ferred to as the duodenal bulb or cap, this region 
is of speaal mterest smee it is the site of duodenal 
ulcer (p 520) Functionally, the duodenal bulb is 
considered by most observers as part of the stom- 
ach It is somewhat tnangular m outlme with its 
base surmountmg the pylorus and is directed 
backwards, upwards and to the nght (fig 42^) Its 
glands (Brunner’s) secrete an alkaline flmd Its 
junction with the duodenum proper is marked by 
a slight thickening of the circular muscle fibers 
which are beheved by some to exert'a sphmeter- 
like action Dunng the penod of gastnc evacuation 
the bulb becomes filled with chyme From time to 
time a peristaltic wave sweeps over it from base to 
apex, carrymg its contents mto the next section 
of the duodenum The chyme is also conveyed mto 
the duodenum proper m a passive maimer, that is, 
by the simple overflowmg of the bulb Occasionally 
an antipenstaltic wave arises m the duodenum 
below the cap, contmues upwards to the pylorus 
and appears m the pylonc vestibule 

Related vwveiiwtts of the pylonc vestibule, pylonc 
sphincter and the duodenum below Uk bulb 

Wheelon and Thomas placed recordmg instruments 
m the pylonc antrum, pylonc canal, and duodenum 
distal to the cap, and obtamed simultaneous traemgs 
of the contracbons m these three situabons The move- 
ments of the antrum and sphincter were found to be 
related with those of the duodenum Durmg the con- 
tracbon of the antrum the duodenum is relaxed, but 
about one mmute after the commencement of the relax- 
abon of the former the duodenum commences to 
contract That is, relaxabons of the antrum roughly 
comade with contracbons of the duodenum and con- 
tracbons of the antrum with relaxabons of the duode- 
num (recepbve relaxabon of the duodenum) Contrac- 
bons of the sphmcter were found to occur rhythmically 
from 3 to 5 times per mmute, each contracbon com- 
menemg while the duodenum was relaxed The contrac- 
bon of the duodenum commenced 2^ seconds later but 
the contracbons m the two situabons reached their 
maximal heights at about the same time These move- 
ments of stomach and duodenum are correlated appar- 
ently through the mtnnsic plexuses m the gasbo- 
mtestmal waU A connecbve tissue barrier exists 
between the muscle of the stomach and duodenum 
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which must prevent the contmuous spread of the wave 
independently of a nervous mechanism of some sort. 

Movements mitiated m the duodenum have been 
shown to mfluence the activities of the pylonc sphincter, 
When the duodenal mucosa was stimulated an ordinary 
peristaltic wave appeared which travelled down the 
bowel m the usual way (p 578), but a firm contraction 
of the sphincter also occurred, followed by a prolonged 
period of relaxation A senes of such stimuli produced 
a contmuous contraction of the pylonc sphmeter 
AcUvity of the duodenum has been shown by several 
observers to have the effect of increasing the tone of 
the sphmeter The state of the duodenum m this way 
aSects induectly the emptymg of the stomach, and 
the fillin g and emptying of the cap When the duo- 
denum is filled with chyme active movements are 
set up m Its wall which have the two-fold effect of 
withdrawmg material from the cap and causing reflex 
closure of the sphmeter When the duodenum becomes 
empty its actovity subsides, the pylorus relaxes mote 
fully and the emptymg of the stomach is hastened 
This effect of a full duodenum upon the emptymg time 
of the stomach is shown by the fact that a meal taken 
after a penod of fastmg is discharged much more 
rapidly than if the duodenum is alreadj replete with 
chyme, gastnc evacuation is then delayed Distension 
of the bowel by a balloon or its irritation by chemical 
or mechanical means mcreases pylonc tone It has been 
shown repeatedly on the other hand that if the chyme 
as It issues from the pylorus is allowed to escape 
through a fistulous opeiung instead of being permitted 
to fiU the duodenum, the stomach empties with greater 
speed It has been found fay Thomas, Cnder and Mogan 
that a reflex effect of even greater importance than that 
upon the sphmeter is exerted from the duodenum upon 
gastnc peristalsis Substances introduced into the 
duodenum markedly reduced the force of the peristaltic 
waves m the antrum, whereas draming the duodenum 
increased gastnc motihty and hastened gastnc evacu 
ation 

Anltpenslahts tn the second and third parts of the 
duodenum 

Antipenstalsis is a normal occurrence in the 
duodenum below the cap, the reverse waves can 
be seen during X ray examination of the human 
subject passmg orally and conveying material to a 
higher level of the duodenum, into the cap or 
through the pylorus mto the stomach 

VOMITING OK. EMESIS 

The mechanism of vomiting involves the co- 
ordmated actions of the muscles of the stomach, 
^phagus, and abdominal wall The act may also 
be associated with antipenstaltic movements m 
the mtestme. The muscular mechanisms are gov- 


erned by a center in the medulla, which discharges 
impulses along numerous efferent nerves, and are 
influenced by afferent impulses arising in the 
stomach, in other viscera or m practically any 
region of the body Or, the center may be exated 
by substances conveyed m the blood stream 
(p S7S) 

the VOMITING MOVEMENTS 

Cannon has given a graphic account of the act 
of vomiting m the cat The movements were ob- 
served by means of radiography after a bismuth 
meal and the administration of apomorphmc, 
which exates the vomiting center The upper part 
of the stomach show ed complete inhibition of its 
tone and appeared as a perfectly flacad bag, the 
cardia relaxed There then followed several deep 
peristaltic contractions which, commencing about 
the middle of the bodv of the organ, swept down- 
wards toward the incisura angulans where they 
came to a standstill forming a sharp nng of con- 
stnction From this point a weaker wave con- 
tmued to the pylorus Finally, a very deep, strong 
contraction at the mosura appeared to almost 
divide the stomach in two, the upper part of the 
stomach and the cardia meanwhile remaining 
quite relaxed A sharp contraction of the dia- 
phragm and abdommal muscles then followed and 
ejected the gastnc contents through the open 
cardia into the esophagus The stomach plaj cd a 
more or less passive part m the process,’ its evacua- 
tion bemg effected by the strong compression to 
which it was subjected by the sharp descent of the 
diaphragm and the contraction of the abdommal 
muscles Antipenstalsis was observed only once 
and then the wave did not proceed bejond the 
antrum The deep contraction at the mcisura 
offered an effectual barrier to the passage of 
stomach contents in a downward direction 

Dunng the ejection of the vomitus the esophagus 
IS relaxed throughout, the glottis is closed and the 
respirations are mhibited, the larynx and hyoid 
bone are drawn upward and forward and are held 
ngidly m this position The throat is thus enlarged 
to allow free exit for the stomach contents which 
are prevented from entering the naso pharynx by 
the evaluation of the soft palate 

Simflar movements have been described in man 

‘Magendie showed long ago that an active gastnc 
necessary for the vomiting act, since 
V could be induced in animals after 
me stomach had been replaced by a pig’s bladder 



Chapter 42 


ALIMENTARY CANAL MOVEMENTS 


573 


Defimte antipenstaltic waves m the stomach are 
rarely seen, though violent churning movements 
may occur Accordmg to Barclay, just pnor to 
the commencement of the vomitmg movements, a 
sudden reduction of gastnc tone occurs, the lower 
limit of the stomach, as seen radiographically, 
droppmg a couple of mches This comades with 
the sensation of nausea (p 602) which ordinarily 
precedes vomitmg Loss of tone and reduced mo- 
tility of the jejunum has also been observed m 
animals precedmg the emesis caused by apo- 
morphme In certam types of vomitmg, e g , m- 
testmal obstruction, or m persistent vomitmg from 
other causes, antipenstalsis arises m the small 
mtestme and sweeps matenal mto the stomach or 
there may be a strong contraction of the duodenum 
which reverses the pressure gradient between the 
antrum and the duodenal bulb Such movements of 
the duodenum occur sometime pnor to the actual 
vomitmg or at the same time, it accounts for the 
fact that a short time after the stomach has been 
thoroughly washed out, bile-stamed fluid or fecal 
matenal may be vomited Accordmg to Alvarez, 
reverse peristalsis startmg m the upper bowel is 
itself a potent cause of nausea and vomitmg 

Relaxation of the cardia is an essential part of 
the vomitmg act, for the stomach is subject to 
strong compression durmg coughmg, defecation, 
etc , yet the gastnc contents are not as a rule 
forced mto the esophagus The tone of the cardia 
IS probably actually mcreased at these times It 
has been mentioned that division of the vagi m 
animals causes the cardia to enter mto a spastic 
state Hatcher and Weiss found that if after such 
a procedure a vonutmg reflex was mitiated, mucus 
was expelled from the esophagus and the usual 
muscular movements were called mto play, with 
the exception of relaxation of the cardia That is, 
the animal retched but matenal was not expelled 
from the stomach It is well known that with some 
persons vomitmg is difficult while m others httle 
distress is experienced Differences m the degree of 

■* In certam lower forms, however, e g , the fish and 
the frog, which of course have no diaphragm, vonutmg 
IS earned out by the activity of the stomach alone, 
antipenstaltic waves carrymg the food through the 
carma This more pnmitive type of vomitmg, i e , where 
reverse peristalsis and relaxation of the cardia are the 
promment features, occurs normally m infants The 
excess flmd of an oversized meal is regurgitated without 
the assistance, apparently, of the abdommal muscles 
or diaphragm, position and external pressure upon 
the abdomen followmg the meal sometimes, no doubt, 
also play a part 
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DRUGS 

ATFERENT AUTONOMIC FIBERS' 
ACTED UPON 

ORGANS 

CONTAININO 

SUSCEPTIBLE 

FIBERS 

Mercunc chlo- 
nde 

Sympa thebe and vagus 

Stomach 

Tartar emebc 

Vagus 

Stomach, 
duodenum 
and heart 

Digitalis 

Sympathetic and vagusj 

Heart 

Pilocarpme j 

Sympathebc and vagus 

Heart 

1 


tone of the cardia are probably responsible for 
these mdividual pecuhanties (table 41) 

THE VOMITING CENTER 

The vomitmg center hes m the dorsal part of 
the lateral reticular formation of the medulla 
oblongata close to, and to some extent mcludmg 
the tractus sohtanus It hes m close relation to, 
but IS quite distmct from the respiratoiy centers 
It IS one of a constellation of visceral centers m 
this situation — sahvatory nuclei, defecation and 
vasomotor centers, as well as the vestibular 
nudei — a relationship consistent with the physi- 
ological reactions (sahvation, vasomotor and 
respuratory, etc) associated with the vomitmg 
act (see also p 575) The ejfferait fibers are con- 
tamed chiefly m the phremes, the vagi and the 
sympathetics, but fibers are also conveyed by 
spmal nerves to the abdommal muscles and by 
cranial nerves to the muscles of the phaiynx, 
palate, etc The ajffereni impulses reach the center 
along a multitude of routes, the chief bemg the 
vagal and sympathetic fibers of the stomach and 
abdommal viscera 

THE INDIICTION OF VOMITING 

The vomitmg center may be exated (a) refiexly 
by impulses arismg m the stomach, or some other 
part of the body, (b) by impulses received from 
cerebral centers, or (c) by chemical matenals ear- 
ned to it m the blood stream 

Vomtitng of reflex and psychic origins 

Mechanical and chemical imtants of vanous 
km^s act upon vagal or sympathetic afferent 
termmals m the gastnc mucosa and mitiate the 
vomitmg reflex Toxic materials taken m the food 
or formed durmg digestion may act m this way 
Among the specific exatants of the vonutmg act — 
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emeitcs—a-Te tartarate of antimony (tartar emetic), 
mustard, ipecac, mercuric chloride, copper and zmc 
sulphates, etc Some of these have a selective action 
upon the tennmations of one or other of the two 
groups of afferent autonomic fibers For mstance, 
tartar emetic, m the stomach, acts through the 
vagus but not through the sympathetic, smce it 
fails to act after vagotomy, or after the vagal effect 
has been aimulled by atropme Mercunc chlonde, 
on the other hand, acts more especially on the 
sympathetic mechanism smce atropme does not 
prevent its emetic action, but ergotoxme nhich 
acts speafically by paralyzmg sympathetic fibers, 
does Mustard, salt and water, copper sulphate 
and zmc sulphate act upon both types of nerve 
Impulses arising from structures other than the 
stomach, particularly from other parts of the ab- 
mentary canal, are also powerful exatants of the 
vomitmg center It is well known that even mfid 
mechanical stimulation of the pharynx or fauces 
IS effective. Inflammation or mechamcal disturb- 
ances m the mtestme, e g , appendiatis, obstruc- 
tion, strangulation, etc , may mduce violent emesis 
Distension of the duodenum or jejunum m a con- 
saous animal induces vomiting movements Im- 
pulses ansmg m the kidney, bladder, uterus, 
gall-bladder, heart or any other viscus may induce 
vomitmg quite mdependently of any condition 
withm the stomach itself Hatcher and Weiss have 
shown that several substances cause emesis through 
their action upon the heart, e g , digitalis m large 
doses and pilocarpme. These drugs act apparently 
upon both vagal and sympathetic mechanisms 
Tartar emetic also acts through the cardiac vagus 
as well as through the gastnc nerves These facts 
afford an explanation of the nausea and vomitmg 
that occur m heart failure and m disease of the 
coronary vessels 

Severe pam, wherever located, strong emotion 
or impulses ansmg m the organs of special sense, 
e.g , those of smell, taste or sight, may cause 
\oraitmg In the dog a condtltoned vomthng ri^ex 
may be readily established by morphme mjections 
(ch 69) 

Mottcni sickness 

The equilibratoiy sense organs of the laby-rinth— 
otolith organs and semicircular canals— are stimu- 
lated by hnear acceleration or by angular accelera- 
tion as in rotational swaying or roUmg motions 
Labyrmthectomy or section of the vestibular 
nerves abolishes an animal’s susceptibflity to 


motion sickness, and deaf-mutes (m the dark or 
blindfolded) whose labyrmths are undeveloped, 
or infants who have not commenced to w-alk and 
whose equilibrating mechanisms are as yet not 
functionmg fully, do not suffer from car or sea- 
sickness Air sickness is caused most commonly by 
hnear acceleration m a vertical direction, as when 
sudden changes m air density cause the plane to 
rise or fall Ascent or descent m an elevator (es- 
pecially descent), and swmg mobons are other 
examples of vertical hnear acceleration which 
cause a sickenmg sensation (see also chapter 65) 

Seasickness is also due chiefly to stimulation of 
the otolith organs by vertical Imear acceleration, 
as when the ship pitches, rolhng motions appear 
to exert a less pronounced effect In any case the 
impulses are set up m the otolith organs rather 
than m the semicircular canals, for the angular 
acceleration does not reach the threshold required 
for stimulation of the enstae, nystagmus does not 
occur Of the two sets of otohth organs — utnde 
and saccule — the utricle, not the saccule, seems 
to be the one responsible The reflexes set up 
through the vomitmg center and the autonomic 
centers are mamly responsible for the symptoms 
of seasickness and other forms of motion sickness 
No significant changes m blood chemistry have 
been found, unless secondarily followmg a pro- 
longed penod of vomitmg 

The susceptibility to seasickness is usually 
much reduced m the recumbent position, and 
some persons who show great distress when erect 
become quite comfortable when they he down, 
espeaally when the head is mdined backward 
In this position the receptors are remoxed from 
the plane of the motion It is also w ell known that 
after a few days at sea most persons become ac- 
customed to the mobon of the ship, and do not 
suffer from seasickness The mechanism whereby 
this tolerance is developed is obscure 

It has been shown bj'Bard and his associates (hat 
excision of the nodule of the cerebellum (ch 70) 
completely prevents motion sickness (swmgmg) 
m dogs, but not vomitmg from other causes 
Ablabon of no other part of the cerebellum or of 
any jxirbon of the cerebral cortex had this pro- 
teebve action 

Though vestibular stimulation is by far the most 
potent factor causmg motion sickness, impressions 
through the eyes are often conbibutory For ex- 
ample, viewing the mobon picture of a nde m a 
scenic railway’, which would cause sickness if 


Chapter 42 


ALIMENTARY CANAL MOVEMENTS 


575 


actually expencnced, may give nse to nausea. 
Smells, or various sensations from the gastro- 
mtenstinal tract are veil known to increase the 
susceptibility to seasickness 
During the second World War mtcnsive research 
vas undertaken to ascertain the best means of 
preventing or ameliorating motion sickness, a 
large number of drugs vere inx’cstigated Among 
those found to gi\e the greatest degree of pro- 
tection arc, viosidal (ethvl-0-methyl-allyl-thio- 
barbitunc acid), which was found to be highl}' effec- 
tive in preventing motion sickness (swinging) in 
dogs, hyosetne hydrohromxdc, hyoscyavnne hydro- 
bromide, and benzedrine A combination of effective 
drugs usually gives greater relief than one alone ‘ 
The most recent and most promising addition to 
the list of motion-sickncss remedies is a bcnadryl 
derivative called dramaminc ((3-dimcthvllamino- 
ethyl bcnzohj dr>'lcthcr-8 chlorothiophyllinatc) 
This drug was found highlj cffcctiv'c both as a 
preventive and as a cure in tests earned out on 
naval personnel bj' Gay and Carhner, and on air- 
men by Strickland and Hahn 

“central” voiniiNG 

Certain substances such as apomorphine, ipecac 
{or emetine), picrotoxine, when administered intra- 
venously cause vomiting through a specific action 
upon the center These substances induce vomiting 
m animals when applied directly to the center 
TjTucal vomiting efforts (retching) follow the 
injection of apomorphine after removal of the 
stomach and intestines The experiments of Wang 
and Borison point to a chemoreceptor “trigger” 
mechanism m the ala cinerea which, through its 
connection wnth the vomiting center itself, induces 
vomiting when stimulated by these emetics Cop- 
per sulfate was found by these investigators to 
act as an emetic both penpherally, tlirough the 
gastro-mtestmal tract, and centrally a lesion m 
the ala cinerea abolished the central action only 
General bodily conditions, e g , mental stress, 
fatigue or toxic substances earned m the blood 
stream, may induce emesis cither directly or 
possibly by raising the excitability (lowering the 
threshold of stimulation) of the nerve cells of the 
center so that afferent impulses from various 

^ The Canadian Motion Sickness Remedy — National 
Research Counal Formula — is 

Hyoscine HBr 0 1 mg 

Hyoscyamme HBr 0 3 mg 

Ethyl-/3 mcthyl-allyl barbitunc aad 

(Mosidal, Vi:) 130 mg 


sources w'hich ordinarily are of subthreshold value 
become effective ® 

It IS evndent then that vomiting docs not neces- 
sarily imply a pnmary disturbance of the gastro- 
intestinal tract 

The persistence of pernicious vomiting of preg- 
nancy IS probably due to increased exatability of 
the center resulting from some metabolic disturb- 
ance According to Harding the important factors 
in its production are carbohydrate starv'ation and 
dehydration w ith ketosis Ordinary morning sick- 
ness IS looked upon as a minor form of this condi- 
tion, and diffcnng from pernicious vomiting only 
m degree As a result of the demands of the fetus, 
liver glycogen is low dunng pregnancy After the 
fast of the night the rcscrv'cs of carbohydrate arc 
further reduced , a mild ketosis results w'hich leads 
to nausea and vomiting The distaste for food by 
hindering the replenishment of the carbohydrate 
stores aggravates the ketosis Thus morning sick- 
ness merges insensibly into the pernicious tj’pe of 
vomiting A neurotic element is also frequently a 
potent influence in the development and persist- 
ence of the condition The obvious corrective 
measures are, high carbohydrate feeding, the free 
admmistration of fluids, injections of glucose if 
necessary, mild sedatives, rest and quiet 

Interference with the blood supply to the center, 
as by elevation of the intracranial pressure through 
tumor, etc , or by anemia or hemorrhage, may 
lower its threshold to the point where v'omiting 
ensues Vomiting associated wntli raised intra- 
cranial pressure occurs suddenly', is forceful and 
not preceded by nausea or retching {projectile 
lomiting) Vomiting may' be induced in animals by 
tying the carotid and vertebral arteries The 
vomiting of mountain sickness is also a phenome- 
non assoaated w ith anoxemia (p 422) 

THE MOVEMENTS OF THE STOMACH IN HUNGER 

The movements of the stomach during fasting 
have been studied by a number of observers, 
mcluding Cannon and Washburn, and Carlson 
Carlson, in an exhaustive series of experiments, 
has investigated the contractions and tonus 
changes of the empty' stomach in vanous species 
of animals and in man The movements were 
recorded by means of a thin rubber balloon mtro- 
duced into the stomach and connected by tubing 

• It IS of interest in this regard that substances formed 
in the body', c g adrenalme, cholme, and histamine 
induce vomiting when applied directly to the center 
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vath a manometer containing mater, cliloroform 
or bromofonm \ float placed upon the surface 
of the fluid earned a vmting point b% means of 
mhich the contractions mere recorded upon a moi - 
mg surface (fig 42 8) 

In man themo%cments of the empti stomach are 


of tvro types (a) a (onus rhythm of the fundus and 
bod> and (b) the lunger contractions (fig 42 9) 

The (onus rhythm 

The tone of the fundus and body of the stomach 
increases steadflj as digestion progresses "When 



Fic 42.8 D agram shonng the method used to record the gastnc hunger contractions. A, kjTnograph record 
of the increase and decrease of volume of the gastnc balloon B, C, time records in mmutes, D, record of the snb- 
jecuie eipenence of hunger pangs, E, record of the pneumograph placed about the rraist, (From Cannon.) 








Chapter -iZ 


ALIMENTARY CANAL MOVEMENTS 


577 


the stomach has been nearly emptied the tone is 
near its maximum, and shows rhythmical fluctua- 
tions The tonus changes arc never verj' marked 
features and require a rather delicate recording 
instrument to make them evident They w’crc not 
recorded m the earlier expenments of Cannon and 
Washburn They have been obscrv'cd directly by 
Carlson through a gastrie fistula in man w hen the 
stomach was practically empty of food and con- 
tained no balloon or other foreign material The 
rate of the tonus waves is slow, but \cry regular 
They have a frequency of about 3 or less per 
minute 

The hunger contracltoiis 

These are pow erful peristaltic w aves w hich arise 
in the cardia and sweep o\cr the stomach They 
commence about tlirce hours after a meal, i e , 
when the stomacli is nearly empty, and are super- 
imposed upon the tonus rhj thm The hunger 
contractions do not occur continuously, but in 
senes (hunger periods) separated by intcrv'als in 
which the stomach, except for the tonus rhythm, 
is quiescent The duration of each hunger period 
IS usually from 30 to 45 minutes, though it may 
continue for li hours or be as short as 6 minutes 

The longer penods arc found wlicn the tonus of the 
fundus IS high, the shorter ones are associated with a 
low tonus The quiescent inters als last from J to 2J 
hours The duration of indisidual contractions is from 


20 to 25 seconds, and their amplitude vanes throughout 
the senes They are relatively feeble at the commence- 
ment, but become of maximal strength about the mid- 
dle of the hunger penod and die dosvn again toward the 
end Their frequency increases progressively through- 
out At the beginning of the penod they occur several 
minutes apart, but toward the end thc> succeed one 
another rapidly so that the intervening pauses arc 
practically abolished and the muscle may pass into 
incomplete tetanus which usually lasts for from 2 to 5 
minutes, but may be as long as 15 minutes It occurs 
espcaally in young robust individuals, being unusual 
in older persons Discomfort or actual pain (hunger 
pang) IS assoaated with the contractions In infants 
the tonus rhythm and the hunger contractions have 
been demonstrated shortly after birth and before the 
stomach has been filled When the contractions become 
well marked the infant wakes and cnes 

During a fasting period in the human subject investi- 
gated by Carlson extending over a five day period the 
hunger contractions showed no diminution They, as 
well as the tonus rhythm, actuallv increased m ampli- 
tude, jet the hunger pangs and the general sensation of 
hunger became less after the third day It is w ell known 
that the subjects of prolonged fasts experience little 
discomfort after the first few dajs and even the desire 
for food may pass 

The hunger contractions were found bj Carlson to 
be inhibited bj^ vanous means, c g , smoking, compres- 
sion of the abdomen, as bj “tightening the belt”, taking 
a quantitj of water into the stomach, strenuous muscu- 
lar cxerase, and the application of cold to the surface 
of the bodj’ 



Chapter 43 


MO\^IESrrS OF the ALIMEXTARY canal (Contmucd) , ABSORPTIOX 
FROAI THE INTESTINES, THE FORALATION OF FECES, 
CONSTIPATION, INTESTINAL OBSTRUCTION 


Movemejtts or the Shall Ixtestdje 

Three tvpes of muscular mo\ ements are uprallj. 
described as occurrmg m the small mtestme (a) 
pcnslalns, (b) scgnerling ccrJraciwns, and (c) 
pnvijdar rvr^^dz 

HEEISTALSIS 

This type of mo^ ement has alread> been men- 
boaed as occamng m the esophagus and stomach 
From a study of the penstalbc ma^ e in the boTel 
Bayhs and Starling formulated the “/me oj the 
trJts^irc", rvhich states that a stimulus appbed 
to a girea pomt m the mtestmal vrall initiates a 
band of constncbon on the p'onmal s de and 
relaiaboa on the distal side of the stimulated 
pomb The tsvo phases, contracbon and relaxation 
— eiataboa and mhibibon — vere desoibed as 
travellmg duTi the boTd at the same rate, con- 
sbtubng a •T.ve ■which swept the mtestmal con- 
tents befo*e iL It is quesbonable, ho-^et er, whether 
relaiabon of the bowel on the distal side of the 
stimulated pomt actuaDv occurs. Henderson -was 
unable to demonstrate it m the mtesbne of either 
the gumea-pig or rabbit, a simple constncbng nng 
hemg the only movement observed. The natural 
stimulus to peristalsis and other tj'pes of mtestmal 
movement is the distension of the mtestmal v-all 
caused bv the focxl mass wi thin its lumen. Quiglej 
and associates have sho-Ti that a bolus is propelled 
along the bowel m a spiral fashion. They inserted a 
bolus of cotton to which two long threads of differ- 
ent colo-s were attached and found that the rota- 
bon occurred m an anbdochwise direcbon. The 
length of howd traversed m matin g a full rotabon 
(SGO"^ was from 23 to 35 cm The bolus was pro- 
pelled along the mtesbne (ileum) at an average 
rate of 9 cm. m 8 or 9 mmutes 
It has been menboned that wav es mav be seen 
passmg m an oral drrecbon (anbpenstalsis) m the 
duodenum (p 572) For a variable distance above 
the ileocohc valve anbpenstalsis also occurs, and 
appears to serve as a thed to the too rapid pas- 
sage of neal contents mto the cecum f\Tth these 
eicepbons, peristalsis nownaHy travels only m an 
abo-al direcbon. That the small mtesbne for the 


most part is mcapable of transmittmg penstalbc 
wav es m the opposite direcbon was demonstrated 
bv Mall He reined a segment of the small bowd 
and then restored the contmuitj of the tube bv 
suturmg the resected porbon m the rev erse posi- 
bon Penstalbc "^ves travelled from bdow up- 
wards m the reversed loop, and ohstnicbon 
occurred due to the accumulation of food at the 
upper suture Ime. Cannon m a similar eipenment 
also observed that the reversed loop offered a 
bamer to the piassage of the lood He saw, in 
addibon, the focxl earned toward the pylorus m 
the normal segment of mtestine above the loop 
This latter ohservabon is m accowl "nth the bdief 
that reversed pienstalsis occurs m pathological 
condibons, e.g , mtestmal obstruction, and is re- 
sponsib’e for the passage of fecal material mto the 
stomach. It should be menboned, howev er, that if 
the reversed loop be quite short penstaltic waves 
arising m the normal bo"-d above may simplv 
push material through it as tho jch it were an inert 
tube Also It has been reported that if the animal 
survnv es the opeiabon fo- a sufnae-nt length of bme 
(several weeks), the reversed segment may adapt 
Itself to the altered condibons and mov e the food 
do"-nward bv true pvenstalsis (i c , anbpenstalsis 
m so far as the mberent ability of the bo"-el is 
concerned) 

In animals (dogs) eiammed bv means of X-rays, 
pienstalsis is not as a rule of frecjuent ocxurrence 
during fasbng and when waves do appear tbev 
follow, not m a regular senes, but at cxid mterv als 

ithm a mmute or two after eating, pienstalbc 
wav es apfiear m the duodenum and jejunum which 
prevnouslv had been quiescent The penstalbc 
mov ements are of two tvpes First, a slow, gentle 
wave which mov es sluggishly along the bowel at a 
rate of from 1 to 2 cm or less per mmute, may 
be Seen from bme to bme. This transfers fcxxl 
masses, which have already been subjected to the 
more acbve segmenbng movements, for short 
stretches along the mtesbne. Semnd/v, a swiftlv 
moving penstalbc wave appears from bme to time 
und coursmg down the bowel for longer or shorter 
distances, sweeps all before it and then dies oub 
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The food is left for a later w ave to carry it further, 
the food IS thus conveyed along the bowel in relays 
This tjTie of movement is spoken of as the “pcn- 
staltfc rush” Its speed may be any\\ here from 2 to 
25 cm per second, the farther it goes the greater 
speed it attains, the average rate is about 10 cm 
per second The length of bowel traversed by any 
w’ave vanes m accordance w ith the general state of 
activity of the bowel at the time and with the 
strength of the stunulus After a strong cathartic, 
or as the result of some intense stimulation of the 
gastromtestmal tract as bj an irritant pioison, for 
example, the w ave may sw eep w ith great rapidity 
from pylorus to anus, completing the entire journey 
in a minute or less 

Expenments made upon animals show that a 
rush may be initiated bj’ conditions withm the 
stomach or even by an act of sw’allow ing, and one 
of the most effective means of producing such a 
movement in the intestme is to have the animal 
dnnk In some instances the rush is evidently 
started by the passage of material through the 
pylorus into the duodenum, but m many others, 
though a peristaltic wave appears in the stomach 
this docs not reach the pylorus before a rush com- 
mences in the duodenum. This fact, and the obser- 
vation that a sw allow ing act alone w ill start a rush 
mdicatcs that in man}' instances the mechanism 
IS reflex in nature A peristaltic rush in the small 
intestine is frequently followed by a similar 
though independent movement (mass pcnstalsis) 
in the colon (p 581) 

In the human duodenum, follownng a banum 
meal, penstalsis is not a promment feature The 
duodenal contents arc, nevertheless, constantly 
moved onwards Barclay suggests that this is 
due to contraction of the musculans mucosae, the 
mucous membrane being raised into transverse 
folds which ripple along the bowel 

THE SEGMENTING MOVEMENTS 

When the abdomen of an animal is opened and 
the coils of intestine floated upon a warm saline 
bath m order to obviate the effects of coolmg and 
drying, rhythmical contractions of the bowel wall 
may be seen The movements consist of simple 
constnctions of the tube, resulting from sharp 
contractions of the arcular coat of the bowel The 
annular constrictions, which are analogous with the 
rhythmical contractions described as occurring 
in the gastric antrum, do not progress along the 
bowel, and cause little or no propulsion of the food 


Accordmg to Cannon the segmenting movements 
m an animal given an opaque meal and exammed 
radioscopically appear in groups of simultaneous 
constrictions spaced regularly along the bowel 
The groups succeed one another rhythmically at 
the rate of about 20 per minute They divide 
the intestinal contents into numerous small sec- 
tions which arc redivided by the next group which 
follows The halves of adjacent segments so divided 
flow together to form fresh masses which are m 
turn bisected and reformed by the fusion of the 
divided parts This process is repeated over and 
over again and the rhythmical kneading of the 
food results in a thorough mixture of its constit- 
uents w ith the digestive juices It also encourages 
the absorption processes by continually bnnging 
the chyme into contact with fresh mucous surfaces, 
and by the massaging effect of the movements upon 
the bowel wall, the flow of lymph and blood 
through the lacteals and capillanes is hastened 
The segmenting movements have been obsen'ed 
by Hertz and others m the human mtestme by 
radioscopy but theH rhythm was slower — about 
8 per minute 

PENDULAE MOVEMENTS 

These like the segmentmg movements arc simple 
annular constrictions They travel up and down 
short lengths of the bow'el m a to and fro fashion 
at a rate of about 5 cm per second They have 
the effect of carrymg the chyme alternately from 
one to the other end of a loop of bowel Their 
frequency is from 20 per minute in the duodenum 
to about 10 per mmute m the lower ileum The 
pendular movements are not ahvays w ell marked 
They are best seen m the rabbit, though they 
occur also in other animals and sometimes in man 
At times they are very active and appear to throw 
the food material rapidly and wuth considerable 
force from end to end of a small section of the 
bowel They constitute another factor contnbuting 
to the thorough mixing of the food, they have no 
direct effect upon the movement of food through 
the digestive tube, but exert a purely local churn- 
ing or "shaker-hke” action 

MOVEMENTS OF THE INTESTINAL VILLI 

If the mtestmal mucosa of a hvmg animal be 
exposed and examined under the low power of the 
microscope the villi can be seen to be m constant 
motion — swaying from side to side, shortening and 
elongating alternately, or lashing to and fro, either 
singly or in groups The movements are due ap- 
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parently to rhythmical contractions of smooth 
muscle fibers situated withm the villi By con 
stantly stimng the fluids which bathe the surfaces 
of the vilh, these movements undoubtedly aid the 
digestive and absorptive processes (see also pp 532 
and 588) The movements are stimulated by con- 
tact with the chyme or with and Movements of 
the villi of an isolated, denervated loop occur 
when acid is placed m the duodenum, a hormone 
called vtlhktnin has, therefore, been postulated 
but its existence has not been definitely established 

THE METABOLIC GRADIENT THEORY OF ALVAREZ 

Alvarez believes that the fundamental factor deter- 
mining the polanty of intestinal penstalsis is the 
gradual diminution m the metabolic actmty of the 
mtestmal muscle that occurs from the duodenum down- 
wards A parallelism was found between the magnitude 
of the energy exchanges of the how el at different levels 
and its muscular activity Rhythmiaty, imtability and 
force of contraction and tone are graded from above 
downwards, bemg high in the duodenum and low in the 
deum The length of the latent period of the muscle also 
shows an increase as the intestinal tract is descended 
The carbon dioxide production and oxj gen consump- 
tion exhibited a corresponding decrease from the duo 
denum to the lower reaches of the intesUne The fre 
quency of the rhythmical segmenting contractions 
(p 579) IS 17 per mmute m the duodenum but only 10 
m the lower ileum Wanmng a stnp of deum raises its 
metabolism, its rate of beat is mcrcased to equal that 
of the duodenum whde the latent period is shortened 
The dechne m the metabolic rate from duodenum to 
deum 15 spoken of by Alvarez as the mclaboUc gradient, 
to It are asenbed the progressive dimmuUon of the other 
physiological activities of the muscle Upon the differ- 
ence between the mtensities of the latter at any two 
levels of the digestive tube, the direcUon and swiftness 
of the peristaltic wave are supposed to depend Alvarez 
suggests in illustration of his conception, water flowing 
between two regions of unequal pressures When the 
gradient has the normal slope, penstalsis is active and 
downward m direction An inflammatory or imtative 
lesion, however, accordmg to this theory, may raise 
the metabohe rate at a certam point so that it ap- 
proaches, equals, or rises above that at a pomt nearer 
the pylorus In such a circumstance the gradient would 
become reduced, annulled or even reversed Sluggish 
peristalsis, stasis or antipenstalsis, respectively would 
result. Reversal of the gradient and the production of 
antipenstalsis as the result of mechanical blockage of 
the lumen, or mjury and inflammation of a regon of the 
bowel are advanced to explam the passage of fecal ma 
tenal mto the stomach in mtesUnal obstruction and 
paraljdic ileus 

The theory is mterestmg and suggestive It accords 


with many experimental and clinical observations, but 
cannot be said to have been established 

The Ileo-colic Valve (Valvula Coli) 

This structure permits the passage of the con- 
tents of the small intestine at intervals mto the 
cecum, but when competent hinders the return 
of the matenal into the ileum Its ability to do 
this depends, accordmg to one view, not upon any 
mechanical valve like device, but upon the con- 
traction of the circular fibers of the gut which arc 
thickened in this region to form a sphincter guard 
for the ilco-cccal orifice But, though a sphinctcr- 
like thickening of the circular muscle fibers is 
found m this situation, most anatomists agree 
that the competency of the ilco-colic valve is 
mamly, or at least partly due to a valve-like con 
struclion The ileum enters tlic cecum obliquely 
and m domg so invaginatcs the cecal wall, this 
alone would tend toward a valv'c like action The 
valve proper is formed as follows As the lower 
end of the ileum enters the cecum, tlie mvagmated 
portion of the cecal wall forms two transverse 
folds or bps, one above the other on the cecal aspect 
of the ileo-cohc orifice The lips fuse laterally' to 
produce a fold on cither side of the orifice {the 
frettula colt) which arc continued around the 
intcnor of the cecum As the cecum distends the 
frcnula are stretched and pulling upon the lips 
from cither side draw them firmly togetlicr Thus 
the valve can withstand a high pressure m the 
cecum but yields to a low pressure from above 
Matenals introduced by enema may in some in- 
stances pass through the valve mto the ileum 
Such incompetence may permit the enema fluid 
to reach the duodenum The ilco colic opening has 
been observed in man through a cecal fistula It 
appears as an oval or round opicning from 2 to 
3 cm in diameter situated in the center of a small 
papilla When tightly closed the valve was found 
to offer considerable resistance to the passage of 
the finger VTiile digestion was m progress the 
papilla was observ'cd to flush, its color altering 
from a pale pink to a vivid red The orifice opened 
rhythmically at frequent intervals and allowed 
a )et of fluid to escape mto the cecum Emotional 
exatement or the swallowang of food increased 
the frequency of the ejections {gaslro ileal reflex) 
During fasting nothmg passed through for long 
penods, but m from i to 4 minutes after food W’as 
taken mto the mouth, fluid appeared m gushes of 
about 15 cc. every half minute or so 
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The functions of the ileo-cohc valve appear to be 
(a) to prevent the contents of the ileum from pass- 
mg into the cecum before the digestive processes 
are complete (see also antipenstalsis m ileum, p 
578), and, (b) to act as a bamer which prevents 
the bactena-Iaden contents of the large bowel 
from contammating the small intestine 

The Mo\rEMENTS of the Large Intestine 

The contents of the ileum after passmg through 
the ileo-colic orifice collect m the blind end of the 
cecum In the human cecum little or no movement 
can be seen, as a rule, >et the matenal passes 
slowly into the ascending colon This is due m part 
to fillmg of the cecum and passive overflow ing but 
m many mstances the matenal appears in the 
ascending colon before the former becomes filled 
The forces bnnging this about arc not known 
Todd desenbes slow changes in the shape of the 
cecum but thinks such a movement inadequate for 
the propulsion of its contents Barclay remarks 
upon the absence of activity in man which, as he 
expresses it, presents a picture of “stdl life” In 
animals constricting nngs may be seen passmg 
over the cecum dnvmg material agamst its blind 
end These have the effect of churning the contents 
Such antipenstalsis though not seen normally m 
the human cecum may, accordmg to Todd, appear 
when the colon beyond is in a spastic state 

The rest of the human large intcstme as revealed 
by radioscopy is usually free from antipcnstaltic, 
segmentmg or pendular movements, and peristalsis 
IS absent or ill-defined Some hours after a meal 
the shadow cast by the ascendmg, transverse and 
descendmg colons has usually a segmented appear- 
ance — a number of short sections strung together 
(fig 43 1) This appearance is caused by the haustra 
or sacculations m the bowel wall Todd describes 
slow weak penstaltic movements and alternate 
shortenings and elongations — conccrtina-like ac- 
tion — in the transverse colon 

MASS PERISTALSIS 

This IS a movement first described by Holtz- 
knecht which occurs from time to time in the colon 
and sweeps the contents en masse for considerable 
distances along the bowel The movement is anal- 
ogous to the penstaltic rush already desenbed as 
occumng m the small mtestine The mass move- 
ment in the colon of which the subject is quite 
unaware occurs only at fairly long intervals, prob- 
ably not oftener than two or three times m twenty- 



1 


Tig 43 1 X-ray photograph of normal large bowel 
complelclj filled (Alter Barclay ) 


four hours It is frequently preceded by the cor- 
respondmg movement in the small intestine It 
may occur almost immediately after the entrance 
of food into the stomach — gastro-cohe reflex The 
desire to stool so commonly expenenced after 
breakfast is the result of this reflex, fecal matenal 
IS forced into the rectum and the defecation reflex 
initiated (p 582) Mass peristalsis in the colon 
may also be induced by purely psychic mfluences — 
the taste, smell or tliought of food or some disturb- 
ing emotion Alvarez cites an instance of a subject 
with an imcompetent anal sphmeter m whom a 
bow'el movement could be precipitated by the 
mention of savorj' food 
The movement usually starts m the region of 
the hepatic flexure The haustral markmgs suddenly 
disappear, the bowel appearing radiologically as a 
solid unsegmented column A strong and rapid 
penstaltic w'ave then travels over the transverse 
and descending colons carrj'ing all before it The 
haustral markings then reappear (fig 43 2) The 
contents of the more proximal portion of the colon 
are thus transferred to the pelvic colon which be- 
comes filled from below upw'ards The pelvic colon 
serves as a storehouse for the feces, it is evacuated 
through the rectum and anal canal by the act of 
defecation The descendmg colon is usually empty 
except during the time that the feces are bemg 
transferred by a mass movement Feces after they 
have filled the pelvic colon may, however, extend 
upward into the descendmg colon, and may ever 
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Fig 43 2 Hoizknecht's diagrams of the happenings 
during a mass movement of the large intestine 1, dis- 
tribution of the food before any change was noted, 2, 
the haustral segmentation m the transverse colon has 
disappeared, 3, the nhole colon beyond the hepabc 
fiesurc passes on suddenly, 4, it is a^n a picture of 
still life” a few seconds later and the haustral segmen- 
tation has returned (After Barclay ) 


reach the splenic flexure Except preceding and 
during the act of defecation the rectum also is 
normally empty 


DEFECATION 

The act is brought about h> the passage of fecal 
material past the resistance of the pelvi-rectal 
junction According to some observers a definite 
thickening of the arcular fibers of the colon (pelvi- 
rcclal sphmcter) exists in this situation The en- 
trance of the feces mto the rectum may result from 
a mass movement already descnbed or simply from 
oicrloading of the pelvic colon and the gradual 
pushing of Its contents downward The fecal 
masses fill and distend the rectum, and, when the 
mtra rectal pressure reaches to between 40 and 
50 mm Hg, the defecation reflex occurs The reflex 
consists of a strong peristaltic contraction of the 
colon, accompanied by shortenmg of its longitudi- 
nal fibers which are disposed m three bands— 
laaiiac coh — on its antenor, mner and postenor 
aspects The taeniae obtam fixed pomts for their 
contraction mdtrccllv from the coccyx, through the 
rtcto-coccNgcus musdes The latter arise from the 
COCCI geal icrtcbrae and blend at the lower part 
of the rectum w iih the longitudmal fibers of bcnvel 


which in this situaUon have become spread out 
to form a contmuous sheathmg for the rectum and 
anal canal The contraction of the longitudinal 
fibers and consequent shortenmg of the bowel 
combmed with the simultaneous downward prog- 
ress of the peristaltic wave, and a coordinate 
relaxation of the anal sphincters, effects the 
evacuation of the feces Hurst made observations 
upon human subjects by means of the X-rays and 
found that the evacuation of the colon extended 
as far or even beyond the splenic flexure The 
movements of the bowel wall itself are accom- 
pamed and assisted by the contraction of voluntary 
musdes The diaphragm descends to its extreme 
inspiratory position and is held there, the glottis 
bemg kept dosed during the strammg efforts which 
follow The abdommal musdes contract powerfully 
and the mtra-abdommal pressure rises The descent 
of the diaphragm, as Hurst has shown, causes 
marked depression of the ascendmg and transverse 
colons and of the splenic flexure The compression 
of the ascendmg colon against the nearly sta- 
tionary cecum forces the former mto an almost 
globular form The pressure m the rectum, which 
m an mdmdual m the erect posture amounts at 
ordmary times to about 20 mm of mercury, rises 
to from 100 to 200 mm dunng the strammg efforts 
The pelvic floor is supported against the devated 
mtra abdommal pressure by the contractions of the 
levatores am, the transverse permaei and coccyg- 
eus musdes The levatores am, which pass from 
their onguis dowmwards on either side of the 
rectum and anal canal have some of their fibers 
inserted into the walls of these portions of the 
bowel or mto the fibrous tissue m the neighbor- 
hood By their contraction the anus is drawm 
upwards over the fecal mass They also prevent 
prolapse of the rectum and anal canal, and by 
constnetmg the walls of the latter, at the tennma- 
tion of the act effect the expulsion of any matenal 
still remaining The levatores am serve also to 
reinforce the sphmeters against the action of strong 
peristaltic waves and so enable the mdmdual, 
when necessary, voluntarily to resist the evacuat- 
ing reflex (see also p 585) 

The rale of iirogress of a barium meal through the 
human tnlesltiial tract 

The time required for the first part of a banum meal 
(semi fluid) to jiass from the stomach to the pelvic 
colon vanes m different individuals The usual time is 
from 12 to 14 hours The matenal commences to leave 
the stomach almost immediately after it has been swal 
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lowed, it moves steadily and at a fairly rapid rate 
through the duodenum and very rapidly through the 
jejunum Its progress through the ileum becomes pro- 
gressively slower as the ileocecal opening is approached, 
and in the lower part of the ileum the material tends to 
accumulate before it is passed into the cecum It com- 
mences to enter the latter in about 2i hours on the 
average In 4 hours or so the matenal amves at the 
hepatic flexure, and m about 6 hours at the splenic 
flexure 

Evacuation occurs at vanable times after the mate- 
nal has commenced to collect m the pelvic colon but 
occurs usually in from 16 to 24 hours after the meal has 
entered the stomach The first parts of the meal appear 
in the stools about 24 hours after the food has been in- 
gested and the last traces in from 36 to 48 hours 

Many factors influence the rate of progress of food 
along the intestine — (a) Its chemical and physical 
characters (b) Individual vanations in the activity 
of the intestinal musculature, or in the absorptive 
function of the colon, and consequently, in the con- 
sistency of its contents (c) The state of fullness of 
the alimentary tract After a fast or after the bowels 
have been cleared by a cathartic the intestinal contents 
move more rapidly but the time elapsing before it is 
evacuated may appear to be longer than usual, since 
the pelvic colon takes time to refill (d) Muscular ex- 
erase increases the rate of movement (e) Emotional 
states also tend to increase intestinal activity 

The Actions of Certain Substances upon Intes- 
tinal Motiuti Fats, through the production of 
glycerine and soaps, stimulate the movements of the 
small bowel, sugars are also exatatory Acetylcholine 
and pilocarpine, or ncosbgmme and mccholyl, are 
powerfully stimulant Pltuitnn is also excitatory 
whereas adrenaline is inhibitory Ganglion-blocking 
agents, such as tetraethylammoniura chloride, arc 
powerfully inhibiting to all types of mtestinal motility 

Atropine reduces the tone of the musculature of the 
small and large bowel and relieves mtestinal spasm 
The phasic contractions of the small bowel are also 
usually decreased in amphtude but sometimes appear 
to be increased, in any event the propulsive force of 
the contractions is diminished, so that the progress of 
matenal along the mtestinal lumen is slowed The 
movements of the large bowel, especially of the distal 
colon, are depressed Morphine increases mtestmal 
tone, the rhythmical movements (segmenting and pen- 
dular) are mcreased in frequency, but reduced m 
amplitude. The propulsive movements of the mtestmal 
tract are profoundly depressed or abolished, constipa- 
tion results 

The stimulatmg effects of laxatives upon the bowel 
movements are well known, but their mode of action is 
vanous, and m some mstances obscure Epsom Salts 
(MgSOO, Sodium sulfate (NaiSOi) or phosphate 
(NajHPOO and other saline cathartics which undergo 
but slight absorption add water to the mtestmal con- 


tents (and consequently mcrease thefr bulk) through 
the change in osmotic relationship between the blood 
and intestinal fluids Agar, bran, fruits and vegetables 
which leave indigestible residues — seeds, skms, fibrous 
matenal, etc — also stimulate the bowel movements by 
increasing the bulk of the feces Oils, especially mmeral 
oil which IS undigested and virtually unabsorbable, act 
mainly as lubricants, and to prevent undue absorption 
of water from the feces in the large intestme, and thus 
to avoid their becoming dry and hard Castor oil con- 
tains an irritant pnnciple (ncmoleic acid) to which its 
stimulating effect upon the bowel is due, this principle 
IS released when the oil is digested by the intestinal 
lipases Castor oil is but one of a large class of cathartics 
which depend for their action on an imtant prinaple 
It includes aloes, senna, rhubarb, cascara, jalop, phenol- 
phthalein, and a number of others Many such drugs 
through their stimulatmg effect upon the mucous secret- 
ing cells of the intestinal hmng also mcrease the water 
of the intestinal contents 

The Neuro-Musculae Mechanisms Governing 
THE Movements of the 
Intestinal Tract 

innervation of the small intestine 

The tvall of the small bowel is composed of an 
outer longitudinal and an inner circular coat The 
latter is considerably thicker than the former 
According to Clarey both coats are arranged m a 
spiral fashion Between the two muscular sheets 
the myentcnc plexus (Auerbach’s) is situated The 
plexus of Meissner lies m the submucosa These 
two plexuses are connected with one another by 
nerve filaments which pass between the arcular 
muscular fibers Auberbach’s plexus contams nu- 
merous ganglion cells, which are scarce m Meis- 
sner’s plexus 

The rhythmical contractions — segmenhng and 
pendular — are myogenic, that is, they are depend- 
ent solely upon the rhythmical property of the 
mtestmal muscle itself They are not abolished by 
such nerve poisons as cocaine and nicotme A 
segment of excised intestine beats rhythmically 
when immersed m a 1 to 4000 cocame solution 
Furthermore, the contractions of the circular coal 
of the bowel have been shown by Gunn and Under- 
hill and by Alvarez and Mahoney to contmue after 
it has been stripped from the longitudmal layer, 
and from the submucosa as well, all ganglion cells 
are m this way removed (See also Gasser, and 
Thomas and Kuntz ) 

The peristaltic contractions, on the contrary, 
are dependent upon the mtrmsic nerve plexuses 
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Fig 43J Upper, shows the mhibitorj effect of 
splanchnic stunulabon upon the movements of the 
small mtestine, the heavj white hne mdicates the time 
during wluch the stimulus was applied (after Starhng) 
Lower, shows effect upon intestinal motilitj of stimu 
Jatmg vagus nerves (After Thomas and Kuntz ) 


But though earned out through local reflexes 
the bowel wall (myentenc reflexes of Canno 
they are readily influenced through the cxtrins 
nerves— the rogiu and sympathetic It was shov 
by Bayhss and Starling that secUon of both the 
sets of nerves does not abolish the penstalt 
movements, whereas the apphcation of cocaii 
to the bowel wall does The v agus, w hose termma 
connect with ganglion cells m Auerbach’s plexu 
augments the movements The sympathetic 
inhibitory (fig 43^) The sympathetic fibem pa 
mainly m the lesser splanchnic nerve to the low 
part of the celiac ganghon and to the supen 
mesentenc ganghon (fig 42 7), from these gangl 
the impulses are relayed to the bowel The pos 
^ghomc fibers pass without mtemipUon throuc 
the ple^ of the bowel waU to end m direct rel 
bon with the muscle cells The extnnsic nerv es ah 
influence the tone of the mtestme, the vagus n 
the sym^thetic diminishmg this proj 
tS sympathetic exerts a contmuous mhib 
^ action upon the bowel movements which ai 
before augmented after section of the sy^n- 

tl^etic fibers It has also been shown by Lm^ 


and Markowitz that spinal anesthesia which tem- 
porarilv paralyzes the thoracolumbar outflow 
removes the reflex inhibition of the intestine m- 
duced in dogs by pentoneal imtation (intra- 
pentoneal injection of tincture of lodmc) The 
vagus on the other hand does not appear to exert 
any continuous augmentor effect upion intestmal 
motility, for section of these nerves does not affect 
the movements 


IWERVATION or TIIE COLON 

In the cecum and the rest of the colon the fibers 
of the outer muscular coat arc gathered into three 
longitudinal bands— the taei lae co/i— which, being 
shorter than the underlying laver, draw the bowel 
into the tucks and pod ets Ijiown as haustra The 
arcular coat is thickened between the latter The 
mtnnsic nerves (plexuses) of the colon have a dis- 
tnbution similar to that of the small intestine 


Tie extrinsic ncr-es 


For a variable distance from its commencement 
the large intestine is supplied with motor fibers 
through the vagus The vagal innervation termi- 
nates usually within the first half or third of the 
transverse colon The rest of the colon, induding 
the rectum, recciv es its motor innervation through 
the pdv 1 C nerv es (nerv i engentes, ch 72) from the 
2nd, 3rd and 4th sacral segments The pdv ic nerv es 
are cholinergic 

Inhibitory fibers to the entire colon are derived 
from the sympathetic They arise from the lumbar 
segments of the cord and reach the proximal part 
of the colon (cecum, ascending and transverse 
colons) through the infcnor mesentenc plexus 
The fibers to the distal colon (the descending, iliac 
and pclvac colons and the rectum) arise from the 
2nd and 3rd lumbar segments They pass via the 
lumbar splanchnics to the infenor mesentenc 
^gbon and thence to the bowel by (a) a number 
o short strands called the lumbar-colonic nerves 
known as the inferior mesentenc nerres) and 
(b) the hypogastnc (prcsacral) nenc The lumbar- 
colomc nerv es are the axons of cells situated m the 
mfenor mesentenc ganghon > The fibers entenng 
mto the formation of the hypogastnc nerve pass 
or e most part wathout interruption through 
the latter ganglion Their cell staUons arc situated 
^ e >'pogastnc ganglion The postganglionic 
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fibers pass through the pelvic plexus to the bowel 
(figs 42 7 , 43 4) The hj'pogastnc nerves, and prob- 
ably the lumbar colomc nerves as well, are ad- 
renergic 

Stimulation of the lumbar-colonic nerves causes 
relaxation of the distal colon Learmonth and 
Markowitz showed that these nerves exert a con- 
stant mhibitory action smce increased colonic 
activity follows their section Garrey found that 
though in the decerebrate cat the distal colon is 
mactive when its sjunpathetic supply is mtact, 
division of the lumbar-colonic nerves caused 
rhythmical activity and a marked mcrease m tone 
The hypogastnc nerve appears to exert a mmor 
mhibitory mfluence upon the colon smce its division 
causes only a slight increase m the activity of the 
bowel Paralyzmg the lumbar outflow by a spinal 
anesthetic has an effect similar to that of nerve 
section ■ The inhibitory impulses of the colon 
arise apparently withm the lumbar cord, for if 
this region has been isolated previously from higher 
centers by spmal transection the full augmentor 
effect upon the colon of sectionmg the colomc 
nerves is obtamed 

Section of the pelvic nerves (sympathetic inner- 
vation intact) relaxes the wall of the distal colon 
and the animal subsequently experiences difficulty 
m emptymg the bowel The effect of section of the 
pelvic nerves upon the tone of the colon is particu- 
larly well shown if the bowel has been previously 
in a hypertonic state as a result of division of the 
sympathetic supply Section of the cord above the 
sacral segments also causes relaxation w'hich mdi- 
cates that the constant augmentor effect is due to 
impulses ansmg m higher centers A subsidiary 
augmentor center apparently exists, however, m 
the sacral cord, for cuttmg the pelvic nerves some 
time after spmal transection causes colomc relaxa- 
tion That IS, the sacral segments acquured control 
durmg the time which had elapsed after their 
isolation from higher centers 

INNERVATION OP THE SPHINCTERS 

The sphmcters of the bowel — ileo-cohc, and the 
mtemal and external anal sphmcters — exemplify 
the prmciple of reaprocal mnervation, or what 
Meltzer termed when speaking of muscular tubes, 
“contrary mnervation” For mstance, the motor 
nerve to the ileo-coltc sphmcter is the same as that 

• It IS Lkely that the center for the sacral outflow 
IS also paralyzed by the anesthetic but that the bowel 
movements are then controlled by the mtnnsic plexuses 



Fig 43 4 Diagram of the mnervation of the distal 
colon 


which causes inhibition of the bowel wall, namely, 
the sympathetic Stimulation of this nerve will m 
consequence produce a dual effect, contraction of 
the sphmcter and mhibition of the w^all of the 
ileum In this way the passage of fluid mto the 
cecum IS restramed Logically we should expect 
the vagus to have an inhibitory effect upon the 
ileo-cohc sphmcter, but this action has never been 
demonstrated, and so far as is known the vagus is 
without any effect upon the sphmcter 
The Miiernal anal sphincter is also innervated m 
a fashion contrary to that of the rest of the large 
bowel The pelvic is the mhibitory nerve, w'hile 
the sympathetic is motor The sympathetic fibers 
are conveyed via the lumbar-colonic and hypo- 
gastric nerves Stimulation of parasympathetic 
fibers ^v^ll therefore mduce evacuation of the bowel 
by exatation of the bowel waU and relaxation of 
the sphmcter Stimulation of the sympathetics on 
the other hand inhibit mtestmal activity and 
mcrease the tone of the sphmcter , the act of defeca- 
tion will be restramed The external anal sphincter 
is composed of striated muscle, it is kept tomcally 
contracted and is under voluntary control It is 
said not to atrophy when its nerve supply (derived 
through the 4th sacral nerve and the permeal 
branch of the pudendal nerve) is cut, but to recover 
its tone to a large extent after the operation Its 
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contraction, with that of the levator am and other 
penneal musdes, is an important factor m oppos 
mg defecation Afferent impulses ansmg m these 
musdes durmg their contraction are said to refleriy 
inhibit the bowel movements 


the innervation or the movement of 

DEFECATION 


The defecation reflex is governed by a medullary 
center and a subsidiary center m the cord The 
existence of the latter is evident m nervous dis- 
eases associated with complete functional or ana- 
tomical division of the cord above the lumbo sacral 
region, when evacuation is effected automatically 
and m an almost normal manner Also m animals 
after complete transection of the cord, though 
there is loss of control over the bowd movements 
and mcontmence of feces for a time, the spinal 
center subsequently assumes control and auto- 
matically evacuates the bowd at regular mtervals 
The spinal caller is situated m the second, thud 
and fourth sacral segments, but the destruction of 
this region m animals is not necessarily followed 
by complete and permanent fecal mcontmence, 
for the rectum like the bladder (p 485) is capable 
of controUmg evacuation through its mtrinsic 
nervous mechanisms Also m mvolvement of the 
sacral s^ments of cord m man there sometimes 
may be adequate automatic control of the rectum 
and anal sphmcter 

The medullary center is situated m the floor of 
the fourth ventricle not far from the vomitmg and 
respiratory centers, Efatcher has shown that a 
stimulus to defecation will inhibit vomitmg and 
certam emeUc drugs (picrotoxm) apphed to the 
vomitmg center cause defecation Hatcher and 
Weiss found areas m the medulla which controlled 
the tone of the sphmcters The well known fact 
that stimulation of the anal sphmcter by forcible 
dilatation is often an effective means of stimulating 
respiration, suggests a dose relationship between 
the respiratory and defecation centers 
The reflex as mentioned on page 582 is mitiated 
under normal circumstances by the passage of 
feces mto the rectum The latter, however, soon 
adjusts Its capaaty to the bulk of the feces (pos- 
tural tone) the pressure stimulus being then abol- 
ished The rectum may therefore become unre- 
sponsive* if defecation is voluntarily prevented 


'If” human subject by HursI 

When the rectum was inflated the call to deflate be 
urgmt, but the mtrarectal pressure Macw 
withm half a mmute or so, as a result of the adaptato 


The afferent fibers conveymg unpulses from the 
rectum travd mainly if not entirely with the effer- 
ents of the pelvic nerve and enter the cord by the 
posterior roots of the sacral nerves Afferent fibers 
supplymg the anal canal probably travel m the 
pudendal nerves Division of the mam afferent 
paths abolishes the defecation reflex smce no im- 
pulses can reach the center There is retention of 
feces for a time, but as mentioned above the local 
nervous mechanisms of the bowel wall may later 
assume control 

The reaction of the intestinal contents The reaction 
of the contents of the duodenum vary considerably in 
accordance with the aadity of the chyme entermg 
from the stomach and with the volume of the alkahne 
fluids — especially of the pancreatic juice The pro- 
portion of aad and alkalme fluids vanes m turn with 
the stage of digestion and the type of food, meat 
tending to mcrease the aadity of the chyme In the 
dog the pH of the duodenal contents may be anywhere 
from 4.6 to 7 6, the usual value is about 6 * In the 
human subject, the type of food and differences in the 
secretory activity of the gastnc glands cause consider- 
able mdividual variations m the reaction of the duo- 
denal contents, m subjects of subaadity or hyperacidity 
(p 519), for example, the reaction tends to be more 
alkahne or more aad, respectively Compared with 
normal persons, m patients with duodenal ulcer the pH 
of the duodenal contents tends to be lower and to remain 
at the lower level for a longer time Samples of human 
duodenal contents, obtamed by duodenal tube, show 
m most cases a pH between S and 6, average about 5 5, 
but may reach a pH of 2 for short periods Detenmna- 
tions upon healthy animals (rats and dogs) indicate 
that the contents of the entire small mtestme below 
the duodenum are almost always defimtely aad m reac- 
tion From observabons made upon patients with 
intesUnal fistulae, this is most probably true also of the 
human mtestme The aadity of the small mtestme 
(except m its upper part) is due to orgamc aads result- 
mg from the action of fermentative types of bacteria 
(p 593) In rats there occurs a progressive nse m pH 
from the upper to the lower levels of the small mtestme 
The average pH of the contents of the former is around 
6 and of the latter about 6 8 The pH falls slightly m 
the cecum but rises agam m the colon The feces have a 
shghlly aad, a neutral or a faintly alkalme reachon 
(6 9 to 7 2) In rachitic animals the pH of the mtestmal 
tract and of the feces is higher than that of normals 
The administration of cod hver oil or exposure to sun 

of the rectal walls to the distending force, and the 
sensation passed off Rapid re inflation caused the 
sensation to return and then pass away agam as the 
pressure fell ^ 

^It wiU be noted that this is not the op timum pH 
lor the action of the pancreatic enzymes 
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shine restores the rcacbon to the normal level (Zucker 
and Matzner ) 

Absorption prom the Gastro-intestinal Tract 

Ethyl and methyl alcohols are absorbed at a fairly 
rapid rate from the human stomach The gastnc 
absorption of water is considerable In dogs, half 
of the amount of heavy water (DiO) admmistered 
IS absorbed within 20 mmutes (Cope and as- 
sociates) Ordmary water, no doubt, is absorbed 
to the same extent The gastric absorption of 
glucose and other sugars is small, but by no means 
neghgible The absorption mcreases with the con- 
centration of the solution used, bemg mappreaable 
m the case of glucose below a concentration of 10 
per cent Of the sugars mvestigated by Feitelberg 
galactose was most rapidly absorbed (about 24 per 
cent of 22 cc of a 21 5 per cent solution m an hour) 
Next m order of absorbability came glucose, 
lactose, levulose and sucrose In no mstance was 
the absorption sufficiently great to raise the blood 
sugar 

In the study of gastric absorption the stomach 
IS ligated at the pylonc and cardiac ends and the 
matenal to be mvestigated mtroduced through the 
gastric wall by means of a synnge The extent of 
the absorption is determmed by ascertammg the 
quantity of the matenal which has disappeared 
withm a stated tune The result obtamed does not 
therefore mdicate the quantity of the matenal 
which would be absorbed under normal conditions 
A solution of glucose, for example, if isotomc, passes 
rapidly mto the duodenum of the mtact animal 
and if hypertonic is first rendered isotomc by the 
gastnc secretion and before bemg evacuated The 
results of different investigators upon the absorp- 
tion of hydrochloric acid from the stomach are 
conflictmg but it seems likely that a considerable 
reabsorption of this acid does occur Hydrocyanic 
acid IS rapidly absorbed m fatal amounts Strych- 
nine IS also absorbed from the stomach m suffiaent 
amounts to cause death within a few mmutes 

Fats even m fine emulsion, e g , egg-yolk, cream, 
and peanut oil, are not absorbed from the stomach 
mto the circulation, although some attempt at 
absorption occurs, for fine droplets of the admm- 
istered fat appear m the gastnc mucosa and sub- 
mucosa Unchanged proteins, e g , egg-albumm, 
pass through the gastnc mucosa but usually m 
such mmute amounts that dehcate immunological 
tests, e g , preapitm reaction, with the serum of 
animals sensitized to the particular protem, are 
required to detect theu: presence Spht products of 


protem, e g , proteoses, peptones, peptides and 
ammo-acids, are also absorbed from the stomach 
m msignificant amounts 

It may be concluded then that with the possible 
exception of sugars, gastnc absorption of the mam 
types of food durmg normal digestion is negligible 
The mucosa of the small mtestme is the only im- 
portant portal through which food matenals 
enter the body ® Absorption from the colon is 
restneted mamly to water and inorganic salts 
Glucose solution (10 per cent) mtroduced by 
enema may be absorbed m considerable amounts 
but the absorption of protems and fats is for 
practical purposes (rectal feedmg) unimportant 
The absorption of the different food matenals 
from the small mtestme is considered m the respec- 
tive seebons dealmg with their metabohsm 

The vfili are the absorbmg units of the small 
mtestme Each of these mmute finger-like processes 
is covered by a layer of columnar epithehum, and 
omtams a capiUary loop and a lymph vessel 
Qacteal), a small amount of connecbve tissue and 
strands of smooth muscle There are some 5,000,000 
vilh m the human mtestme which provide a total 
absorbing surface of some 10 square meters (fig 
40 1, p 533) Ammo-aads and glucose are absorbed 
mto the capillanes, about 60 per cent of the di- 
gested fat can be recovered from the thoracic 
duct, the remamder is absorbed apparently mto 
the portal blood 

Attempts have been made to explam mtestmal 
absorpbon by known physico-chemical laws The 
factors of a physico-chemical nature whereby 
absorption might conceivably be brought about 
are (a) Differences m concentrations and there- 
fore of the diffusion pressures between crystalloids 
m the blood and m the mtestmal lumen (b) The 
hydrostabc pressure within the mtestme created 
by the mtestmal movements, which would tend 
to drive water and dissolved substances across the 
epithehal boundary Hamburger found that ab- 
sorption vaned directly with the mtra-mtestmal 
pressure, and Wells has shown that the absorption 
of water from isotomc sodium chloride solutions 
ceased when the mtra-mtestmal pressure was re- 
duced to from 8 to 26 cm below that of the atmos- 

‘ The enormous reserve of the digestive and absorp- 
tive capaaties of the small mtestme has been demon- 
strated m a staking fashion After some 19 feet of small 
mtestme (total length about 22 feet) together with the 
cecum, Bscendmg colon and part of the transverse 
colon were removed from a patient for mahgnant dis- 
ease, there resulted httle disturbance m absorption and 
no loss of weight 
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phere, but that the absorption rate maeased m 
proportion to the increase m intra-intestinal pres- 
sure above this level (c) The osmotic pressure of 
the plasma protems m excess of the hydrostatic 
pressure of the capillary blood pressure was sug- 
gested by Starhng as an important factor m at- 
tractmg water and crystalloids mto the blood 
stream It has been estimated that the colloid 
osmotic pressure is some two or three times greater 
than the blood pressure in the capillanes of the 
villus Wells found that dilatation of the mesenteric 
vessels reduced absorption, and attributed the 
reduction to an increase in the hydrostatic pressure 
of the capillary blood On the other hand, Van 
Stickney and assoaates observed an increased ab- 
somtion of sahne when the general blood pressure 
was raised to between ISO and 190 mm Hg, which 
they thought was probably the result of the open- 
ing up of additional capillanes and the consequent 
expansion of the absorptive surface (d) Hober 
suggests that electneal forces m the nature of 
cataphoresis (the transfer of a solute across a 
membrane from anode to cathode) play an im- 
portant r61e 

Though some or all of the factors enumerated 
above probably play a part m the absorption 
process, there are several observations which can- 
not be explamed upon a purely physico chemical 
basis, some specific “vital” activity must be at- 
tnbuted to the epithelial cells of the viUi For ex- 
ample, materials such as glucose and sodium 
chlonde are absorbed from hypotonic solutions 
(i e , solutions contaming the matenal m lower 
concentration than it exists m the plasma) Also, 
as shown by Con, the absorption of glucose from 
the mtestine may contmue at an almost constant 
rate for hours though its concentration dimmishes 
progressively, yet the absorption of a matenal, 
such as glucose, can not be mcreased by simply 
reduemg its concentration m the plasma Such 
facts are not explained by the laivs of diffusion 
Moreover, Hewitt has shown that when glucose, 
galactose and fructose m equivalent concentra- 
tions ate placed in an mtestinal loop the relative 
absorption rates are glucose > galactose > fruc- 
tose After destruction of the epithehal Iming all 
three sugars are absorbed at the same rate Mac- 
leod and associates found that glucose was ab- 
sorbed more rapidly from a survivmg mtestmal 
segment than the foreign sugars xylose, mannose 
and arabmose This preferential absorpUon of 
glucose disappieared when the temperature of the 


segment was lowered to O'C The sugars then 
passed through the mtestinal wall in accordance 
with them diffusion rates through a dead mem- 
brane — ^xylose with the smaller molecule diffusing 
more rapidly than glucose 

That the epithelial covering of the villus is not 
merely a passive membrane, but performs a spe- 
cific function which entails the axpenditure of 
energy, is also indicated by the experiment of Bro 
die, Cullis and Halliburton They observed an 
increase of over 150 per cent in blood flow , oxjgcn 
consumption and carbon dioxide production during 
the absorption of salt solutions of different concen- 
trations They concluded that a speafic function 
of the epithelial lining, rather than contractions of 
the wall of the mtestine was responsible for the 
mcreased metabolism In the more recent experi- 
ments of Van Licre and his colleagues, it w as found 
that oxygen lack docs not impair the absorption 
of all substances alike Anoxic anoxia to a degree 
compatible with life docs not reduce the absorp 
tion of glucose and actually increases the absorp- 
tion of glycine. Nor is the absorption of sodium 
sulphate reduced by anoxia A phosphorylation 
process rather than an oxidative one is probably 
concerned m the absorption of glucose, which 
would account for its bemg unaffected by anoxia 
Anoxic anoxia dcfinitclv depresses the absorption 
of sodium chlonde, but anoxia produced b\ hemor- 
rhage, on the contrary mcrcascs absorption of 
isotonic salt solution 

Any consideration of mtestmal absorpUon recalls 
the process of selective rcabsorpUon by the cells 
of the renal tubules and suggests that similar 
factors are concerned That the cells of the m- 
testmal mucosa perform chemical work, as m 
the absorption of fat (p 693) is accepted Rcab- 
sorpUon of water and dissolved substances from 
the glomerular filtrate is, one might say’, a process 
of reverse secretion — from tubular lumen to blood 
The laws of diffusion arc just as inadequate to 
account for the absorption from the mtestmal 
lumen as they arc to explain the rcabsorption 
process m the kidney 

The Formation of Feces 

The contents of the ileum have an almost liquid 
consistency The quantity of fluid material passing 
through the ileo colic valve m 24 hours is m the 
neighborhood of 400 grams The feces evacuated 
durmg an eqmvalent length of Umc is about 150 
grams The fluid is absorbed mainly’ by’ the cecum 
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and ascending colon, but also m smaller amounts 
dunng the progress of the feces along the transverse 
and descendmg colons and durmg their stay m the 
pelvic colon The feces are neutral, shghtly aad 
or shghtly alLahne m reaction (p 586) 

The volume of gas contamed m the human 
gastro-mtestmal tract under ordinary conditions 
has been estimated at about 1000 cc It is com- 
posed of carbon dioxide (23 per cent), mtrogen 
(21 per cent), oxj'gen, hydrogen and methane 

The feces are composed of food residues, bac- 
teria, matenal secreted through the wall of the 
mtestme and m the bile, leukocytes and desqua- 
mated epithehal c^Hs Food residues constitute a 
much smaller proportion of the bulk of the feces 
than IS usually realized The fat, protem and 
carbohydrate of the diet is practically all absorbed 
and if the food be free from mdigestible matenal, 
espeaally cellulose, the feces are composed almost 
entirely of bacteria, secretions, etc Durmg starva- 
tion, for example, feces contmue to be formed and 
their composition does not differ materially from 
that oMeces passed after an ample diet Also, a 
segment of^bowel when isolated from the rest of 
the mtestmal tract becomes after a tune packed 
with a mass of pasty fecal matenal, which of 
course must be entirely endogenous Wide ven- 
ations m the composition of the chet, if the quan- 
tity of cellulose remains unaltered, exert httle or 
no^influence upon the composition of the feces 
The bulk of the feces is reduced hoivever, dunng 
starvation, but the reduction is due largely to the 
removal of the stimulatmg effect of the food upon 
the secretory activity of the mtestme Indigestible 
matenals, espeaally cellulose, mcrease the amount 
of the feces, not only by addmg directly to their 
bulk, but also through mcreasmg the amount of 
endogenous matenal 

Bacteria constitute ordinarily about 9 per cent 
of the total sohds of the feces The mtrogen of 
human feces amounts daQy to between 0 5 and 
1 gram and, as ]ust mentioned, is largely endog- 
enous Fecal “fat” is also largely endogenous, 
contmumg to appear m the feces though aU fatty 
matenal has been excluded from the diet, it differs 
chemically from ordinary food fat but resembles 
closely the blood hpids It consists mainly of 
leathm and coprosterol, the latter bemg denved 
from cholesterol through the reduong action of 
bacteria A certam proportion of the fecal fat is 
also denved through bactenal action from non- 
fatty sources In human feces a part (cholesterol 


and leathm) is of biliary ongm Calaum, phos- 
phate, magnesium and other morgamc matenals 
m the feces are also denved mainly from the blood 
Fecal iron is mostly exogenous (see p 76) 

The feces owe then color chiefly to stercobihn 
(urobihn, p 539) produced by the bactenal re- 
duction of bile pigment, their odor is due to the 
presence of aromatic substances, chiefly tiidole 
and skatole, denved through the bactenal deamma- 
tion and decarboxylation m the large mtestme, of 
tryptophane, but also to the production of mercap- 
tan and hydrogen sulfide through the bactenal 
decomposition of cystme (p 590) 

Small quantities of mdole, skatole and phenol 
are absorbed mto the blood stream but undergo 
detoxication m the hver by conjugation with sul- 
phunc aad and potassium or with glycuromc aad 
Phenol may imdergo conjugation m either of these 
ways, m the former instance phenol sulphate of 
potassium is formed, m the latter the correspond- 
mg glycuronate results Indole and skatole after 
absorption are converted to mdoxyl which then 
for the most part combines with sulphunc aad 
and potassium to form mdoxyl sulphate of potas- 
sium or mdtcan, vhich is excreted m the unne 
Indole and skatole are also conjugated but m 
relatively small amounts with glycuromc aad 
formmg mdoxyl glycuromc aad and skatoxyl 
glycuromc aads, respectively (See next page.) 

Other toxic matenals (ammes) produced through 
the decarboxylation (without deammation) by bac- 
tena of ammo aads, are ethylamme from alamne, 
tyramme from tyrosme, histamme from histidme, 
cadavenne from lysme and putrescme from ar- 
ginme 

Constipation 

One or more of many factors may be responsible 
for, or contnbute toward the production of con- 
stipation Apart from some gross mechanical 
obstruction, e g , tumor, adhesive bands, stnctures 
somewhere along the bowel, the chief causes are 
the followmg 

(1) Eaht The act of defecation can usually be 
readily inhibited by an effort of the wfll The 
refusal to respond to the sensation aroused by a 
full rectum and the failure to acquire the habit of 
deanng the bowels regularly at some defimte tune 
each day, e g , after the first meal, is a common 
cause of constipation The rectum becomes tol- 
erant, adaptmg itself to the mcreased fecal bulk 
(see footnote, p 586), and the desire to defecate 
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passes The retention of feces m the distal colon 
and rectum leads to the excessive absorption of 
fluid , the feces therefore become dry and hard and 
less easily expelled There may at first be no defect 
m the musculature or movements of the digestive 
tract as a whole but the lower segment of the 
colon as a result of continued overloadmg becomes 
sluggish Atony and thmmng of the muscular wall 
may eventually result To this type of constipation 
Hurst has apphed dyschezta (meanmg a diEBculty 
in easing oneself) It is obvious then that properly 
regulated habits are more hkely to correct this 
condition than the use of purgatives which stimu- 
late peristalsis m an intestmal waU that is, m 
general, m no need of urgmg By purgatives “the 
whole mtestmal tract is teased and pamed for the 
defective action of that part of it which is most 
remote from their influence 

The dyschezia may be aggravated by other 
factors Sometimes the angle at the junction of 
the pelvic colon and rectum is abnormally acute 
On the other hand, spasm (or achalasia) of the 
curcular fibers (sphmeter) m this situation may be 
present which offers considerable obstruction to 
the passage of feces 

(2) A did that leaves too httle of the necessary 
residue for the stunulation of mtestmal activity 
or one which contams too little fluid 

(3) A colon which absorbs too readily — the 
“greedy” or “thrifty” colon as it has been called — 
and causes undue condensation of the mtestmal 
contents 

(4) Hypertonic stale of the mnsculaltire of the colon 
is a cause of what is termed spastic constipation 
Both the transverse and descendmg colons are 
sometimes held firmly contracted to form a sohd 
cord which may sometimes be felt through the 
abdommal waU At other times only the pelvic 
and descendmg colons are affected or agam the 
spasm may be confined to the transverse colon 
The contracted bowel is the seat of purposeless 
spasmodic contractions which have little effect m 
movmg the food onward The spastiaty may be 
reduced by atropine which acts by depressing the 
parasympathetic influence upon the large mtestme 
The hypertonic state supposedly may be mduced 
reflexly through impulses arising m diseased pelvic 
or abdommal viscera On the other hand, it may be 
due to influences of a mental nature, overwork, 
worry or shock, etc In the constipation of chronic 
lead poisonmg a spastic state of the colon exists 

‘ Chevalier, 1819, quoted by Hurst 


(5) Weakness or depressed activity of the mus- 
culature of the colon — atonic constipation An m- 
herent defect m the neuromuscular mechanism of 
the bowel is uncommon Atony of the mtestmal 
musculature may, however, be assoaated with 
certam general conditions, e g , senflity, obesity, 
etc , constitutional diseases or lesions of the central 
nervous system The drivmg force of the mtestmal 
muscle under such circumstances is subnormal 
The delay m the movement of the food may be m 
the small as well as m the large mtestme A hypo- 
tome state of the mtestmal musculature may also 
result from a diet low m vitamm Bi (p 750) 
Rats fed on diets defiaent m morgamc salts show 
loss of tone and depressed motility of the mtestmal 
tract (Robertson and Doyle) The condition is 
corrected by addmg Ca and K to the diet, which 
suggests that a low mtake of these mmerals may 
be a factor m some cases of chrome constipation 
m the human subject 

The subjective manifestations of constipation 
are considered elsewhere (see p 592 and 1053) 

Congenital Megacolon — Hirschsprung’s Dis- 
ease This IS a condition appearing m childhood It is 
characterized by an enormous dilatation of the colon 
and hypertrophy of its walls, with obstmate constipa- 
tion There is a congemtal absence of the ganghon ceUs 
of Auerbach’s plexus — the postganglionic neurons of 
the pelvic nerve This defect mvolves the mtemal anal 
sphincter, the rectum and rectosigmoid, and a variable 
part of the more proximal colon, it may extend upwards 
to mclude part of the vagal innervation of the colon 
The mtemal anal sphmeter and rectum are contracted 
mto a firm cord Excision of this part of the bowel is 
advocated for the rehef of the condition (see Swensen) 

Intestinai. Intoxication 

The Large Intestine Several substances, some 
mtensely toxic m character, are formed m the large 
mtestme as a result of the decomposition of pro- 
tem by the normal bactenal flora (colon type of 
orgamsm) Among such putrefactive products are 
histamme, phenol, cresol, mdole, skatole, ethyl- 
amme, isoethylamme, tyramme, etc (p 590) 
Cholme is also formed as a result of the decomposi- 
tion of lecithm, and cholme gives nse to traces of 
neurme Some observers, impressed by the powerful 
actions of these substances when mjected mto am- 
mals, have suggested that their absorption mto the 
general blood stream is responsible for many dls, 
and particularly for the weU-known symptoms of 
constipation Metchnikoff arraigned the colon as 
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Fig 43 5 Megacolon. Motor test ivith spinal anesthesia. Left, the mjecUon of thrre and one 1^ quarts of 
fluid causes painless distension of abdomen. In horizontal position no spontaneous expulsion after fifteen minutw 
of effort. Right, fifteen minutes after spinal anesthesia. Note the empt>ang of the lower sigmoid and most of the 
ascending colon, also the reduction m diameter of the upper sigmoid (After Scott and Morton.) 


the bod 3 '’s greatest enem} Arbuthnot Lane in 
more recent tunes mveighed against this cess-pit 
and recommended its extirpation under certain ar- 
comstances No reliable evidence can, hoiveter, be 
ated to connect anj of the toxic products men- 
tioned with the siTuptoms of disease Many of 
them are produced onlv m mere traces, and e\ cn 
though some, such as mdole, are produced m 
relatii elj large amounts (60 mg , according to 
Herter, maj be present m 100 grams of feces) 
toxic doses are pre\ ented from entenng the sys- 
temic arculation b> the barrier offered b> the 
bowel wall and through the detoxicatmg action 
of the hier (p 589) Indole, for example, when 
gii en to the human subject bi mouth m an amount 
(1 gram), which is more than would e\er be 
present m the bowel at one time, produces no 
symptoms, 2 grams causes onl\ some dizzmess and 
shght headache, wh3e large amounts ma> be 
mtioduced mto the colon without ill effect The 
shght absorption of mdole and skatole under 
ordmarj circumstances is mdicated b> the fact 
that though the feces contam considerable amounts 
of both these substances, the detoxicated product 
mdican may be absent from the urme On the other 
hand the abflity of the h\er to protect the body 
against these substances is shown by the observa- 
tion that large amounts of mdican are constantly 
present m the unne of certam mdinduals, showmg 
that considerable quantities of the putrefactive 
products are absorbed, yet such persons enjoy 
good health. 

Chohne may be given by mouth with impunity'. 


even when relatively large amounts (15 to 20 mg 
per hg m the cat) are given mtravenouslv no 
toxic effects are produced Since this substance 
IS rapidly destroyed in the blood stream, large 
amounts may be mjected slowly over a penod of 
time without noticeable effect 
Bbstamme, another powerful depressor substance 
was found bv Meakins and Hanngton m mmute 
amounts m the cecum, but only msignificant 
amounts, thev conclude, pass through the intesti- 
nal wall Even after the mlroducUon of a large 
dose mto the small bowel only slight absorption 
was evndent Hanke and Koessler gav e the amme 
bv mouth in doses of 100 mg to guinea pigs, 
there were no ill effects, and upon analys s of the 
mtestmal contents 24 hours after the admm- 
istration of this amount, less than 2 mg were 
recovered The chief protection against the tone 
effects of histamine is apparently m the bowel wall 
itself It has also been found by Weiss and asso- 
ciates that m the case of the human subject 20 mg 
of histamme may be mjected pier hour vvnthout 
causmg a depressor effect, 500 mg given orally 
were mert. 

Accordmg to Alvarez the symptoms of consti- 
pation — headache, furred tongue, foul breath, 
malaise, etc., are of reflex rather than of toxic 
ongm Afferent impulses set up from the waU of 
the overloaded rectum appear to be responsible. 
Distension of the rectum by inert matenal such 
as absorbent cotton has been shown to produce 
almost all the symptoms of constipation In the 
dog, packmg the rectum m this way causes a nse 
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oi some 10 mm Hg m blood pressure which is 
mamtamed until the foreign matenal is removed 

The manifestations of constipation referable to 
the alimentary tract, namely, the loss of appetite, 
coated tongue and offensive breath are, accordmg 
to Alvarez, probably due to small waves of con- 
traction ongmatmg m the wall of the loaded bowel 
and travehng m a reverse direction over the small 
mtestme, stomach and esophagus (p 561) A 
strong argument against the symptoms of consti- 
pation being due to toxic absorption is the almost 
immediate rehef which follows evacuation of the 
bowels — it would certainly take some tune for the 
blood to be cleared of a poisonous matenal 
Furthermore, m constipation the feces are rela- 
tively dry and hard, conditions much less, rather 
than more favorable to the absorption of putre- 
factive products One should expect, mdeed, that 
the latter would occur more readily dunng diar- 
rhea Apart from all the mdrrect evidence against 
a toxic element bemg concerned m constipation, 
IS the positive fact that many subjects of the dis- 
order, even though this is of a severe grade, do 
not excrete mdican m the urme and, as mentioned 
above, other mdividuals who for some unknown 
reason exaete large quantities remam free from 
symptoms 

There seems httle doubt that toxic products 
of the bacterial flora of the large mtestme are pre- 
vented from entermg the systemic circulation m 
amounts that are pathologically significant 

The Small Intestine The immumty of the 
body to automtoxication apphes only to the large 
mtestme The small mtestme is not equipped m the 
same degree to resist the passage of toxic products 
mto the blood stream Normally, however, the 
bactenal flora of the small mtestme are qmte dif- 
ferent from those of the large The microbrgamsnis 
(e g , Bacillus bifidus) m the former situation have 
a fermentative not a putrefactive action Through 
theu action upon carbohydrate, organic aads, 
acetic, butync and lactic, are produced The aad 
reaction of the deal contents is unfavorable to the 
growth of the proteolytic bactena So long as the 
supply of carbohydrate matenal is adequate the 
microorganisms of the aad-producmg type flourish 
and any of the bactena of the large mtestme which 
may have mvaded the small mtestme are unable to 
gam a foothold Under certam circumstances, how- 
ever, especially m infants, this does occur In young 
children, m whom the protective power of the small 
mtestme is even less than that of adults, a severe 


type of toxemia results, characterized by vomitmg, 
diarrhea, dehydration, aCidosis, fever, emaciation 
and great prostration 

Some believe that guanidme is the toxic product 
concerned m certam types of mtestmal mtoxication 
m infants In mtestmal disorders assoaated with 
the extension mto the small mtestme of the flora 
of the large, measures are directed toward en- 
couragmg the normal aad-producmg type of organ- 
ism m gammg the upper hand Carbohydrate is 
supphed, usually m the form of lactose, which 
passes farther down the mtestmal tract than other 
sugars before it is absorbed It has also been com- 
mon practice to administer cultures of the fermen- 
tative type of organism, such as that of sour milk — 
Bacillus bulgancus (so-called as the result of the 
wntmgs of Metchnikoff who attributed the health 
and longevity of the Bulganan peasant to his 
dnnkmg large quantities of sour milk) Today 
cultures of Bacillus aadophilus, one of the normal 
inhabitants of the small mtestme, are usually em- 
ployed Ordmary anhsepitcs given with the view 
of mhibitmg bacterial growth exert no appreaable 
effect, although certam sulphonamides are valu- 
able for then bacteriostatic action 

Acute Intestinal Obstruction 

Symptoms of mtense seventy result when the 
lumen of the small bowel is completely obstructed 
as a result of constnction by an adhesive band, 
kinking, twistmg or pressure by new growth, mtus- 
susception, strangulation by a hernial rmg, etc 
The condition is ushered m by severe cramp-hke 
abdommal pam, vomitmg and shock If the con 
dition IS not reheved by operation, reverse pen 
stalsis arises above the pomt of obstruction, 
mtestmal contents pass mto the stomach and the 
vomitmg becomes fecal m character Later the 
bowel above the obstruction loses its tone, be 
commg dilated and filled with mtestmal seaetioiu 
and gas The loss of fluid m the vomitus and the 
dramage of large quantities of fluid mto the dia 
tended bowel leads to a fall w Uood chloride, 
alkalosis and dehydration (p 24) Other blood 
changes are a rise in the non-protein nitrogen and 
an increase in the fibrinogen content The former 
IS the result of tissue destruction combmed with 
impairment of renal function Great prostration 
occurs, endmg m death 

Functional obstruction The dilated, immobile 
state of the bowel desenbed above as occumng 
m the later stages of a mechanical obstruction 
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occurs from otEer causes and is then referred to 
as paralytic or adynamic Ueus The most common 
cause of paralytic 3eus is pentomtis, it may also 
result from some se% ere mtestinal mjury or undue 
handbng and exposure of the bowel durmg ab- 
dominal operations Reflex inhibition of the bowel 
wall occurs followed by distention. The distended 
bowel IS mcapable of propelling the feces along its 
lumen, that is, obstruction of a functional charac- 
ter exists WTien the bowel above a mech a n i cal ob- 
struction has become atonic and dilated, functional 
obstruction tends to persist men after the me- 
chamcal block has been rehei ed by operation. 

Experimental OBSiEiJcnov 1\hen the mtes- 
tme of an aTumal is tied across the symptoms which 
follow are chiefly weakness, prostration and vonut- 
mg The animal shows httle or no endence that it 
is suffenng pam The high er m the mtestmal tract 
that the obstruction is made, the more severe are 
the simptoms, and the shorter is the duration of 
life after the operation. FoUowmg obstruction of 
the colon the animal may survi\ e for some weeks, 
whereas after obstruction of the jejunum or 
duodenum it dies as a rule withm fix e or six days 
Reduction m blood xolume (anhxdremia), fall m 
blood chlonde (see below) , mcreased alkali resen e 
and non-protein mtrogen of the blood, and a nse 
m the percentage of fibrmogen occur 

Paralvtic Sens mav be produced m dogs by the 
mjection of a solution of iodine mto the peritoneal 
cavity It was shown by Campbell and hlarkowitz 
that the mtestinal inhibition produced m thn; ivay 
could be abolished bv spinal anmthesia which 
apparently blocked inhibitorv impulses reachmg 
the bowel through the splanclmic ner\ es (p 5S4-5) 

A CONTIDEEAIIOX OT THE CAUSE OF DEATH HJ 
MECEASICAL OBSTRUCTION' 

\ number of theones haxe been adiunced m 
recent wears m attempts to gi\e an explanation 
for the symptoms and death m acute mechamcal 
obstruction of the bowel We max , at the outset, 
dismiss the possibihty that death is sunply the 
result of blockage of the alimentary tract, and the 
prevention of the passage of food along its lumen. 
It -was shown ongmally by Stone, Bemheun and 
WTupple that if a few mches of the bowd were 
excised, both ends of the segment dosed and the 
continuiti of the digestix e tract then re-established 
by an anastomosis of the cut ends of the bowd, 
death occurred exen more rapidly than if the 
bowd had been obstructed by hgabon The sur- 


vival time after the dosure of such an isolated 
segment or loop is rardy more than 3 or 4 days 
and may be onlx 24 hours 

Toxic theones 

A hadcTial theory m one or other of its modifica- 
tions has had its adherents The toxm of the 
Wdeh badllus has been suspected by some, but 
bttle support has been given by recent work to the 
belief that this or anx other bacterial toxm is re- 
sponsible for the sxmptoms Others hax e thought 
that a toxic agent denxed from the bactenal 
decomposition of protem withm the mtestinal 
lumen was the lethal agent It is impiossible to 
consider senonsly any bactenal theory of mtestmal 
obstruction, for such theones ignore the fact that 
the sxmptoms dimmish m mtensity , and the sur- 
xux'al time is lengthened, the lower m the mtestinal 
tract that the obstruction is produced Bactenal 
groxdh, protem decomposition and histamme con- 
centration on the other hand, are all greater m 
the lower than m the higher reaches of the m- 
testmal tract 

TJ^ dechionralion aiid dehydration theory 

It was first shown by Hartwell and Hoguet 
(1912) that obstructed animals which surxix ed for 
some days showed marked dehy dration Vomitmg, 
It was daimed, vus responsible for the reduction 
m body water, the sxmptoms of obstruction and 
death were beheved to be the (hrect consequence 
of the dehydrated state. They showed, and their 
observation was confirmed by Haden and Orr and 
others, that the life of an animal xvith an obstructed 
mtetme could be prolonged by the subcutaneous 
or mtravenous administration of sahne. 

That the loss of chlonde m the xomitus max 
cause a profound fall m blood chlonde, and de- 
hydration IS an established fact. Hastmgs, Murray 
and Murray found that m dogs, obstruction at the 
pylorus caused a reduction m the blood chlonde 
to 50 per cent of the normal withm a few days 
after the operation. Gamble and Ross confirmed 
this obserxatioa and made a more extended studx’ 
of the changes m blood chemistry which follow 
pylonc obstruction. They consider that loss of 
chlonde, by leadmg to a reduction m the elec- 
trolvles of the body, is the primary cause of the 
dehydration. They state that “a withdraxval of the 
electrolytes of the bodx flmds will be accompamed 
by a proportionate reduction m the volume of 
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body water and that this change can only be 
repaired by replacing both the lost water and the 
lost electrolytes ” These observers showed that the 
loss of chlonde in the vomitus is repaired for a tune 
by the retention of carbon dioxide and the conse- 
quent increase m bicarbonate By this means the 
concentration of electrolytes is mamtamed In 
other words, the sum of (Cl~) and (HCOs~) re- 
mams constant for a time (30 hours or so) after the 
obstruction has been established A degree of alka- 
losis, however, results, which is countered by a loss 
of base (Na) m the urme, a reduction m (Cl~) 
(HCOs') occurs The reduction m lomc concen- 
tration of body fluids resultmg from the depletion 
of base, which u nlik e Cl“ cannot be substituted for, 
IS accompamed by a proportionate loss of water 
(fig 43 6) The value of sodium chlonde mjections 
m prolongmg life m obstructed animals depends 
chiefly upon the fact that the replenishment of the 
stores of sodium permits the retention of water 
Chlondes such as NHiCl or KCl are without any 
beneficial effect, nor wiU water alone or a solution 
of glucose prolong hfe 

The reduction m the blood chlonde is not neces- 
sarily the result of vomitmg The accumulation of 
seaetions above the pomt of obstruction will just 
as surely cause chlonde depletion and dehydration 
In the rabbit for example, which cannot vomit, 
obstruction causes the characteristic blood changes 
A most powerful stimulant to secretion is disten- 
sion of the bowel wall, the dilated bowel m the 
later stages of ohstruction thus becomes a re- 
ceptacle for large quantities of fluid In the case 
of the rabbit, fluid amountmg to thirteen per cent 
or so of the body weight may be found m the 
stomach and bowel after death The fatal effect 
of distension has been shown by Henm and Meek 
They distended a loop of bowel by means of a 
balloon and allowed the continuous secretion which 
resulted to dram to the extenor The animals died 
m from 6 to 14 days A loop of bowel opening to 
the extenor but not distended causes no mjunous 
effect Hemn and Meek concluded that the loss 
of chlonde in the secretions was the essential factor 
leadmg to the death of then animals Dragstedt 
and EUis have also shown that the profound fall 
m blood chlonde which follows the dramage of 
the gastric ]uice to the extenor is accompanied 
by grave symptoms and ultimately ends m death 
The sjTnptoms are rapidly reheved by the admin- 
istration of sahne Fme and his assoaates have 
reported a pronounced reduction m the plasma 
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Fig 43 6 Diagram to show change m the total con- 
tent and distnbuPon of electrolytes in the body Binds 
followmg pylonc ohstnicPon (Aiter Gamble and Ross ) 


volume of patients suffenng from acute obstruction 
of the small mtestme 

There is no doubt that chlonde loss and de- 
hydration are important factors m the later stages 
of obstruction The admmistration of salme is one 
of the most valuable measures possessed by the 
dmiaan for combating the condition at this stage 
either before or followmg operation 

Nevertheless, though the blood changes at this 
tune undoubtedly prejudice the animal’s chance 
of survival, it is unlikely that they play the 
primary r61e m causmg death For one thmg, 
correction of the blood chemistry, though it pro- 
longs hfe, does not permit survival Moreover, 
death frequently occurs before any significant 
change m the blood chlorides takes place, while on 
the other hand, the blood chlonde may be mam- 
tamed at a level considerably lower than that 
usually seen m obstruction without the animal 
becommg 31 The foflowmg experiments^ indicate a 
nervous element as the primary cause of the tram 
of s 3 Tnptoms seen m acute obstruction A baboon 
was placed m the lower duodenum and distended 
to a pressure of about 100 mm Hg A large sized 
rubber tube attached to one side of the balloon 
and extendmg mto the bowel below prevented any 
actual obstruction X-ray examination showed that 
a barium mixture moved freely beyond the dis- 

Taylor, Weld and Harnson 
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Fig 43 7 X-ray piotographsho-vuig Miller Abbott 
. ^le m the EraaH intestine. 

I mded region Thcie animais had symptoms mdis- 
mgiushable from acute obstruction \ et bttle fluid 
vras lost bv vomiting and the blood chlondes 
sho’^ed practicallv no change. On the other hand, 
othemse notnal animaL vho had had the blood 
dilonde dep'eted b} means of iustamine mjections 
(to stimulate gastnc secretioa) and apomorphme 
(to mduce inmiting) remamed m apparent good 
health e\en though the blood chlonde had been 
mamtamed at a let el 50 per cent belonr the nor- 
mal 10 " three veeLs 

It IS e%ndent that m the baHooa eipenmcnts 
just menboned, distenson of the bo-^el caused 
death m some vas other than b\ chlonde deple- 
bon. Another grojp of animals m which the bowel 
■was diiteaded bi a ballooa as described, but m 
which the segment of bowel had been first de- 
ner\-ated survised for a much longer time than 
those m which a prelimmarv dener%‘abon had not 
been penormed This result mdicates that afferent 
impuLes ansmg from the distended segment of 
bowel are concerned m some rvay with the sei ere 
-jmptoms of oltetrucbon Hemn and Meek also 
that 11 a distended drainmg loop were 


denen-ated the animals sur\n\ ed indcfinitcU Thci , 
ho^e^ cr, offer an cip’^nation of the benefit dem ed 
from denenabon based upon the thcon that 
dechlonnabon plays the essential rdle, namely, 
that vhen the \omibng and loss of appetite p'o- 
duced refleidi from the distended loop areaboluhed 
b\ nene section, chloride loss is reduced and 
chlonde mgesbon increased The importance of 
afferent impulses from the intestine m the pro- 
dueboT of the symptoms of obstruction therefo-e 
must be admitted, that thc\ may cause death 
quite mdependently of dechlonnabon is un- 
doubted It is well known that man% reflex effects 
upon the cardio- vascular system and upon seicral 
important funebons can be initiated from the 
gasbo-mtesbnal tract The seice pam and col- 
lapse which result from the distension of other 
hollo-^ viscera, c g , the gall-b’adder, stomach, 
Ijdnet pehns, etc., may also be recalled m this 
conneebon Moreoicr, the seicrc svmptoms and 
earli death which result from the mere distension 
of the bo-^cl b\ a balloon calls to mind the analo- 
gous dmical condition kno-^ as Richter’s hernia 
In this condibon onl\ a portion of the mtesbnal 
lumen is pinched off and isolated from the main 
passage. The bowel is not obstructed, yet all the 
svmptoms of acute obitruction arc presenb It is 
quite conceit able that acute distension of the 
small isolated poeJet by secreboas and gas is 
responsible fo- the svmptoms 

The unpo'taccc of dis ens on as a factor m acute 
obstruebon o^ the mtesUne is now gcncwiU\ recognized 
and It has become the p-acbce in ^itab’e cases to de 
compress the bo'^cl bt ^ucbon-drainagt. through a tube 
passed from the mouth to the duodenum (AAagensteen 
and Fame) or, as in the method of Miller and Abbott, 
to insert a long s’ender tube through the nose into the 
stomach and allow it to be earned to the le\el of the 
obstruebon. The tube has a double lumen and is p-o- 
vided at its bp mth a small balloon which can be 
moderateh infla ted after it has entered the duodenum 
The balloon series as a sbrnuljs to peristalsis which 
camts It and the tubing along the bowel to the 
pomt of obstruebon (fig 43 7) 
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VISCERAL SENSATIONS 


The abdominal and tboraac viscera are in- 
sensitive to the several types of stimuh which 
readily arouse sensations m the skin and more 
superfiaal tissues of the body The effects of 
the different vaneties of stimulus — Ihermal, chemi- 
cal, tactile and pain — have been mvestigated by a 
large number of observers 

Sensations of pam cannot be ehated from the 
viscera by the usual means The mtestme or the 
hver, the stomach or the heart may be cut, burned 
or pmched without arousmg any immediate sensa- 
tion In the second stage of a colostomy operation, 
for example, the colon can be opened without pam 
hemg experienced by the patient Harvey remarked 
upon the absence of sensation m the exposed heart 
of Viscount Montgomery ^ 

The msensibility of the alimentary tract to 
ordmaiy forms of stimulation commences m the 
lower or middle third of the esophagus and ex- 
tends £LS far as the commencement of the anal 
canal How can these observations be reconciled 
with the well-known fact that pam is one of the 
commonest manifestations of visceral disease? 

The whole subject of pam ansmg m or referred 
from the viscera is still highly controversial No 
final answer can be given The most that can be 
attempted is a summary of some of the more sig- 
mficant experimental results and dmical observa- 
tions, and the opmions of those who have especially 
mterested themselves m the subject 

Lennander considered that abdommal pam was 
always due to the stimulation of somatic nerve 
termmals m the panetal pentoneum or root of the 
mesentery, the bowel itself was supposed to be 
qmte devoid of pam fibers Accordmg to this view 
therefore, pam localized withm the organ itself — 
true visceral pain — ^was an impossibihty 

Ross’s theory postulated that pam from the 
abdommal viscera was of two types (a) referred 

1 Harvey records, “I carried the young man to the 
King (Charles I) that His Majesty might with his own 
eyes behold this wonderful case, that, m a man ahve 
and well, he might, without detnment to the mdividual, 
observe the movement of the heart, and with his proper 
hand even touch the ventricles as they contracted 
And His Most Excellent Majesty, as well as myself, 
acknowledged that the heart was without the sense of 
touch, for the youth never knew when we touched his 
heart ” 


(somaltc) pam, and (b) true visceral or splanchnic 
pain, which was diffuse, poorly localized but felt 
m the viscus itself 

Mackenzie, as a result of his dmical observa- 
tions, strongly supported Ross’s idea of referred 
pam, but mamtamed that all visceral pam was 
of this nature, the viscera bemg qmte insensitive 
to all forms of stimulation In agreement with 
Lennander, he did not believe that the viscera 
contamed pam fibers, true visceral pam, i e , pam 
m the organ itself, was therefore never expenenced 

Conception of referred pain according to Ross and 
Mackenzie 

When a viscus is diseased, pam or tenderness is 
frequently felt m the tissues overlymg it approx- 
imately (abdommal or chest wall) or m some part 
qmte remote from it For example, pam is felt 
m the neck or shoulder (fig 44 1) m conditions 
affectmg the diaphragm, between the scapulae m 
gastnc disease, m the region of the umbihcus m 
appendiatis, m the testis m renal cohc and m the 
sternal region, or down the left arm m angma 
pectoris (p 328) When traction is made upon a 
coronary artery of a dog, the animal whmes and 
mdicates the location of the pam by hmpmg on 
the left fore-paw In dextrocardia angmal pam is 
felt m the right arm Other examples are, the pam 
m the permeum and tip of the perns caused by a 
stone m the region of the neck of the bladder, and 
the pam m the grom due to a stone m the ureter 

It will be recalled (ch. 66) that a given spmal 
segment supphes a visceral area with autonomic 
nerve fibers (afferent and efferent) and also a weU- 
delmeated area of the skm (dermatone) with 
somatic nerves The two types of structure hnked 
m this way through the afferent nerves and the 
central nervous system may be some distance apart 
(e g , diaphragm and shoulder) or be more closely 
related (e g , area of abdommal wall and an under- 
lymg abdommal viscus) Mackenzie believed that 
afferent autonomic impulses ansmg m a diseased 
organ, though of themselves mcapable of arousmg 
any sensation, would upon entenng the spmal cord 
set up an “imtable focus” with the result that cells 
accustomed to receive impulses from the corre- 
spondmg somatic area were exated Thus, the 
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Fig 44 1 Location of maxunum points of referred 
ned. pain from irritation of the diaphragm The figures 
refer to the number of stimulations m each instance 
They are afl situated m the remon supphed by the thud 
and fourth spinal segments. (After Capps ) 

impulses from the viscera “irradiated” are spread 
on to reHs of the correspondmg somatic center 
New impulses ongmating m these cells tratelled 
along the usual paths to higher perceptive centers 
(thalamus) which projected or referred the sensa- 



Fig 44 2 Diagram to illustrate Mackenzie’s theory 
of referred pain A, representing normal conditions, a 
vis^ral reflei is shoTm B, illustrates a nsccro-motor 
and a \TScero-sensorj reflei Impulses from a nscui 
are conceiied as setung up an irritable focus in the 
cord which through the involvement of neighboring 
neurons inaeases the tone of muscles mnervated by 
the same se^ent, and causes a disch^e of impulses 
T j ^ pathwaj for pain The sensation is then pro- 

iT ^e do^K.r'^ 


Don to the somatic area e g , skin or muscle, from 
•which it was accustomed to receive impulses In 
this way, spontaneous pam m superficial structures 
remote from the diseased site was accounted for 
Mackenzie spoke of these reactions as viscero- 
sensory “reflexes Tenderness to touch, pressure 
or hght pmchmg of the skm (hyperesthesia and 
hjT)eralgesia) was asenbed to the impulses, which 
ordmarfly would be below the threshold for pam, 
amvmg m the segment rendered hyperexatable 
as a result of unpulses received from the diseased 
organ In the case of the abdommal -viscera, 
Mackenzie clauned that the area of tenderness m 
the abdommal wall remamed fixed, though the 
position of the diseased organ changed, thus 
indicatmg the referred nature of the pam He 
explamed the ngidity (hjT>ertonus) of muscles 
overljong a diseased organ, the right rectus ab- 
dommis m acute appendiatis, for example, upon a 
similar basis Afierent impulses of normal m- 
tensity ansmg m the muscle propnoceptors upon 
amvmg at the spinal centers, which had been 
rendered hyperexatable by the receipt of ab- 
normal visceral impulses, resulted m a reflex 
maease m tonus of the correspondmg muscles 
The refened motor reaction he spoke of as a 
viscero-motoT reflex (see fig 442) 

The concepDon of referred pam -was supported 
by the work of Head, who mapped out the seg- 
mental distribution of the cutaneous nerves re- 
sponsible for hyperalgesia m diseased states, and 
showed that they came from the same segments as 
received autonormc fibers from the diseased organ 

In table 42 are gnen the segmental areas to 
which pam is referred m disease of various mscera 
(Head) 

True visceral (splanchnic) pain 

True visceral pam, though demed by Mackenzie, 
exists The pains of dysmenorrhea or childbirth, 
for example, or the pam of mtestinal colic, of an 
o\er-distended bladder, or the substemal pam of 
coronary occlusion, though diffuse, seems to arise 
m the organ itself, even when referred as well, to a 
somatic structure, such as muscle or skm KinseUa 
observed that, m consaous paDents, pressure 
with the fingers upon an inflamed appendix caused 
pam centered m the viscus a healthy appendix 
IS insensitive He and others have also shown that 
a chrome duodenal ulcer is also tender to direct 

* This IS obviously a most unsuitable term for it is 
not a reflex m the ordinary accepted sense of that word 
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TABLE 42* 


VISCUS 

BPIKAL SEGMENTS 

Lungs 

1-7 dorsal, mostly 2-5 dorsal 

Heart 

3-5 cervical, 1-8 dorsal, predomi- 
nantly on left side, sometimes 
bilateral 

Esophagus 

Mainly 5 dorsal, also 6, 7 and 8 
dorsal 

Breast 

4 and 5 dorsal 

Stomach 

7, 8 and 9 dorsal, usually bilateral 

Intestme 

9-12 dorsal, bilateral or on left side 
only 

Liver 

8-10 dorsal on right side 

Gall bladder 

Mostly 8 and 9 dorsal, also 5-7 

Kidney 

1 

Mostly 10 dorsal, also 11 and 12 
dorsal and 1 lumbar 

Ureter 

11 and 12 dorsal and 1 lumbar 

Testis 

10 dorsal 

Epididymis 

11 and 12 dorsal 

Bladder 

11 and 12 dorsal and 1 lumbar, also 
3 and 4 sacral 

Prostate 

10 and 11 dorsal, also 1-3 and 5 
sacral 

Ovary 

10 dorsal 

Fallopian tubes 

11 and 12 dorsal 

Utenne cervix 

11 and 12 dorsal and 1-4 sacral 

Uterine body 

10 dorsal to 1 lumbar 

♦From W 

R Brain, Diseases of the Nervous 


System, after Head 


contact In transection of the cord at the third 
thoracic vertebra m a patient reported upon by 
Kmsella in which there was complete paralysis 
and anesthesia of the abdommal wall, mtestmal 
pain was expenenced, which obviously could not 
be caused by reference to somatic nerves Im- 
pulses in such cases must reach the central nerv- 
ous system along mtact visceral (autonomic) 
aherents They travel apparently by sympa- 
thetic fibers which enter the cord above the level 
of the transection It is unlikely that they are 
transmitted by the vagus 
Pam m a normal viscus may also result from 
disease m a distant organ through a Auscero-motor 
reflex Pamful pylorospasm, for example, may 
accompany disease of the appendix A distmction 
should be drawn between pam of this nature and 
referred pain 

The adequate stimulus for true visceral fain 
The existence of true visceral pam is not m- 
compatible with the statement made above that 
the viscera are insensitive to the ordmary types 


of stimulus From his mvestigations Hurst con- 
cluded that the only adequate stimulus for visceral 
pam fibers is tension Distention of a hollow viscus, 
e g , stomach, mtestme, gall-bladder, etc , gives 
rise to pam as a result of the stretch stimulus 
apphed to the nerve termmals m its wall The pam 
is roughly localized to the viscus itself, or referred 
Under certam circumstances chemical substances 
produced m an ischemic organ, as m angma pectoris 
or mterrmttent claudication, may stimulate nerve 
fibers subservmg pam 

Though the question is by no means settled, it 
appears that contraction, alone, of the muscular wall 
of a hollow viscus, such as the mtestme, does not 
cause pam unless the movement of the bowel makes 
traction upon the mesentery Pam arises, however, 
if the contraction causes distension of a neighbormg 
portion of the wall as may result when the contrac- 
tion wave approaches a mechanical obstruction, a 
length of bowel m spasm or a sphmeter which fails 
to relax {achalasia) Poulton, for example, found 
that when a balloon was inserted mto the lower 
part of the human esophagus, the approach of a 
peristaltic wave toward the obstruction caused 
pam, but durmg its passage over the esophageal 
wall m contact with the balloon no sensation was 
felt Poulton ascribes the absence of pam durmg 
the passage of the contraction wave to the reduc- 
tion m the diameter of the tube and the conse- 
quent release from stretch of the nerve endings 
l3nng between the muscle fibers Pam also ceased 
if the esophageal muscle relaxed to accommodate 
the balloon, that is, adjusted the length of its 
fibers to the distendmg force (postural tone, see 
p 557) As further evidence for the effectiveness 
of distension m causing pam, the following ob- 
servations may be cited In animals, when an 
mtestmal loop exposed under local anesthesia is 
stimulated to powerful contraction, there is no 
evidence of pam, whereas even moderate disten- 
sion of the loop (as by mflating it with a balloon) 
15 manifestly painful Distension of the gall- 
bladder of the cat is accompanied by reactions m- 
dicative of mtense pam Distension of the human 
appendix by the mjection of fluids through an 
appendicostomy openmg causes severe pam m 
the epigastrium or m the region of the umbilicus, 
and when the duodenum is distended by the m- 
jection of material through a duodenal tube, pam 
is felt on the nght side The pam impulses un- 
doubtedly reach the central nervous system 
through the splanchnic nerves Bentley and 
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Smithwick distended the duodenum of patients 
whose splanchnics had been divided on one or on 
both sides After unflateral denervation, dis- 
tension caused pain on the denervated side only , 
no pain whatever was felt after bilateral splanch- 
mc section 


Morley’s theory of the panclal ortgtn of referred 
abdomtml patn 


Morley contends that the referred pam of 
abdonunal disease does tiot tnvolve atUonomtc af- 
ferents as postulated by Mackenzie but is due to 
the stimulation of somatic pam fibers m the pane- 
tal peritoneum or mesentery, the sensation being 
referred to the superfiaal area innervated from 
the same spinal segment He expresses what he 
terms the law of r^erred pam m the following words 
Referred pam only arises from imlaiton of nerves 
which are sensitive to those slimuli that produce pain 
when applied to the surface of the body, that is, by 
the stimulation of somatic sensory nerves He 
believes that the somatic innervation of the peri- 
toneum extends along the mesentery to within a 
short distance of its attachment to the bowel and 
does not terminate as has been generally supposed 
near the root of the mesentery’ The mesentery 
or peritoneum is therefore sensitive to tearing, 
cuttmg, etc, whereas the organ itself which con- 
tarns only autonomic afferents is insensitive to 
these types of stimulus In support of his views 
Morley ates the pam m the shoulder associated 
with irritation of the pentoneal covermg of the 
diaphragm He pomts out that the diaphragm is 
mnervated (through the phrenic) chiefly by the 
fourth cervical spmal segment and to a less extent 
by the thu-d and fifth None of these segments 
give nse to autonomic fibers but the third and 
fourth cervical nerves furmsh somatic afferent 
fibers to the shoulder area m which the referred 
pam of diaphragmatic disease is located Motley 
eiplams muscular rigidity m a simflar manner — 
the radiation of impulses over the motor nerves 


’ Sheehan has made a study of the nerves of the 
m^nteiy and finds the followmg types of fiber 

(1) Fibers endmg in Pacinian corpuscles scattered 
throughout the mesentery These are afferent sym 
P® travel m the splanchmc nerves 

(21 Free non myehnated fibers These are afferent 
sympatheUc fibers, their termmah an 
distributed to the serous covermg of the bowel Thei 
provide a medium for the transnussion of true viscera 
pfljn. 

(3) Free myelimted fibers derived presumably froii 
apparenUy do not extmd a: 
far as the serous covermg of the bowel itself 


He replaces Mackenzie’s terms, viscero-sensory 
and viscero-motor reflexes by penloneo cutaneous 
radiation and peritonea muscular reflex respec- 
tively Morley also recognizes spontaneous, true 
(unreferred) visceral pain, resulting from an ade- 
quate stimulus — namely, tension The pam and 
tenderness resultmg from pressure upon an m- 
flamed viscus (eg, ulcer of the duodenum) 
through the abdommal wall, and which seems to 
arise m the organ itself, he asenbes however, to 
the panetal peritoneum being brought mto con- 
tact with the roughened surface of the lesion As 
evidence that the sensation is not, in such m- 
stances, referred to the skin from tlie diseased 
structure, but is due to the stimulation of nerv’es 
m the panetal peritoneum he states that (a) the 
area of tenderness shifted ivith the movement of 
the VISCUS, and (b) direct pressure upon the in- 
flamed organ when exposed by operation in a con- 
saous patient (i e , under local anesthesia) did not 
give nse to any sensation (see fig 44 3) 

Morley has made out a case for the production 
of pain in some instances through a peritoneo- 
cutaneous reaction, and for pam and tenderness 
upon pressure bemg the result of the stimulation 
of somatic nerves m the panetal pentoncura 
But his views cannot be accepted m their en- 
tirety Others have reported that a duodenal 
ulcer IS tender to direct touch (p 598), and there 
IS no doubt that referred pam can be brought 
about through the mediation of cither Msccral 
or somatic nerves Woollard and Carmichael, for 
example, have obtained evidence for the latter 
from experiments upon the human testis which, 
smee it has migrated from the abdommal cavity 
and IS enveloped by pentoneum, may be looked 
upon as an abdommal organ, in so far as the ques- 
tion of referred pam is concerned These observers 
found that after all the nerves to the testis had 
been blocked by means of novocame, except the 
autonomic fibers passmg along the spermatic 
artery, no sensation was felt within the organ 
when it was compressed, but pam, referred to the 
tenth dorsal segment — lower abdomen and back — 
was expenenced The observation of Bentley and 
Smithwick, mentioned above pomt m the same 
dnection 


The mews of Lewis and Kclgren 

Lewis and Kelgren postulate a common system 
of afferent nerves supplymg deep somatic struc- 
tures as well as the viscera They mamtam with 
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good reason that since referred pain can follow the 
imtation of either autonomic on somatic afferent 
nerves, there is no physiological justification for 
making a distmction between pam referred from a 
vTscus and that referred from the parieties, nor 
between the motor reactions (e g , muscular 
ngiditjO resulting from stimulation m either situa- 
tion Though m the first mstance autonomic af- 
ferent fibers are stimulated, and m the second it is 
somatic sensory nerves, the impulses m either 
case enter the spinal cord by the postenor nerve 
roots, and the nerve fibers which transmit them 
have theu: cell-stations m the postenor root gangha, 
there is no indication that they do not follow identi- 
cal paths m the central nervous system Thus im- 
pulses from a viscus or a deep somatic structure 
cause a sensation which m either case is projected 
to a part remote from that stimulated but inner- 
vated by the same spmal segment The pams 
whether referred from a viscus of from part of the 
soma, have common characteristics, being diffuse 
and poorly localized 

Lewis and Kellgren earned out expenments on a 
number of human subjects, then results are highly sig- 
nificant to the question of referred pam Pam closely 
resembling m character the referred pam of visceral dis- 
ease was mduced by the mjeebon of a small quantity 
(0 3 cc ) of hypertonic salme mto an mterspmous hga- 
ment at vanous spmous levels Injection into the 1st 
lumbar mterspmous hgament caused pam distnbuted m 
a manner strikingly similar to the pam of renal colic, 
namely, m the lorn and m the mgumal and scrotal re- 
gions The pam was accompamed by retraction of the 
testis Injection mto the 9th thoraac mterspmous bga- 
ment caused pain in the back m the region of the 1st 
lumbar spme and over an area m front extendmg from 
the9th costal cartilage on the affected side to the umbih- 
cus Rigidity of the abdominal muscles and deep 
tenderness w ere associated with the pam Stimulation of 
the 8th cervical ligament was followed by pam m the 
mterscapular region, over the pectorahs major muscle 
and down the mner side of the elbow and forearm, to- 
gether with a sensation of constnction m the upper part 
of the chest on the stimulated side Several subjects of 
angina pectpns were chosen for experiment and were 
asked to compare the pam w hich they experienced m an 
attack with that caused by the stimulation of the 7th 
cervical or the 1st thoraac mterspmous hgament In all 
instances the patients desenbed the expenmentally m- 
duced pain as being identical m character with that 
caused by the disease, though it showed some mmor 
differences m distnbution 

Lewis and KeUgren also found that m cats mecham- 
cal stimulation (pinchmg) of the pancreas or of the 
mesentery m the duodenal loop caused motor reflexes 



Fig 44^ Diagram to illustrate Morley’s theory of 
pentoneocutaneous radiation and pentoneomusculai 
reflex, M, muscle, P, peritoneum, S, skin After Morley, 
redrawn 

from the abdominal muscles which resembled closely 
those caused by stimulation of the back muscles 

An explanation oj referred pain on the basis of reflex 
vasomotor changes {viscerosomatic reflex) or the libera- 
tion of a chemical substance at somatic nerve endings 

Pollock and Davis stimulated the pentoneal surface 
of the diaphragm in dogs The animals showed every 
sign of suffenng pam, which was abohshed by any one 
of the following procedures Section of the phremc 
nerve, removal of the cervical sympathetic chains, 
sevenng the eighth cervical and the first, second and 
third thoracic anterior roots, transection of the cord 
at the seventh cervical segment, destroymg the cord 
at the first and second dorsal segments, or section of 
the cervical postenor roots Pollock and Davis con- 
clude from these results that the pam impulses follow- 
ing stimulation of the diaphragm travel over the 
phrenic, enter the cord by the postenor cervical roots, 
descend the cord to the level of the eighth cervical 
and first, second and third thoracic segments Con- 
neebons are then made with cells m the lateral horn of 
gray matter (mtermediolateral column) from where 
impulses pass by sympathebc preganghomc fibers to 
the cervical sympathebc cham, and then by post- 
ganghonic fibers “effectors m the skm, blood vessels, 
menmges and other structures, where by some vaso- 
motor (?) or hormonal (?) process the sensory endings 
of the cerebro-spmal system are sbmulated and a 
sensory impulse travels over the ordmary cerebro- 
spmal system, enters the spmal cord by the postenoi 
roots and ascends to consaousness ” The pam and 
cutaneous lesions of herpes zoster come to mmd in 
this cormeebon 

The diffuse character of deep pam m contrast 
to the accurate localization of cutaneous stimula- 
tion can be accounted for by (a) the existence of 
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relatively few afferent fibers in deep structures, 
(b) the lack of espenence and traming m the 
localization of sensations from the viscera, smce 
such are normally felt very infrequently, and (c) 
when impressions from the mtemal organs do 
occur their localization is not aided by sight as 
m the case of more superficial sensations However, 
m experiments with mtelhgent subjects havmg 
some knowledge of anatomy, and m whom pain 
was evoked by inflatin g balloons inserted mto 
hollow viscera, the subjects’ sense of localization 
was much improved above the ordmary 

THE SENSIBILITY OS THE AUMENTAHY TRACT TO 
TACTILE, THERMAL AND CHEMICAL STTMULATION 

Touch The sensation of touch disappears at the 
lower end of the pharynx. This was shown by Hurst 
by means of an esophageal tube with a sht on one side 
through which the mucosa of the esophagus could be 
stimulated Carlson, by means of a test-tube brush 
passed mto the stomach, was unable to ehat the sensa- 
tion of touch from the gastnc mucosa The rectum 
possesses no tactile sensibihty but the anal canal is 
sensitive. 

Thermal sensthlUy The esophagus is sensitive to 
extremes of heat and cold The sensations of tempera- 
ture that are felt when hot or cold materials enter the 
stomach have been thought by some to originate m the 
lower end of the esophagus, by others to arise m the 
skm of the epigastrium, either through thermal con- 
duction or by reflex changes m the cutaneous blood 
vessels Carlson has shown, however, that the gastnc 
mucosa is sensitive to extreme temperature changes, 
ne., protopathic thermal sensibihty (below 13°C or 
above 4S°C ) It is the lower end of the esophagus, 
however, which is responsible for the greater part of 
the thermal sensation that is expenenced when exces- 
sively hot or cold matenals are swallowed This is due 
to the greater sensitivity of the esophageal mucosa, as 
well as to the fact that the material is retamed for an 
appreciable length of time above the cardia The colon 
IS insensitive to temperature changes, but even com- 
paratively slight differences m temperature can be 
detected m the anal canal 
Chemicals, with the exception of alcohol, cause no 
sensation whatever when mtroduced mto the stomach 
or mtestmal canal The mucosa is completely rnsensi- 
bve to aads, the mtroduction mto the healthy stom- 
ach of a solution of 0.5 per cent hydrochlonc aad 
causes no pam or sensation of any kind. Alcohol stimu- 
lates the mucosa of the esophagus and stomach and 
causes a sensation of warmth Peppenmnt and various 
condiments free from alcohol arouse no sensation The 
pelvic colon and rectum show a similar sensitivity to 
alcohol but are msensitive to other chemicals. The 
anal canal is extremely sensitive especially to alcohol 
wd glycerme. Both cause a bummg sensation. 


NAUSEA 

Nausea usually precedes the act of vomiting 
(p 572) but may occur alone On the other hand 
vomitmg may occur without nausea, as m certam 
cerebral condibons The sensation is felt m the 
back of the throat or pit of the stomach, and m 
its milder degrees is merely a “suikmg” sensation 
m the epigastnum It is frequently assoaated 
with vasomotor disturbances and sweatmg In- 
creased tension upon the walls of the stomach or 
duodenum is a potent cause of the sensation, and 
Poulton has shown that it is also mduced by dis- 
tension of the lower part of the esophagus Durmg 
the passage of a peristaltic wave which reheves 
the tension upon the nerve fibers (p 599) m the 
esophageal walls the sensation is relieved Bar- 
day showed by radioscopy m the human subject 
that nauseous odors caused the lower border of 
the stomach to descend an mch or two evidently 
as a result of sudden relaxation of the abdominal 
musdes This movement would tend to stretch 
the esophagus and gastnc walls and so exert ten- 
sion upon the nerve endings The stimulus which 
induces nausea is, therefore, the same, apparently, 
as that which causes visceral pam, but of lower m- 
tensity It is hkdy that the sensations expen 
enced durmg changes m speed of an elevator are 
also the result of tension exerted upon the esopha- 
gus and gastnc walls This element is also prob- 
ably a contnbutory factor m the production of 
sea sickness, bemg brought mto play by the pitch 
and roll of the ship (p 574) 

The rehef of nausea and vomiting by the apphca- 
tion of counter irritants to the epigastnum or over the 
sternum is probably due to either a reflex change m the 
postural tone of the gastnc walls or to the reflex imtia- 
tion of peristaltic contractions (p 599) The tension 
upon the nerve endmgs m the latter mstance is taken 
up by the musde fibers Poulton observed, for ex- 
ample, that the sensations caused by a balloon m the 
esophagus were reheved by vigorous fnction of the skm 
over the sternum, contraction of the esophagus m some 
cases or adpistment of the postural tone of the eso- 
phageal wall m others were observed to accompany 
the disappearance of the sensation 

hunger and appetite 

Hunger is a complex sensation to account for 
which more than one theory has been proposed, it 
IS the pnnapal factor controUmg food mtake and, 
consequently, body growth and nutnbon To a 
large extent local dements (gastnc and duodenal) 
enter mto the hunger sensation Strong peristaltic 
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contractions of the gastric walls — hunger contrac- 
tions — and a sense of hunger are frequently asso- 
aated, an assoaation which was clearly showui by 
Cannon and Washburn and by Carlson Filling the 
stomach with bulky matenal that possesses little 
nutntive value, or is indeed totall}’’ medible, m- 
hibits the contractions characteristic of the empty 
organ, relieves the pangs of hunger and may even 
create a feeling of satisfaction This fact has some 
practical beanng in the treatment of obesit> , since 
the subject may satisfy himself wnth foods such as 
salads, fruits, etc , possessing large volume relative 
to their calonc values 

The contractions of the empty stomach are often 
accompanied bj hypoglycemia This led to the 
conclusion that the blood sugar level was the funda- 
mental factor governing the sensation of hunger or 
of satiety The hunger induced by insulin appeared 
to supjKirt this concept But this theory cannot be 
sustained m the face of the mcreased hunger of 
diabetes mellitus and of starvation or hunger dia- 
betes, in which a subject star\’ed for some time 
prc\nously contmues to consume food and feels 
hungry after the blood sugar has risen well above 
the normal level Nor has it been possible to es- 
tablish any correlation between the hunger sensa- 
tion and spontaneous vanations m the glycemic 
level 

Though it cannot be denied that purely local 
elements — gastnc or duodenal — contribute toward 
the hunger sensation, or the “feeling of emptmess”, 
there is much evidence for a general tissue or cen- 
tral factor As mentioned above, hunger can be 
appeased by filling the stomach with material of 
little or no food value, but Adolph found that the 
diminution m food mtake of rats caused by addmg 
roughage to the diet was only transitory, the 
amount which the animals ate was regulated, it 
seemed, mainly by the potential energy value of 
the diet, and was dependent to a relatively small 
extent upon “local conditions” of the gastromtcsti- 
nal tract The mtroduction of nutnents by a route 
other than the mouth mhibited the urge to eat The 
selection by animals of an essential dietary consti- 
tuent, a defiaency of which had existed previously, 
also points to a general body state or some central 
mechanism as controllmg the urge to eat Fmally, 
complete gastrectomy and denervation of the 
gastrointestmal tract does not abolish hunger 

In a prolonged fast in man the hunger sensation 
IS most mtense dunng the first few days and, 
though It abates after this^ usually persists (con- 


trary to the general belief) to the end of the fast 
(Carlson and Hoelael) 

The glucostahc theory of hunger, a theory m which 
the utilization of glucose by the tissue cells rather 
than the blood sugar level is the factor controUmg 
food intake, has been proposed by Mayer Thus 
the hunger and hyperglycemia of diabetes are 
reconciled on the basis of a low glucose utilization 
in this disease Arteno-venous glucose diflterences 
were determmed m human subjects and taken as a 
measure of glucose utilization A-V glucose values 
(low glucose utilization) under 15 mg per 100 cc. 
were assoaated wnth a low caloric intake and 
hunger A high glucose A-V difference (over IS mg 
per cent) w'as found when the calonc intake was 
adequate and the subject’s hunger was appeased 
In diabetes mellitus and in hunger diabetes the 
glucose A-V values were near zero Insulin ad- 
ministration caused at first a nse m the glucose A-V 
difference, but a compensatory fall occurred later 
This theory postulates the dependence of the con- 
trol of food mtake and the sensation of hunger upon 
cells (glucoreceptors) m the central nervous sys- 
tem, most probably m the hypothalamus, which 
arouse the urge to eat when the utilization of glu- 
cose falls below a certam level Evidence for a 
“feedmg center” of some sort in the hypothalamus 
is furnished by the demonstration that a lesion 
placed m the medio-ventral hypothalamic nuclei 
causes an increase in food intake, a lesion placed 
more laterally causes the opposite effect, the feed- 
ing urge IS depressed A higher center appears to 
he m the prefrontal area of the cerebral cortex, 
which IS connected through thalamic nuclei with 
the hypothalamus (ch 67) In man, lesions of this 
region are not uncommonly associated with ab- 
normal vanations in the food mtake 

Appetite, on account of its close assoaation with 
hunger, and its vague localization, is a diflicult 
sensation to define, some persons refer it to the 
pharynx or esophagus, others to the stomach It is 
probably to a large degree acquired rather than 
mbom like the hunger sensation That is to say, it 
is dependent upon previous expenence, and con- 
ditioned stimuli (ch 69) enter largely mto its 
causation A new-bom infant expenences hunger 
but probably not appetite The psychic element m 
appetite is mdicated also by its highly selective 
nature A nutntious item of food, if disliked, may 
be rejected by a hungry person and may even dnve 
away his appetite On the other hand hunger 
whets appetite and a particular article of diet may 
be enjoyed which, m a state of satiety, would be 
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unpalatable Nevertheless, it appears that there 
IS also a gastric element in the production of appe 
tite. For example, alcohol, b> stimulating the gas 
trie mucosa, causes a sensation of warmth within 
the stomach, raises gastric tone and arouses appe 
Ute Accordmg to Carlson h>drochloric acid docs 
likewise, and the flow of gastric juice imluad b\ 
the taste of food maa well scrac the purpose of 
augmenting the appetite in the initial stage of 
digesUon It is well known that apix-titc is often 
great!) mcreased after the first few mouthfuls 
haae entered the stomach, and though the effect 
produced b> the taste of the food is difficult to 
exclude, the fact pomts to a gastric clement Paa Io\ 
has reported, as his own experience, the pronounced 
effect which a glass of wine, after reaching the 
stomach, had m restonng the lost appetite follow - 
mg an illness There is also some ciidcncc that 
impulses ansmg not onh from the mucosa but 
from the deeper structures of the gastric walls 
play a part and that increased mu'cular tone is a 
factor m the production of appetite Phe smell of a 
disgusting material maa, as we haac seen (p 002) 
cause a sudden lowering m the position of the 
stomach, a drag upon its walb, and a sensation of 
nausea — the antithesis of appetite Conacrsela an 
maease m the tone of the gastnc muscle, bj rc- 
duemg the stretch upon the nerac icrmimlions of 
the stomach avail, would conccianbla be conduciae 
to gastnc comfort and aaell being, leading to the 
appetite sensation In fasting the gastric tone is 
also high and this ma> well be the cause of the keen 
appetite usuall) associated wath hunger Support 
for the conception that gastnc tone is an important 
factor m the production of appetite is offered b> X- 
ray e xamin ation of the stomach in amnous condi- 
tions assoaated avith disorders of appetite In 
those diseases m which a poor appetite is a promi- 
nent feature the gastnc tone is low, and m others 
characterized bj eicessiae appetite, the stomach is 
verj frequently hypertonic. The assoaabon of loss 
of appetite and gastro-mtcsUnal h)-potonicit> m 
Bi defiaency (p 750) may also be recalled m this 
connection Barclay has recorded expenments upon 
hospital patients m whom the sight or smell of 
appetizmg food was responded to b) an mcrcase m 
gastnc tone In some the mere suggestion of a glass 
of beer was sufBaent to bnng this about On the 
other hand, mental states, e g , anxietj , worry', 
fear, etc., which lower gastnc tone, also depress the 
appetite The probability of appetite havmg its 
ongm, in part at least, m the walb of the stomach 


IS indicated bj what R>lc considers a \cr\ sig 
nificant fact, mmcK, tint in diffu'^c ciranoma of 
the stomach ("leather lioltlc” stomach) firs of 
appetite is a prominent and almost constant s\m 
tom In other tsqics of gastnc ciranomn, c\cn 
tliough far adi anted, the appetite ma\ be rc 
tamed Bitters and other so<aIleal apjietizcrs unlc-s 
made with alcohol exert no effect upon the appe 
titc 

Anrrfxia nmosa A mental state leading to com 
picic lo's of appetite, or what rtalK amounts to a mor 
hid distaste for WI of all sorts, wxs first dt'cnl>sil h% 
Sir \S illnm Gull some 65 scars ago and named craremi 
KfT'iiia Tlic subjects are usuall> nersous "highlj 
strung” women ‘Vime emotional upset mas ji ecijii 
tate the condition Hitrcme emaciation, low metaliolic 
rate, moderate hsqviglj cemia and amcnorr! ca arc 
among the chief features The njijiearance of the 
patient ma> suggest jnluilarj cachexia (Simmoads’ 
disease, p EOl) Profound exhaustion remits and 
death mas occur from starvation The aversion to 
food appears to be puiel) psvehte the c Wing no evi 
dence that some endocrine function is jn'nanlj at 
fault, nor is there an> indication of organic gastnc 
disease 

^itlirrii , or afinormallv great hunger, as alrcarlv men 
tioncd, 15 a svmptom 'omclimcs associated with lesions 
of the prefrontal part of the cerclirum 

TlimsT 

The sensation of thirst is referred to thephnrviix 
and IS due to the stimulation of sensorv nerve end- 
ings in this situation Tv o theories Invc Iiccn ad 
vanced to explain the mechanism bv v htch the sen 
sation IS aroused 

According to one vacw, thirst is due sinijilv to 
the drving of the pharvngcal mucous membrane, 
the salivarv glands being given a role in the regu- 
lation of the water balance of the bodv Mlicn 
the water content of the bodv falls below a certain 
level salivaiy secretion is depressed, the conse- 
quent drving of the mucous membrane of the 
throat then chats the charactcnstic sensation 
If such a vaevv is correct, dry mg of the jiharvaigcal 
mucosa from whatever cause should cause thirst 
Cannon, who provided the principal supjiort for 
this theory, found in studies ujion himself that 
after abstinence from fluids for a time the depres 
Sion of salivary secretion which resulteil was 
definitely assoaated with thirst Atropine, which 
mhibits salivary' secretion, also produccil the tvyii- 
cal sensation, and thirst aroused by the depnv ation 
of water was relieved bv the application of cocaine 
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to the mucosa Pilocarpine or acid substances 
ii\hich stimulate the flou of saliva also relieve 
thirst In dogs, however, atropine and pilocarpine 
are w ithout effect upon the water intake 
According to the other view', thirst is a sensa- 
tion ‘rcsultmg from changes in blood compxisition, 
probably to a nse m its osmotic pressure, which 
stimulates the afferent nerve endings, or acts 
perhaps upon central ncrv'ous structures Rown- 
tree and his associates, for example, found that 
the thirst of diabetes insipidus was relieved neither 
bj' cocainization of the mucous membrane nor 
when salivation was induced by pilocarpine The 
expenments of Gilman suggest that cellular de- 
hjdrauon rather than a nse in osmotic pressure 
IS the prime factor in arousing thirst Elevation 
of the osmotic pressure of the blood of dogs by the 
injection of a hvpertonic salt solution, and the 
imbalance thus caused in the osmotic relationship 
between intra- and extra-cellular fluids, caused a 
much greater intake of water than an equivalent 
nse in osmotic pressure resulting from the ad- 
ministration of urea After the injection of salt, 
sufhaent water was drunk to quicklv reduce the 
osmotic pressure of the blood, whereas after urea, 
to which the cells arc readih permeable, and which, 
therefore, did not disturb the osmotic relationships, 
the water intake was but little increased and the 
osmotic pressure of the blood remained clev'ated 
In support of the vnew that a lowered water content 
of the cells is the true thirst stimulus, Gilman cites 
an experiment in which anhydrcmia was induced 
b> the withdrawal of large quantities of extra- 
cellular clectrol}'tcs (e g , NaCl) without the with- 


drawal of water In such anhydremic animals dehy- 
dration of the tissue cells does not occur, and 
though the oral mucous membranes are quite dry 
there is no evidence of thu^t — water is refused 

Neither theory alone explams all the expen- 
mental facts It appears that the factors con- 
cerned m the production of thirst are both local 
and general The unportance of a nse m the os- 
motic pressure of the blood in causing the sensa- 
tion is suggested by the experiments of Vemey 
on water diuresis (p 455), for it is not unreason- 
able to suppose that thirst and the control of the 
water balance of the body through the anti- 
diurctic principle of the pituitary are parts of 
the same mechanism As mentioned above, the 
intravenous admmistration of urea is much less 
cflectivc m inducing thirst than is NaCl, and 
Vemey found that this substance was meffective 
as an inhibitor of water diuresis 

Experiments upon dogs in which the salivary 
glands were extirpated might be expected to pro- 
vide a decisive answer to the question Such pro- 
cedures however, hav'e yielded conflictmg results 
Though some observers have reported an macased 
water consumption after the operation (Greger- 
sen and Cannon), others have been unable to 
obtain any evidence that removal of the glands 
induced thirst (Montgoraerj') ^,^A positive result, 
nevertheless, carries more w eight than a negative 
one since mucus-sccrcting glands are scattered 
diflusclv over the mucosae of the buccal and 
pharvmgcal cavities 

* Sec Montgomery, M F , and Gregersen, M I and 
Cannon, W B 
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Metabolism is the term employed to embrace 
the vanous chemical processes occurring mthin 
the tissues upon which the gron’th and heat pro- 
duction of the body depend and from tthich the 
energy' for muscular actiwty and for the main- 
tenance of vital activit> and for the mamtenance 
of vital functions is denved Catabolism is the 
term applied to those reactions which invoh e the 
breakdown or decomposition of substances into 
their simpler constituents Aitabohsm is the word 
used to connote bufldmg up or assimflatiie proc- 
esses 


HISTOEICAI, SURTOY AOT GENERAL PRINCEPLES 

The modem science of metabolism maj be taken t 
date from the experiments of Lai-oisier, earned ou 
toward the end of the eighteenth centurj He demon 
Btrated that animal heat was the result of the ondaUoi 
rf carbon m the bod> , and compared the process to thi 
burning of a candle or anj other combusOble material 
The process in either case in\oUed the consumpUon o 
oxygen and the formation of carbon dioxide. Laioisie 
and the physicist replace placed a guinea pig m . 
dosed chamber and determined the quanUtj of carboi 
dionde ehminated in a lO-hour period The sam. 
quantity of carbon dionde was found to be produced bi 
the aval’s body as when 3 3 grams of pure carboi 
were ^ed in air The guinea pig was next placed u 
a space surrounded bj ice The heat gnen ou 
by the a^l-s body during a 10-hour period wai 

blii ^ Emms of carbo, 

ate calorimeter were found to gener 

ate m amount of heat comparable with that giien of 
by the animd It was therefore conduded that th. 
heat gm^ted by the animal and the carbon diond 
taated by the lungs were the result of £ 00 “ 


produced through the’ond ' 

•hogen m the^gj Not carbon and 

shown that hm/ ^^^cr wa 

neat production was the result of 


Craw ford, using a water calonmclcr, had demonstrated 
a parallelism between the oxygen used and the heat 
generated He found that a guinea pig gn\c out a 
defimle quantity of heat for cveo 100 ounces of oxygen 
which it consumed When this quantity of oxygen was 
used in the burning of carbon outside the bodt, ap- 
proximately the same quantity of heal was produced 

A summary of the work of Jatcr in\ cstigators 
and of the fundamental pnnaplcs upon which 
modem studies in metabolism arc based will now 
be gixcn 

(J) Beat rallies of the foodstuffs 

About half a century after the experiments of 
Laxoisier the work of Joule (1842) demonstrated 
the mechanical equivalent of heat, and ilaycr and 
Helmholtx (1845) discovered the law of the con- 
servation of energy which states that the sum total 
of cnergv m the universe remams constant, but 
that one form of energy, potential, mechani- 
cal, clcctncal, etc , may be converted into an- 
other Through the work of Voit, Pettenkofer and 
Rubner this law was shown to hold true for the 
animal body Rubner determined the heat pro- 
duced by the three types of food when burned 
outside the body in a calorimeter and thus es- 
tablished their heat values He then measured 
dirccUy the heat given off by a dog placed m a 
calorimeter and found tha± for fat and carbohy- 
drate the heat production was the same wnthm 
experimental error whether combustion occurred 
within or outside the body For protem the heat 
pr^uction was less when metabolized Q>hysiotogi- 
^ heat value) than when burned in a calorimeter 

e reason for this is that unlike carbohydrate 
^ fat, which are completely oxidized m the 
body to CO- and water, the combustion of pro- 
tein by the tissues is mcomplcte The carbon 
part of the molecule is burned but the nitrogen is 
excreted m the unne as urea and other nitroge- 
^us compounds which possess a certain en ergy 

o^bustion of foodstuSs in the vanous tissues of the 
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value Burned outside the body, protein yields 
5 3 Calones as compared with its physiological 
heat value of 4 1 The following are the quantities 
of heat generated by the metabohsm of 1 gram 
of the respective foodstuffs 

1 gram of fat yields 9 3 Calones 

1 gram of carbohydrate yields 4 1 Calones 
1 gram of protem yields 4 1 Calones 

The calonc values of different types of carbohydrate 
and protem are not identical The value for starch, 
for example, is 4.20 and for sugar 3 96 The value is 
higher for a nim al than for vegetable protein There 
IS also a small energy loss durmg digestion For these 
reasons the respective values for fat, carbohydrate and 
protem in a mixed human diet are usually taken at 
9 0, 4 0 and 4 0 respectively 

(2) The mergy balance 

Rubner placed a full-grown dog m a calorimeter 
(p 611) m which the heat production could be 
measured directly He fed the animal measured 
amounts of food for which the actual heat values 
had been calculated The heat generated by the 
animal dunng the experiment, which extended m 
most cases over several days, when added to the 
heat equivalent of the excreta (unne and feces) 
was found to correspond, withm about 1 per cent, 
to the calculated heat value of the mgested food 
In other words, the energy mtake and output bal- 
anced and the application to the body of the law 
of the conservation of energy was demonstrated 
(See table 43 ) 



Fig 45 1 Ice calorimeter of Lavoisier and Laplace 
(After Luaam ) A, chamber for anunal, B, two con- 
centnc chambers filled with ice 


Correspondmg results were obtamed by At- 
water for man Rubner also demonstrated that 
the heat production of an animal as measured 
directly (direct calorimetry) agrees withm 1 per 
cent of that calculated mdirectly from the re- 
spiratory exchanges (mdirect calorimetry) — a bril- 
hant confirmation of the conclusion amved at by 
Lavoisier 100 years earher 

(3) The respiratory quotient 

Smce the relative amounts of oxygen and car- 
bon contamed m the molecules of the three food- 
stuffs differ, the relative volumes of oxygen con- 
sumed and of carbon dioxide produced dunng the 
metabolism of each type of food also vanes The 
vol CO 2 expired 

ratio — ; is called the respiratory 

vol O 2 coDsumcd 

quotient or, bnefly, the R Q 

The foUowmg equation represents the oxidation 
of glucose 

CsHiiOs -h 6 Oj = 6 CO 2 -{- 6 H 3 O 

It IS clear from this equation that no oxygen is 
required from a source outside the food itself for 
the oxidation of the hydrogen m the glucose mole- 
cule, and that for each molecule of Os absorbed a 
molecule of CO 2 is produced It will also be re- 
called that accordmg to the law of Avogadro 
quantities of any two gases contaimng the same 
number of molecules and under identical condi- 
tions of temperature and pressure have equal 
volumes In the metabolism of 100 grams of 
glucose, 75 liters of oxygen are required from the 
outside for its complete combustion, 1 e , for the 
oxidation of the carbon, 75 liters of carbon diox- 
ide are therefore produced The respiratory quo- 
tient, then IS 75/75 = 1 0 For the combustion of 
100 grams of fat, (eg tnolem CiHs(Ci 8 Hn 02 )i), 
which IS nch m carbon and hydrogen but rela- 
tively poor m oxygen, 200 hters of the latter gas 
are required, 142 liters of carbon dioxide and 
about 110 grams of water are produced The 
R.Q IS therefore 142/200 = 0 71 The R.Q of 
protem is 0 80 and of alcohol 0 67 The value of 
the respiratory quotient is taken as an mdication 
of the type of food bemg metabolized It gives no 
quantitative estimation of the metabolism An 
R Q around unity is taken to mdicate that the 
macfenal bemg used is chiefly carbohydrate, one 
around 0 70 mdicates that it is mamly fat * 

’ Cathcart and Markointz pomt out, however, that 
probably too much rehance has been placed upon the 
value of the respiratory quotient as an uncqmvocal 
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TABLE 43* 

Comparison of esitrraled heal from melabolisrr of food 
snih heal adualh produced 


1 

rooD 

VTV 

ECt 

or 

DATS 

EXAT 

CAICU 

LAim 

HEAT 

DIMCTLT 

Drm. 

mKZD 

! 

ptmiEs-cx 
IS ra 
CES'TACr 

Starvabon | 

5 

2 

col 

1296 3 
1091 2 

cal 

1305 2 
1056 6 

1 -1 42 

Fat f 

5 ! 

1 

1 

1510 1 

1 

I 

1498 3 

-0 97 

Meat and fat \ 

8 

12 

2492 4 
3985 4 

2488 0 
3058 4 


Meat 1 

6 

2249 8 

2276 9 

) -0 42 

7 

4780 8 

4769 3 

I -fO 43 


* From Lusk after Rubner 


Oa an ordmarj mned diet the respiraton quo- 
tient IS about 0 85 and m the postabsorpti\e state 
(p 617) about 0 82 In the formation of fat 
from carboh) drate, as m the fattenmg of farm 
animals, an oijgen-nch substance is being con- 
\erted mto one poor in o-cjgen O^Ngen is liber- 
ated m the con\ ersion and less, m consequence, is 
taken m from the outside for general oxidah\e 
processes The respiratotj quotient ma> there- 
fore nse above umtv (up to 1 4) A \ er> low 
quotient, as is seen m the hibematmg animals, is 
suppo:^ b> some to mdicate the re\ erse process, 
I e., the com ersion of fat to carbohj drate In the 
hfbematmg marmot the R Q is between 0 6 
and 0 7 


(4) Thermal equi-alenls 

As menboned on page 606 the heat productio: 
bears a relabon to the on gen consumed and th 
carbon dionde ebimnated ConsequentI\, if on 
knows the quanbtj of either of these respirator 
gases consumed or produced, respecb% el> , durm 
a given penod, the heat producbon of the bod 
durmg that time can be calculated The hea 
producbon for a gnen quanbtj of these gas< 
{Ihermal cqunalent) ^•a^es, howe\er, with the t)-p 
of food undergomg combusbon For instance, whe 
carboh^ drate is burned the consumpbon of a hte 
of on gen causes a greater e\ olubon of heat (0 04 


undergomg meb 
? fir'" instance is imdoubtedli 
raidtot of -^eral different metabobc processes 
s>-ntheses and intercom ersions as well ac limb^ 


Cal ) than when fat is burned (4 686 Cal ) This is 
so b^use a larger part of the oxjgen required for 
the complete combustion of the former substance 
IS, as menboned abo\ c, contained within its own 
molecule The \-alue for protem is 4 485 Calones 
The heat cquismlcnt of CO \-anes much more 
than does that of os>gen, for example, a liter of 
CO. formed in the combustion of carbohr drate 
represents the ei olubon of 5 047 Calones, whereas, 
the heat cqunalent of this solume of COj, when 
the fuel IS fat, is 6 629 Calones 
It IS therefore more usual to calculate the heat 
producbon from the ox\ gen consumpbon , but c\ en 
so, the food mixture undergoing combustion, as 
indicated b\ the respuatoo quotient, must be 
taken into account The heat or calonc values 
{thermal equiTalent) of a liter of orxgcn at different 
respirator> quotients is gnen m table 44 compiled 
b> Zuntz and Schumburg (as modified b> Lusl ) 

In table 44 the percentages of fat and carbo- 
h\ drate undergoing combustion have been calcu- 
lated for respiratory quotients ranging from 0 707 
to 1 0 These so-called non protein TCSptralor\ 
quotients were obtauicd b\ determining the total 
oxxgcn consumpbon and carbon dioxide pro- 
duced and then subtracting the xolumes of these 
gases exchanged m the catabolism of protein 
The quantiU of protein undergoing cataboli«m 
IS obtained from the unnan nitrogen, each gram 
of the latter bemg equix-alent to 6^ grams of 
protein In precise cxpicnmcnts upon heal pro- 
ducbon, the calones produced from the catabolism 
of protem as well as those demed from fat and 
carbohx drate would require to be determined For 
example, a subject produces per hour 13-50 liters 
of carbon dionde, consumes 16 00 liters of on gen 
and excretes 0 5 gram of mtrogen m the unne 
Now, each gram of unnarv nitrogen represents 
the producbon of 4 76 liters of carbon dioxide 
and the consumpbon of 5 94 liters of oxx gen 
Therefore 


the CO produced bj 
the subject in the ca- 
tabohsm of protem is 
the O consumed m the 
catabolism of protem 

IS 

Then 

the non protem CO 
producbon is 
the non protem O 
consumption is 


05 X 4 76 = 2 38 liters 

05 X 5 94 - 2 97 hters 

13 50 - 2 3S = 11 12 liters 

Ifi on - 2 97 - 13 03 hters 
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the non-protan re- 
spiratorj' quotient 11 12 

IS 0 85 

13 03 

It \mI1 be seen from table 39 that at this R Q the 
calonc equivalent of a liter of oxygen is 4 862 
The heat produced by the combustion of non- 
protein matenals is therefore, 13 03 X 4 862 =■ 
63 3 Calories of \\ hich 50 7 per cent is derived 
from carbohj'drate and 49 3 per cent from fat 
The heat production due to protein is 2 97 X 
4 485 <= 13 3 Calones (The caloric equivalent 
of each gram of unnaiy N is 26 51, so, the heat 
production due to protein may also be obtained 
approximately by multiplying the figure for the 
unnarj' nitrogen (0 5) by 26 51 ) 

The total heat production per hour is therefore 
63 3 -b 13 3 = 76 6 Calones Of this, 42 per 
cent IS denved from carbohydrate, 41 per cent 
from fat and 17 per cent from protein 
In ordinary determinations of the basal 
metabolic rate (p 617) urinary nitrogen is not 
measured and the foregoing calculations are not 
undertaken, only a slight error is involved if the 
R Q is assumed to be 0 82 and the heat produc- 
tion taken directly from table 44 

(5) The tsodyitamtc law 

It was demonstrated by Rubner that just as 
the production of heat by a stove may be mam- 
tamed at a constant level by burning different 
tjqies of fuel, so in the generation of animal heat 
the different foodstuffs may replace one another 
in the diet in accordance with their heat produc- 
ing values Thus — 

100 grams of fat 
232 grams of starch 
234 grams of cane sugar 
243 grams of dned meat 

produce equivalent amounts of heat when in- 
gested, 1 e , they are isodynamic 

(6) Beal producltoti w rdation to surface area 

The heat produced by an individual at rest is 
proportional to the surface area of his body 
Thus a fasting adult man and a starving dog, 
though the surface area of each and the total heat 
production were widely different, were shown by 
Rubner to give out in 24 hours closely similar 
amounts of heat per square meter of body surface, 
namely, 1134 and 1112 Calories respectively A 


TABLE 44 


(After Zuntz and Schumberg, modified by Lusk*) 


NOS PROTEIK 
RESPIRATORY 

calories^per 

CAMEIES DEHlVED rSolT 

QUOTIENT 

0] 

Carbohydrate 

Fat 

0 707 

4 686 

fer cenl 

0 

per cent 

100 

0 71 

4 690 

1 10 

98 9 

0 72 

4 702 

4 76 

95 2 

0 73 

4 714 

8 40 

91 6 

0 74 

4 727 

12 0 

88 0 

0 75 

4 739 

15 6 

84 4 

0 76 

4 751 

19 2 

80 8 

0 77 

4 764 

22 8 

77 2 

0 78 

4 776 

26 3 

73 7 

0 79 

4 788 

29 9 

70 1 

0 80 

4 801 

33 4 

66 6 

0 81 

4 813 

36 9 

63 1 

0 82 

4 825 

40 3 

59 7 

0 83 

4 838 

43 8 

56 2 

0 84 

4 850 

47 2 

52 8 

0 85 

4 862 

50 7 

49 3 

0 86 

4 875 

54 1 

45 9 

0 87 

4 887 

57 5 

42 5 

0 88 

4 899 

60 8 

39 2 

0 89 

4 911 

64 2 

35 8 

0 90 

4 924 

67 5 

32 5 

0 91 

4 936 

70 8 

29 2 

0 92 

4 948 

74 1 

25 9 

0 93 

4 961 

77 4 

22 6 

0 94 

4 973 

80 7 

19 3 

0 95 

4 985 

84 0 

16 0 

0 96 

4 998 

87 2 

12 8 

0 97 

5 010 

90 4 

9 58 

0 98 

5 022 

93 6 

6 37 

0 99 

5 035 

96 8 

3 18 

1 00 

5 047 

100 0 

0 


* Tbis table bas been further modified by Catbeart 
and Cutbbertson, see J Pbjfsiol , 1931, 72, 349 


small animal, e g , a mouse, therefore, since its 
surface area is greater m proportion to its mass, 
and smee it generates the same amount of heat 
per unit of body surface, must obviously generate 
more heat per unit of body weight than a larger 
anunal The heat is produced in the tissues (mus- 
cles, liver, etc ) , consequently these, m the case 
of the smaller animal, must be the seat of a much 
more active metabolism (see table 45) 

(7) Physiological conditions which stimulate 
metabolism 

The heat production of the body is increased 
by (a) muscular work, (b) food, (c) a fall m 
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TABLE 45 

Shmtng rdalton of heai produclton per kilogram and 
per square meter of body surface in animals of 
different sizes 


CMOVZS 



WZIOHT 

Per 

kilogram 

Per square 
meter 
lurface 

Tig 

128 0 

19 1 

1,078 

Man 

64 3 

32 1 

1,042 

Dog 

IS 2 

51 5 

1,039 

Goose 

3 5 

66 7 

967 

Fowl 

2 0 

71 0 

947 

Mouse 

0 018 

654 0 

1,188 


The relatively low figures for the heat productioa of 
birds shown in the last column is due to their bodies 
containmg a high proportion of osseous tissue which 
has an extremely low metabolism. 

environmental temperature, or (d) a nse m body 
temperature (fever) These mfluences will be con- 
sidered later 


Calorhietric Methods 


THE BOUB OALOROIErER 

The bomb caloruaeter is employed for the de- 
termination of the potential energy of food The 
food IS dried and a weighed quantity ignited, by 
means of an electric fuse, m a hoUow steel con- 
tainer lined with platinum and filled with pure 
osygen (fig 45.2) The heat evolved (energy of 
the food converted to heat) is absorbed by a 
known quantity of water in which the container 
is immersed The quantity of water m kilogranis 
(plus the water equivalent of the apparatus) 
multiplied by the number of degrees centigrade 
through which its temperature has been raised 
gives, m Calories, the quantity of heat generated • 


CALOMMETHIC MEAStJEEMENTS IN ANIMALS 
AND MAN 

An animal’s energy is denved from the fo 
wbch IS to the body what fuel is to a furnace 

» pother type of calorimeter called the oxy-caton 

w the food IS detennmed by bununR a Bamnle ir 
cotnb^Ura chamber aod measunng the volu 

thennal^mvSInt o 
fwd stu^rr ^ combustion of the th 


madune We have seen that the law of conserva- 
tion of energy holds true for the animal body — 
that in a healthy animal which is mamtammg a 
constant weight the mtake and output of energy 
are equal The food undergoes combustion m the 
tissues, Its carbon being oxidized to carbon di- 
oxide, its hydrogen to water and its potential 
energy converted mto other forms of energy — 
mechanical, electneal, chemical and thermal Thus 
the vanous processes of life are sustamed In a 
growing animal or in an animal durmg fattenmg 
the energy of the food is in part stored as new- 
fonned tissue 

In the restmg body all the energy liberated 
from the food ultimately appears as heat A heat 
unit has therefore been chosen as the most con- 
venient one for measunng and expressing the 
energy exchanges of the body This unit is the 
large calorie (Calone or Cal ), i e , the quantity 
of heat required to raise the temperature of a 
kilogram of water 1 degree centigrade (actually 
from 15° to 16°C ) The Calone used m physio- 
logical determinations is therefore 1000 times the 
small calorie (calone or cal ) used in physical 
measurements 

Calonmetnc methods are of two mam types 
(a) direct which is the same m principle as that 
desenbed above for the bomb calorimeter, and (b) 
indirect m which the heat production is calculated 
from the respiratory exchanges 

Direct calorimetry 

The elaborate nature of the apparatus required 
for this method precludes its use, especially for 
the human subject, in any ordmaiy laboratory or 
^^kmc There are indeed only a very few m ex- 
istence 


fhe apparatus consists of an insulated chamber 
large enough to accommodate an ammal or a man. The 
heat ehttunated from the body is absorbed by water 
ari^tmg m coils of copper pipes The temperature 
withm the chamber is kept constant and the tempera- 
ture ol the subject is taken from time to tune to ensure 
that heat is not bemg retamed by the bodj The heat 
gMerated and radiated by the subject is absorbed by 
the orculating water The temperature of this as it 
enters and l^ves the chamber bemg known, and also 
Its quanbty (kilogratns), the heat production m Calories 
can be determined To thu must be added the latent 
^t of ^e water vapor given off by the lungs and skin 
Ihis, which amounts to about one-quarter of the total 
heat production, is calculited from the weight of the 
water m grams removed from the air by an absorber 
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Fig 45 2 Diagram of ox> calorimeter for deter- 
muung energy values of foods, etc (A) Combustion 
chamber, cruablc and electrical connections (B) 
Rotary blower (C) Spirometer bell with oxj'gcn in 
■water seal (D) Soda lime container (E) Scale in mil- 
limeters for measunng the oxygen used (F) Mouth- 
piece with valves for B M R estimation (enlarged) 
Principle of the Benedict-Roth apparatus for deter- 
minmg B M R is seen by replacing A and B by T 
(After Cruickshank, Livmgston and Co , Pub , Edin ) 

(sulphunc aad) multiphcd by the factor 0 59 Calorie 
which IS the latent heat of 1 gram of vaporized water 
at 20°C A calorimeter of this type is usually combined 
with apparatus for dctcrmimng the heat production 
bj indirect calorimetry as desenbed below, the instru- 
ment being then referred to as a respiration calorimeter 
(fig 45^) 

Tiidirecl calorimetry determination of the heal 
production from the respiratory exchanges 

Experiments by several observers upon man 
and animals have shown that the results of in- 
dnect calorimetry agree withm less than 1 per 
cent 'With those obtained by the direct method 
Two forms of apparatus — the doscd-circnit and 
the open-ctrcutl or air-current types — are employed 
for mdirect calorimetry In the first mentioned 
method the subject rebreathes the air contamed 
m a closed system, the carbon dioxide eliminated 
by the subject is removed by soda-hme and 
weighed, a measured volume of oxygen is supplied 
to replenish that which has been absorbed In 
the open-arcuit type, the subject inspires room 
air and expires into some form of container the 
entire volume of expired air is measured and a 
'ample analyzed for its carbon dioxide and oxygen 



Fig 45 3 Schematic diagram of the Atwater-Rosa- 
Benedict respirabon calorimeter Ventilabng system 
Os, oxygen introduced as consumed by subject, 3, 
HjiSOj to catch moisture given o5 by soda lime, 2, 
soda lime to remove COj, 1, H-SOi, to remove mois- 
ture given off by pabent, Bl, blower to keep air in 
arculabon Indirect calonmetiy Increase m weight of 
HjSOi (1) = ■water ehmmabon of subject, increase m 
weight of soda hme (2) -f increase in weight of HiSOi 
(3) = COs ehminabon, decrease in weight of oxygen 
tank = oxygen consumpbon of subject Heat-ab- 
sorbing system Ai, thermometer to record tempera- 
ture of mgomg -water, B, thermometer to record tem- 
perature of outgomg water, V, vacuum jacket, C, 
tank for weighing water wruch has passed through 
calonmeter each hour, W, thermometer for measunng 
temperature of wall, Aj, thermometer for measurmg 
temperature of the air, R, rectal thermometer for 
measunng temperature of subject Direct calorimetry 
Average difference of A and B X hters of water -f 
(gm water ehmmated X 0 586) ± (change m tem- 
perature of wall X hydrothermal eqmvalent of box) 
db (change of temperature of body X hydrothermal 
equivalent of body) «= total calones produced Th, 
thermocouple, Cu, inner copper wall, Cu;, outer 
copper wall, E, F, dead air-spaces (After Lusk, The 
Science of Nutrition ) 

percentages Among the dosed-arciut types of 
apparatus are those of Regnault and Reiset, and 
of Benedict and assoaates The Douglas bag and 
Tissot methods are of the open-circuit type In 
Haldane’s method for small animals, though it 
is of the open-circmt or air-current type, the 
carbon dioxide is absorbed and weighed 

The Closed-circuit Methods 

In the Regnault-Reiset type of apparatus, the air is 
circulated through a closed system of which a chamber, 
large enough to accommodate the subject, forms a part 
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Fio 45 4 Schemabc outline of respiration apparatus for small animals TTie air leaves the chamber A 
after passmg through the rotary blower B, which keeps the ventilating current in motion, is forced through the 
glass vessel C, which serves as a safety trap The air then passes through the bottles D and E containing sul 
phunc aad to remove the moisture The air, now water free, but containing the CO produced b> the 
and lacking the Oi which the ammal has consumed, passes into the 2 wa> valve Vi, where it maj he deflected 
mto the bottle F containing soda lime for the absorption of COi The moisture gained from the soda lime is ab- 
sorbed by sulphunc aad in tmttle G The air then passes through a second 2 wav tap V to H containing dry 
sodium bicarbonate which removes the traces of aad vapor taken up bj the air in passing through bottle G J 
IS a glass vessel containmg water which supplies suffiaent moisture to the air for the comfort of the animal K 
IS a by-pass valve The chamber is constructed of copper and has a cover with a water seal M N is a glass plate 
through which the animal can be observed 0 is a spbometer attached to the sj-stem on the intake side of the 
rotary blower B (From F G Benedict) 


The an m the system is rebreathed repeatedly, carbon 
dionde and water vapor being removed and oxjgen 
supphed to replace that consumed The air upon leav- 
ing the chamber enters first an absorbing vessel con 
taimng sulphunc aad which removes the moisture, then 
through a contamer filled with moist soda-hme which 
removes the carbon dioxide, and finally through a 
second sulphunc aad contamer which abstracts the 
water gained from the soda hme The dned and car- 
bon dioxide free air is then returned to the chamber 
The quantity of carbon dioxide ehmmated by the 
animal is given by the difference between the weights 
of the soda hme contamer at the beginmng and end of 
the eipenment. Oxygen is run into the system from a 
cyhnder and measured by means of a gas meter or by 
weighmg the cyhnder at the beginmng and end of the 
experiment. The air m the chamber is analyzed at 
the end of the observation m order to ensure that no 
change m its composiPon has occurred Only a few 
mstitutions on this contment, such as the Russell 
Sage Institute m New York and the Nutation Labora- 
tory at Washmgton, possess an apparatus of this tyTie 
smtable for metabohe studies upon man Such an 
apparatus was first constructed in Amenca by At- 
water and Rosa It is usually combmed with an ap- 
paratus of the direct type (fig 453) The construction 
of a closed aremt tj-pe of apparatus for laboratory 


animals is not, however, such a difficult matter (fig 
45 4) 

In other doscd-arcuit methods, such as the one 
desenbed below, the subject is not enclosed within 
a chamber, he sunply breathes in and out of the 
apparatus through a connecting tube 

Clinical types of dosed circuit apparatus In the 
earlier clinical tj^ics the subject was connected 
by means of a mouthpiece and flexible tubing to 
the closed system and both carbon dioxide elimi- 
nation and oxj’gen usage were determined In the 
type most commonly used today — the Benedict- 
Roth apparatus (figs 45 J and 45 6) — the heat 
production is calculated from the oxygen con- 
sumption alone In order to purify the air the 
carbon dioxide is absorbed by soda-lime but the 
amount of this gas elimmated is not measured 
In determimng the basal metabolism (p 617) the 
subject lies upon a couch and breathes m and out 
of the instrument through a mouthpiece and two 
wide bore tubes (mspiratory and expiratory) PIO' 
vided wnth valves The nose is clipped The mam 
part of the mstrument consists of a bell-type 
spirometer This is a hollow double-walled cylm- 
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dncal vessel In the narrow space between the 
two walls fits a second inverted hollow cylindncal 
vessel or bell The bell is counterpoised so that it 
ndes easily up or down in the annular space be- 
tween the two walls This space contains water 
which acts as a seal At the commencement of the 
expenment, sufficient oxygen is admitted from 
an oxj'gcn cylinder to raise a pointer on the 
spirometer bell to the zero mark upon an adjoined 
scale which has been calibrated to oxygen vol- 
umes The breathing of the subject through the 
inspiratory and expiratory tubes keeps the air 
arculating freely through the system As oxygen 
IS consumed the spirometer falls and from the 
difference in the levels of the pointer at the be- 
ginnmg and end of the experiment the oxygen 
usage is calculated The volume of oxygen used, 
dry and reduced to standard temperature and 
pressure (see p 616) is then calculated The heat 
production is found by reference to the table of 
respiratory quotients given on page 609 The 
average R Q in the postabsorptive state (see p 
617) IS 0 82 Since the R.Q of the subject is not 
determmed by the foregomg method this value 
(0 82) is assumed It wall be seen from table 44 
that at this R Q the calonc equivalent of 1 liter 
of oxygen is 4 825 

OPEN-cmcxnT or Air-current Methods 

In the Ualdaue type of calonrnetcr (which is suitable 
onlj for small ammals, mice, rats or rabbits) a current 
of air IS drawTi through the system (fig 45 7) Carbon 
dioxide and water arc removed from the air before it 
enters the chamber and again after its exit therefrom 
The carbon dioxide absorber on the outgoing current of 
air IS weighed at the commencement and end of the 
expenment as m the Rcgnault-Reiset method, in order 
to obtain the quantity of carbon dioxide eliminated 
The system w ith the excepbon of the first pair of ab- 
sorbers and including the animal is then weighed 
Since only oxy’gen has entered this part of the system 
(the air being COi-frce and dry) the gam in weight dur- 
ing the experiment gives the quanbty of oxygen con- 
sumed by the animal 

The Douglas bag aitd Ttssol methods (jgasomelnc 
methods) In these methods the subject mspires 
atmospheric air and expires mto a bag (Douglas 
method) or into a large bell-type spurometer 
(Tissot method) At the end of the experiment 
the total volume of expired air is measured and 
samples are analyzed for carbon dioxide and 
oxygen (figs 45 8 and 45 9) 

Gas analysts The sample of expired air is drawn 




Pig 45 6 Secbonal view of Benedict-Roth closed-arcult 
respirabon apparatus 
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Fig 4S 7 Haldane’s respiration apparatus. 1 and 4, soda Ume, 2, 3 and 5, pumice stone soaked m sulphunc 
aad, d, animal chamber, M, meter J is an mverted bell jar standmg m a trough of rvater, it sen, es to prer ent 
sudden excess of negabr e pressure and to indicate the pressure actualli emploj ed P, pump (After Haldane) 


mto the graduated burette of a Haldane gas 
analt'sis apparatus, saturated with rvater vajxir 
and its r olume measured (fig 45 10) It is then 
passed back and forth through the bulb containing 
potassium hjdronde solution which absorbs the 
carbon dioside. It is then measured agam The 
difference between the two measurements gives 
the volume of carbon dionde m the sample. Next, 
the oxvgen is removed bv passmg the sample 
through a solution of potassium pjmgallate. The 
sample is measured a third time and the shrinkage 
m volume as shown b> the difference between 


the second and third readmgs gives the quantitj 
of OX} gen absorbed From the data so obtamed 
the percentages of carbon dioxide and oxygen m 
the sample of air are calculated 

Calculation of results The following Dhistrates the 
steps m an actual metabolism experiment, usmg the 
Douglas or Tissot method 

Penod of observation 10 minutes, barometer 75U 
mm Hg 

Volume of eipued air as determined bj passmg the 
expued air, collected m a bag, through a meter (Douglas 
method) or as mdicated bj spuometer (Tissot method) 
“ 70 hters. 




Fig 45 8 Shomng A, Douglas bag and tubme, B 
Douglas bag wuh sampbng bulb attached and gai 
treasuring the total volume of expued an 
Douglas and Pnestlev) , C, subject equij^ witl 
wjglas ^ apparatus dunng runmng or other tvne 

of muscular efucise. (After Hm,) 



Fig 45.9 Diagram of Tissot spirometer 
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Fig 45 10 Haldane gas analj-sis apparatus (small 
pattern) showing a gas sampler in position. A, glass 
tube connected to gas sampler, B, gas burette, C, 
control tube, D, caustic soda absorption pipette, E, 
caustic soda reservoir, F, caustic pressure tube, G, 
p>Togallol absorption pipette, H, caustic soda seal, J, 
vraterjacket, M, aeration tube, R, mercury reservoir, 
X, one way tap to control moiements of mercury, Y, 
screw clip for fine adjustments of pressure in K after 
the tap X has been closed, R.S , mercury reservoir for 
gas sampler, S T I and S T 2, taps of gas sampler with 
double ports, r and t, side tube by means of which, 
when STI orST2 are placed in position, the “dead 
spaces” of these taps and of the tube A can be filled 
with mercury , a, rubber connection, any air bubble m 
A may be expelled here as desenbed in text, F, pressure 
tube for control, K, pressure tube for burette. Note T3 
IS usually a three way tap, placed at the junction of 
the vertical and horizontal tubes (From Lamb, An 
InSrodudton to Euman Expenmental Physiology ) 


or 

70 X 0 8993 “ 62 95 liters during the period of ob- 
servation (10 minutes) or 6,295 cc. per mmute 

In practice these detailed calculations are avoided by 
reference to table 46 which gives the required factor by 
which the observed volume is muluplied in order to 
reduce it to standard condiUons and dry 
Results of gas analyses 

Expired air Inspired air 

CO = 3 50 per cent CO 0 01 per cent 

O, •= 16 90 per cent O 20 93 per cent 

N = 79 60 per cent N; “ 79 03 per cent 

Smee the Oj percentages in expired and inspired airs 
are 1690 and 2093 respeclivelv it might be thought 
that 2093 — 16 90 would give the percentage of Oj 
absorbed It will be noticed, however, that the per 
centage of Nj is higher in the expired than m the in- 
spired air Nitrogen is inert insofar as respiration is 
concerned, being neither produced nor retained in the 
body, le. Its absolute amount is not altered There- 
fore, Its greater projvortion in the expired air can only 
mean that the volume of the inspired air (which of 
course was not measured) must hav e been greater than 
that of the dry expired air So then, the volume of Oj 
inspired must also have been greater than appeared 
from the analysis of the expired air The cause of the 
discrepancy is that part of the absorbed orvgen has 
combmed wvih hvdrogcn and in other ways, and so 
has not appeared as CO The extent to wbeh the Oj 
in the inspired air exceeds that shown by the analysis 
of the expired air is proportional to the increased 
percentage of N in the latter Instead of the inspired 
air hanng contamed 20 93 volumes of O for every 100 
volumes of air expired, it must have contained 

79 60 

20 93 X > or 0 265 (a constant factor) X 79 6( 


Temperature of expired air (m meter or spirometer) 
20°C 

The volume of the gases must be reduced to standard 
conditions, n a m ely , to 760 mm Hg pressure and to 
273° absolute temperature (i e., to 0°C ), and dry (i e., 
the pressure of water vapor must be deducted from the 
barometer readmg) The pressure of vvater vapor at 
20°C IS 17.5 mm So the corrected reading is, — 

751.5 - 17 5 = 734.0 mm 

The volume of the expired air at standard pressure and 
temperature (S P T) and dry is therefore 


70 X ^ X — — - . 

760 273 + 20 


»= 21 09 volumes 

Therefore the Oj absorption is 

21 09 - 16 90 

X 6295 => 264 c c per minute 

The calculation is abbrevnated bv the use of table 47 
The quantity of CO produced may be calculated 
without correction smcc its percentage in the inspired 
air IS negbgible. Hence 

3.50 - 0 04 

X 6295 ■* 218 cc per minute 

The respiratory quotient is therefore 

Vol COj eipued 218 

■ = 82 

Vol Oi consumed 264 
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The calonc values of Oi and CO- are given in, or can 
be calculated from table 44, p 609 The heat produc- 
tion may be calculated from cither of these values For 
example, when the R Q is 82 the calonc value of 1000 
cc of 0; IS 4 825 Therefore, 264 cc of Oj represents 
a heat production of 4 825 X (264/1000) = 1 27 cal 
per minute or 76 20 cal per hour 

The Basal I^Ietabolic Rate (B M R ) 

This IS the term applied to the heat production 
of a subject who though awake is as nearly as 
possible at complete muscular and mental rest, and 
is m the postabsorptive state (i e , from 12 to 14 
hours after a light meal nhen, it is assumed, the 
digestive processes are quiescent) The room tem- 
perature should be 20°C For example, the pros- 
pective subject of a basal rate determination is 
directed to refrain from undue muscular exer- 
tion or fatiguing effort of anj' kind for 24 hours 
previously A light meal with the minimum 
amount of protein is taken not later than 7 o’clock 
the night before tiie test which is undertaken at 
about 9 o’clock in the morning For a period of 
30 minutes or so before, as well as dunng the test 
the subject should be Iving dowm comfortably m 
a room with subdued lighting 

The apparatus most commonly employed for 
the determination of the basal metabolic rate in 
the clinic is the instrument of Benedict and Roth 
(p 612) Tissot’s method or the bag method of 
Douglas IS also sometimes used 

BASAL METABOLIC RATE STANDARDS 

We have seen that the metabolism is propor- 
tional to the body’s surface area rather than to 
its weight (p 609) For example, of tw’o men of 
about the same age, one large and the other small, 
though the former has the greater total heat 
production, the heat production per unit of body 
surface is of practically the same value in both 
subjects Consequently, since the surface area 
of the larger man is, in proportion to his mass, less 
than that of the smaller, his heat production per 
unit of body w'eight must be less In figure 45 1 1 , A, 
are showm two wooden blocks The volume and 
weight of the larger is some three times greater 
than that of the smaller, but its surface area is 
only twice as great If the metabolic rate were 
accurately related to weight rather than to sur- 
face area, then of two similarly shaped animals 
differing m size to the same extent as the two 
blocks the metabolism of the larger would be 


TABLE 47 


Volumes of oxygen tn inspired air corresponding to 100 
volumes of expired air vnth different percentages 
of nitrogen 


PER CENT 
NTTEOCEN IN 
EXFntED AIR 

\ GLUMES OF 
OXYGEN IN 
INSPIRED AIR 

PER CENT 
NITROGEN IN 
EXPIRED AIR 

VOLUMES OF 
OXYGEN IN 
INSPIRED AIR 

78 5 

20 80 

79 6 

21 09 

78 6 

20 83 

79 7 

21 12 

78 7 

20 85 

79 8 

21 14 

78 8 

20 88 

79 9 

21 17 

78 9 

20 91 

80 0 

21 20 

79 0 

20 93 

80 1 

21 22 

79 1 

20 96 

80 2 

21 25 

79 2 

20 99 

80 3 

21 28 

79 3 

21 01 

80 4 

21 30 

79 4 

21 04 

80 5 

21 33 

79 5 

21 07 




three times greater than that of the smaller, it 
IS found, however, to be only about twice as great 
Also two objects of the same volume and weight 
w'lll have different surface areas if they differ m 
shape In figure 45 11, B, the board and block are 
identical in volume and weight but the surface 
area of the former is more than double that of the 
latter The nearer an object approaches m shape 









Fig 45 11 Desenpbon m text. | 
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TABLE 48 

(RehUon of height and Tvoght to surface area after Du Bois) 


SXXCST 


DiCxyn 

SCEXZU 

25 

30 

35 


45 

50 

55 

60 

65 

70 

75 

so 

$5 

90 

95 

100 

105 

200 







1 84 

1 91 

1 97 

2 03 

2 09 

2 IS 

2 21 

2 26 

2 31 

2 36 

2 41 







1 73 

1 80 

1 87 

1 93 

1 99 

2 05 

2 31 

2 17 

2 22 

2 27 

2 32 

2 37 

190 




1 56 

1 63 

1 70 

1 77 

I 84 

1 90 

1 96 

2 02 

2 08 

2 13 

2 18 

2 23 

2 28 

2 33 

1S5 




1 53 

1 60 

1 67 

1 74 

1 80 

1 86 

1 92 

1 98 

2 04 

2 09 

2 14 

2 19 

2 24 

2 29 

ISO 




1 49 

1 57 

1 64 

1 71 

1 77 

1 83 

1 89 

1 95 

2 00 

2 05 

2 10 

2 15 

2 20 2 25 

175 

1 19 

1 28 

1 36 

1 46 

1 53 


1 67 

I 73 

1 79 

3 85 

3 91 

1 96 

2 01 

2 06 

2 11 

2 16 

2 21 

170 

1 17 

I 26 

1 34 

143 

1 SO 

1 57 

1 63 

1 69 

1 75 

1 81 

1 86 

1 91 

1 96 

2 01 

2 06 

2 13 


16S 

1 14 

1 23 

1 31 

1 40 

1 47 

1 54 

1 60 

1 66 

1 72 

1 78 

1 83 

1 88 

1 93 

1 98 

2 03 

2 07 


160 

1 12 

1 21 

1 29 

1 37 

1 44 

1 50 

1 56 

1 62 

1 68 

173 

1 78 

1 83 

1 88 

1 93 

1 98 



155 

1 09 

1 18 

1 26 

1 33 

1 40 

1 46 

1 52 

1 58 

1 64 

1 69 

1 74 

1 79 

184 

1 89 




150 

1 06 

1 15 

1 23 

1 30 

1 36 

1 42 

1 48 

1 54 

1 60 

1 65 

1 70 

1 75 

1 80 





145 

1 03 

1 12 

1 20 

1 27 

1 33 

1 39 

1 45 

1 51 

1 56 

1 61 

1 66 

1 71 






140 

1 00 

1 09 

1 17 

I 24 

I 30 

I 36 

1 42 

1 47 

1 52 

I 57 








135 

0 97 

1 06 

1 14 

1 20 

1 26 

1 32 

1 38 

1 43 

1 48 









130 

0 95 

1 W 

1 11 

1 17 

1 23 

1 29 

1 35 

1 40 










125 

0 93 

1 01 

1 08 

1 14 

1 20 

1 26 

1 31 

1 36 










120 

0 91 

0 98 

1 04 

1 10 

1 16 

1 22 

1 27 












to a cube or a sphere the less is its surface area m 
proportion to its bulk So, of tivo men of the 
same weight one tall and lean and the other short 
and stout the former will have a greater heat pro- 
duction It IS possible that this explains, m part 
at least, why a man of thm buQd often eats more 
than a stouter man of about the same weight 
Since normal adults do not differ very greatl> m 
size and shape, it may be stated as an approxima- 
tion that the heat production of the human bodj 
IS one Calone per kilogram per hour But for the 
reasons just given it is much more accurate to 
express the basal metabolism m terms of body 
surface Thus, the average basal rate of normal 
men between the ages of 25 and 50 years is from 40 



Fio 4512 Chart for detenrmung surface area in t 
to square metm (After DnBou fExampirro^l 
Hograms. height 170 cm. - 1 70 


to 37 Caloncs per square meter of bod> surface 
per hour This \aluc is constant for all normal men 
whether the\ are tall, short, thm or stout, large or 
small Knowing a subject’s height and weight his 
surface area can be determined at a glance from 
the chart (fig 45 12), from the nomogram shown m 
figure 45 13, or from table 48, or it may be calcu- 
lated from the height-weight formula.* The ascrage 
surface area for adults m Canada and the United 
States IS about 1 6 square meters for women and 
1 8 for men , the total basal heat production of the 
majont) of normal adults ranges from 1400 to 1800 
Calones per da> 

The heat production per square meter of body 
surface is amxed at by dividmg the value for 
the total heat production per hour of the subject, 
as determmed by one or other of the methods 
already described, by the figure for the surface 
area For example, a man 175 cm tall weighmg 
75 kg has a surface area of 1 91 sq meters EEs 
total heat production is, say , 76.20 Calones per 
hour His heat production per square meter per 
hour IS therefore 

76.20/191 - 39 8 Calones 

' The formula introduced by Meeh and modified by 
Du Bois and Du Bois is as follows 

A-W»“XH»™X71S4ta conslantl, 
where A — surface area m square centimeters, W — 
weight m kilogram, and H — height in centimeters 
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Having obtained this figure it is customary to 
express the B M R as normal or as a percentage 
above (+) or below (— ) the normal Thus, m 
the foregomg example the rate would be said to 
be normal If it were 30 Calories per square meter 
per hour it would be expressed as —25 per cent 
and if 50 Calones as +25 per cent The age and 
sex must also be considered smce 39 8 Calones 
per square meter though normal for a full-grown 
man of 25 years or so would be above normal for 
a woman of the same age and below normal for 
a child (see below) 

CONDITIONS WHICH INTLIJENCE THE BASAL 

METABOUC RATE 

A Physwlogtcdl 

(1) Age and Sex. The heat production per 
square meter of body surface dunmishes pro- 
gressively from infancy to old age bemg about 
50 Cal per square meter per hour at the age of 
ten or twelve and about 32 Cal at 90 years 
The metabolism of the new-born is much lower 
(25 Cal ) than that of infants a few weeks older 
Premature mfants have a lower rate than those 
horn at full term Females have a metabolic rate 
a httle lower than that of males m the same age 
group The relationship of heat production to age 
and sex is given m table 49 

(2) Race and Climate Some onental races 
show a shghtly lower rate (from 10 to 15 per cent) 
than ocadentals livmg under the same climatic 
conditions, others show httle difference In one 
onental race (the Miao of West China) and m 
the Maya of Central Amenca and the Mapuches 
of Chile the basal metabohc rate is actually higher 
thim that of whites The rate is also higher m 
Eskimos The basal metabohsm of white persons 
m a tropical chmate is usually reduced 

(3) Habits Owmg to the greater development 
of their muscular tissues athletes and laborers 
have m general a higher B M R than persons 
leadmg a sedentary life 

(4) Pregnancy The basal metabohc rate of 
the pregnant woman shows httle change until 
the sixth or seventh month when the fetus causes 
an appreaable mcrease m the weight of the 
mother The metabolism of the mother from this 
time to term is the sum of her own metabohsm m 
the non-pregnant state and that of the fetus It 
was found by Murhn and Carpenter, for example, 
that the metabohsm of the new-born i nfan t and 


the post-partum metabohsm of the mother added 
together practically equaled the metabohsm of 
the pregnant state near the end of term Boothby 
and Sandiford estimated the surface area of the 
fetus throughout gestation and concluded that 
the excess heat production of the pregnant state 
was denved from the fetus and the mcreased 
mass of the maternal structures, the energy 
production per imit of mass of the maternal 
organism remaining constant Normal pregnancy, 
then, exerts httle or no specific effect upon the 
basal metabohc rate 

(5) The nature of the Diet seems to have little 
influence upon the B M R , though m strict vege- 
tanans it is said to be some 11 per cent lower than 
that of meat eaters 

(6) Variations in Barometric Pressures A 
moderate reduction m oxygen pressure does not 
affect the metabohc rate, but a reduction m the 
latter occurs, which vanes by from 5 to 25 per 




■■ 

tvnrAce 




M 




Fig 45 13 Nomogram for surface area from weight 
and standmg height, accordmg to the formula of Du 
Bois A Ime joinmg the weight and height of an indi- 
vidual crosses the scale of surface area at the required 
value (After Boothby and Sandiford, from Du Bojg 
Basal Metabolism, L^ and Febiger Philadelphia) ’ 
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TABLE 49 

Basal and total meiahoUc rates of males and females 
From Crmckshank compiled from Boothby and 
assoaates 


AGE 

BJLL CALOKIES 
PEE 8Q VnXE 
PEE HOUE 

TOTAL BASAL 
UETABOUSU IK 
CALOEIES PEE 

24 HOOES 

TOTAL CALOEIES 
PEE DAY 


Males 

Females 

Males 

Females 

stales 

Females 

Birth 

30 

30 

288 

288 

440 

440 

1 

55 

52 

660 

624 

1000 

1000 

2 

57 

53 

780 

725 

1200 

1200 

3 

55 

52 

845 

798 

— 

— 

5 

53 

52 

915 

886 

1600 

1600 

8 

51 8 

47 0 

1143 

993 

2000 

2000 

11 

47 2 

45 2 

1268 

1193 

2500 

2500 

12 

46 8 

43 3 

1347 

1267 

— 

— 

13 

46 5 

42 0 

1428 

1330 

— 

— 

14 

46 4 

41 5 

1537 

1391 

3200 

2800 

15 

46 0 

40 0 

1667 

1420 

— 

— 

16 

45 7 

38 8 

1764 

1434 

3500 

2600 

18 

43 2 

37 5 

1783 

1440 

3800 

2500 

20 

41 6 

36 3 

1756 

1437 

3500 

2400 

25 

40 3 

36 0 

1760 

1442 

3000 

2400 

40 

38 0 

35 0 

1641 

1344 

3000 

2400 


TABLE SO 

Esdra Calories of metabolism per hour attributable to 
occupation 
(After Harrop) 

£XnA 
CALOUU 
FES H017Z 


Occupations of men 
Tailor 
Bookbinder 
Shoemaker 

Metal worker, filing and hammering 
Pamter of furniture 
Carpenter making a table 
Stonemason chiselbng a tombstone 
Man sawmg wood 

Occupations of women 
Seamstress, needlework 
Typist, SO words per mmute 
Seamstress, usmg sewmg macbme 
Bookbmder 

Housemaid (moderate work) 
Laundress (moderate work) 
Housemaid (bard work) 

Laundress (bard work) 


44 

81 

90 

141 

145 

164 

300 

378 


6 

24 

57 

63 

81 

124 

157 

214 


cent in different subjects, when the barometnc 
pressure falls to half an atmosphere (Oj pressure 
75 mm Hg) This is around the barometnc pres- 
sure at which mountain sickness usually appears 
(p 421) Breathmg excessively high tensions of 
oxygen does not raise the B M R. above the 
normal level That is, the oxygen consumption 
cannot be raised simply bj increasing the oxygen 
supply 

(7) Chemical Substances, caffeine, adrenalme, 
thjToid extract or thyroxme, benzedrine, and 
dinitrophenol, raise the basal metabolic rate 
SmoLmg a agarette, espeaally if the smoke is 
inhaled, increases the metabolism of most sub- 
jects, the average increase bemg around 9 per cent 

B Pathological 

(1) The B M R ts belov normal in the follcmnng 
amdttwns 

Starvation and undemutniion (ch 51) 

Obesity due to pituitary or hj^iotbalamic disorders 
(pp 710 and 804) 

HypotbjToidism (mjTtcdema, p 809) 

Addison’s disease (p 845) 

Lipoid nephrosis (p 469) 

(2) Conditions with a high B M R 
HyperthjToidism (exophthalmic goiter, p 810) 

Feter (p 739) The basal rate is raised about 7 per 
per cent for each degree (Fahrenheit) nse in 
temperature 

Diabetes insipidus (p 802) 

Cardio-renal disease with djspnea (-1-25 to -f-SO 
per cent) 

Leukemia (-1-21 to -f 80 per cent) 

Polycythemia (-flO to -f40 per cent) 




WHICH RAISE THE ITETABOUSM 
NORMAL INDmnUAL ABOVE THE BASAL LEraL 

We have already seen that the basal metabolism 
IS defined as the heat production of a subject 
as nearly as possible at complete physical and 
mental rest, some hours after food and with the 
room temperature at about 20°C These three 
factors— muscular exercise, the ingestion of food 
and environmental temperature— have a power- 
fully stunulatmg mfluence upon metabolism 
Muscular and mental efori Even light muscu- 
ar exertion, e g , sittmg, standmg, dressmg and 
un ressmg, serving, etc., raises the metabolism by 
Horn 25 to 60 per cent above the basal level 
Moderate exerase, such as walkmg, swimming, 
housework, hght carpentry, etc , raises it from 100 
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to 200 per cent, and very hard work may increase 
it from 10 to IS times over the basal level Hender- 
son and Haggard found that in three members of 
the Yale University boat crew, the total heat 
production dunng rest amounted to 1 65, 1 42 
and 2 4 Calones per minute respectively The 
correspondmg values dunng strenuous exercise 
on a rowmg machine were 18 90, 21 83 and 29 37 
Calones per mmute The extra energy expendi- 
ture caused by vanous occupations is shown m 
table SO Mental effort, on the other hand, causes 
an almost neghgible mcrease m metabolism 
Benedict, for mstance, after a senes of expen- 
ments m which mtense mental effort was expended 
m solvmg mathematical problems found an m- 
crease of only 3 or 4 per cent. He states, “The 
cloistered scholar at his books may be surprised 
to learn that the extra Calones needed for one 
hour of mtense mental effort would be completely 


met by the eatmg of one oyster cracker or one- 
half of a salted peanut ” The hasd oxygen con 
sumption of the bram however, is high (p 930), 
amountmg to about 10 per cent of that of the en- 
tire body Strong etnohon may raise the metab- 
ohsm from 5 to 10 per cent above the basal level 
Dunng sleep, when the muscles are more com- 
pletely relaxed than is possible dunng the waking 
day the metabolism falls below the basal level 
The reduction amounts to from 10 to 13 per cent 
(Stnctly speakmg, the metabolism dunng sleep, 
smce it IS the physiological mmimum, w the basal 
level ) If sleep is disturbed and associated with 
muscular activity the metabolism may be as 
high as or even higher than the basal level 
The influence of food and of enwronmenial 
temperature (pp 640 and 73S) upon metabolism 
are dealt with elsewhere 
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General DESCRimoN and Classtfication of 
Proteis's 

Protein is a base constituent of protoplasm and 
consecjuentli forms a proportion of all Ii\*ing 
tissues — animals or legetable, of some tissues, 
e.g , musde, it is the predominant solid constitu- 
ent. It differs irom the other foodstuffs — carbo- 
hidrates and fats — m contaming (m addition to 
carbon, hidrogen and ox\-gen) nitrogen, sulphur 
and usuaUj phosphorus The molecules of certain 
proteins contain a prosthetic group, e g , homo 
giobm, gli coprotems, leathoproteins, nudeopro- 
tems, eta 

A dassification and bnef desenpbon of the inn- 
ous tipes of protein are gi\ en m table 51 

The Protein Moleccle 

The protem molecule is constructed of a num- 
ber of umts linked together These units or “build- 
ing stones” are called arr ro-ccids Thei are 
separated rhea the protem molecule is hj droli-sed 
bv boffing nth aad, or bi the action of the diges- 
ts e enz\-mes (proteases) Some 25 different ammo- 
aacL ha% e been defimtdi identified as constituents 
of the protem molecule (see table 52) Some 
proteins contam nearh all of these m nnang 
proportions, m others such as gelatm there are 
onl\ 14 or 15 different kmda, some csscnltal ammo- 
aads bemg missmg, while such simple proteins 
as the protammes, sturme and salmme, contam 
only 3 and 4, respectii eh The smgle ammo-aads 
have molecular weights rangmg from 75 for gl\ erne 
to o\er 200 for tjTosme and nearlj SOO for th>- 
ronna The molecular weights of those proteins 
composed of large aggregations of ammo-aads arc 
correspondmgli, great and extend o\er a \er> wide 
lange. The molecular weight of egg albumm, for 
example, is 45,000, that of hemoci'anm, o\er 
6,000,000, and of tobacco mosaic \irus, 40,000,000 
Some basic proteins, protammes and histones, on 
the other hand, have molecular weights of about 
2000 onlj 

Protem molecules also vaij m shape. Studies 
of protem structure bv means of X-taj diffrac- 
hon photographs reveal that the molecules of 


some proteins, such as keratin, collagen and mjo- 
sm — the so-called /jrc'nrr— have an don 
gated fibcr-Iile form, rcsuIUng, it is bdicved, 
from the extended arrangement of the polv-pcp- 
tide IinUges of which the molecule is constructed 
(sec bdow) WTicn stretched such molecules be 
come elongated still further but return to thar 
prevnous length when released from the strctchmg 
fo'ce. The changes in length nrc desenbed as 
bemg due to folding nnd unfolding of the polv- 
peptide chains in a concertina like lashion Other 
proteins — g'oh dor /’Tc'nni — sudi as tgg albu 
min and the serum proteins, arc composed of 
molecules which arc folded or arranged into a 
lattice pattern to form a compact structure of a 
more of less globular shape Unfolding and the 
assumption of a piermancnt extended form is 
associated with denaturation Proteins of ap- 
proximatdv the same molecular vcight ma\ differ 
considerablj m their molecular structure and for 
this reason raav sho v diffcrtaccs in such phvs cal 
properties as dastiatv , osmotic pressure or vnscos- 
itv The fundamental structure of all protems is 
bdievcd b> Astburv to be fibrous, but the intcr- 
molccular arrangement of the polvTicptidc chains 
vanes widdv between different tvpcs and m the 
same protem under different conditions Thus a 
vanel} of patterns is produced 

The average deraentarv composition of the 
molecule of a protem such as albumin or globulin 

15 as foUo-’-s C, 54 per cent, H, 7 per cent, X, 

16 per cent, S, 1 per cent, O, 22 per cent 

THE AMTSO-ACIDS 

The ammo-aads mav be regarded as denvatives 
of the saturated fatlv aad senes in which the 
alpl-a bvdrogcn atom has been replaced bv an 
ammo (NH-) group, except in the case of prolme 
and bv droxvprolmc, when the substitution is bv 
an imino (XH) group The simplest amino-aad 
IS ammo-acetic (gljane or glv cocoll) 

CH— XH, 

1 

COOH 

and the structure of the other ammo-aads, with 
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CLASS OF paOTEIV | CHARACTEMSTICS EXAilpLES 

A Simple proteins 

(1) Albumins Soluble m water and coagulable bj'’ heat. Serum albumin, egg albumin, laalalbumtn 

Present in both animal and plant tissues and vanous vegetable albumins such as 

leucostn (m wheat, rye and barley), legu- 
meltn m lentils, soy-bean, beans and 
peas and phasdtn in kidney bean 

(2) Globulins Soluble m dilute saline soluPons, insoluble Serum globulin, fibrinogen (and fibrin) vttel- 

m water Animal globubns are coagu- lin of egg yolk and vegetable globuhns 

la ted by heat Vegetable globuhns im- such as excelsin (Brazil-nut), edesiin 

perfectly or not coagulated by heat (hemp), phaseolin (kidney bean), legu- 

min (peas and lentds) and tuberin (po- 
tato) A number of other vegetable 
globulms have been isolated and named 

(3) Gluiehns Found only m plants Insoluble m water, Gluienin of wheat, oryzentn of nee and 

sahne or alcohol, but soluble m very glutelin of maize 
dilute alkah 

(4) Prolamines or Found m cereals (except nee) soluble m Gliadin of wheat, hordein of barley and 

Gliadtns 70-90 per cent alcohol Insoluble m setn of maize 

water They contam a large proportion 
of prohne and ammonia mtrogen 

(5) Albuminoids or EspeaaUy resistant to the usual reagents Keratin of hair, skm, bone, feathers, tor- 

scleroproletns They enter into the construction of toise shell and egg-shell, elastin, colla- 

protective and connective tissues, e g , gen, ossein and gelatin of tendons, lig- 
skin, tendons, hgaments and bones aments, bone, etc. 

(6) Histones Soluble m nater and preapitated by am- Globtn of hemoglobm, thymus histone, 

moma solution and by alkaloids They scombron and gadus histone m spenna- 

contain a large percentage of diammo tozoa of mackerel and cod-fish respec- 

aads (p 625) tively 

(7) Protamines Found m combination with nucleic aad Salmine and sturine m spermatozoa of 

m heads of fish spermatozoa Con- salmon and sturgeon respectively 

structed predommantly of diammo 

acids 

B Conjugated proteins Proteins whose molecule is combmed with another non protem group 

(1) Nucleoproieins Nucleic aad in combination with a protan See ch 48 

belonging usually to the class of histones 
or protamines Found m cell nuclei 

(2) Chromoproteins Protem in combination with a pigment Hemoglobm, hemocyanm, etc. 

(e g , hematm) contammg iron, copper 
or other metal 

(3) Glycoproteins Protems other than nucleoproteins m Mucin m salivary gastnc and intestinal 

combination with a carbohydrate group seaetions, ovomucoid of egg vhite and 

chondromucoid of cartilage 

(4) Lipoproteins Protems in combination with lipid Present m plasma, milk, cell nuclei 

(5) Phospho proteins Protems other than nucleoprotems and Casetnogen (and casern), vitellin of egg- 

leathoprotems in combmation with a yolk 
phosphorus-contammg group 

C Derivatives of proteins — derived proteins These are produced by the action of aads, alkahs or proteolj tic 

enzymes upion certam of the protems hsted above 


(a) Primary derivatives 
(1) Proteans 


Insoluble products formed in the early 
stage of the action upon protems of 
water, dilute aads and enzymes 







TABLE Sl—Omlinuea 


dAss omoTnK 

CBAXACirBlSTICS 

EXAVnXS 


C Derrealtzes of protans — ders-cted protans — Continued 

(2) ildapTcletns 

(3) Coagulated pro- 

tans 

(b) Secondary derivalrzes 

Formed m a later stage of the action of 
aad or alLah 

Formed by the action of heat or of alcohol 
npon soluhons of proteins 

And metaprotem, alhah metaprotem 

(1) Proteoses 

(2) Peptones 

Formed by the acbon of pepsm or trypsm 
npon protons Thej are soluble m 
rrater from irhich the} are preapitated 
b} saturation mth ammomum sulphate. 
The} are mcoagulable b} heat 

These represent a further stage in action 
of proteol}-tic em^-mes The} are solu- 
ble m water but are not preapitated 
from an aqueous solution by ammo- 
nium sulphate The} are not coagulated 
b} heat 

Albumose from albumen, globulose from 
globulm, caseose from casern 

(3) Peptides, dipcp- 
tides tnpeptidcs 
and poh peptides 

Products formed m the final stages of ! 
proteol}'tic digestion 

GI}C}l-aIanine, leuc} I glutamic aad, etc. 


TABLE 52 

CJasnfcatton of the amino-acids 


L •UlPHATtC Auino-'Vcids 
^lonoomtno-monocorhoxyUc actds 

(1) Gt\ one (or gl\ cocoU) C HjNO , or atnino-aceUc 

aad 

CH— NH, 

COOH 

(2) Alanine, CjH NO , or a ammo-propiomc aad 

CH, CH— NH, 

1 

COOH 

(3) Senne, C,H NO,, or a-amino-jj-h} droij propionic 

aad 

CH CH — NH, 

I I 

OH COOH 

(4) Thieonrae, CiHCvO,, or a amino-^h\ droi} -n-ba- 

t)-nc aad 

CHjCH CH— NH, 

1 1 

OH COOH 

(5) \ aline, CiHuNO , or or amino-isovalenc aad 

CH, 

\ 

CH CH— NH 

/ 1 

CH, COOH 


(6) Norleuane, CeHuNO , or a amino-fi-caproic acid 

CH, CH, CH. CH, CH— NH 

I 

COOH 

(7) Leaane, C*HuNO , or a amino-isocaproic aad 

CH, 

\ 

CH CH, CH— NH, 

/ i 

CH, COOH 

(8) Isolcuane, C»Hi,NO , or or ammo-P-etli5 

meth^I propionic aad 

CH, 

\ 

CH CH — NH, 

/ 1 

CH, CH. COOH 

Sulphur-conlatning monoamtno-moiwcarboxyhc 
aads 

C^'stine, CeHi.N.S,Oi, (or di-cj-steine) or di- 
O-thio-a amino-propiomc) aad 

CHi S — S — CHi 

1 I 

CH— NH, CH— NH, 

COOH COOH 


624 
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TABLE 52 — Conhntied 


(10) Methionine, CJHuSNOj, or a ammo-7-methyI- 
thiol-»i-but}nc aad 

CH, S CH. CH- CH— NHj 

i 

COOH 


B M onoamtno-dtearhoxyhe acids 

(11) Aspartic acid, CiHtNO,, or a-amino-sucanic aad 


COOH CH, CH— NH, 

1 

COOH 


(12) Glutamic aad, CiH«NO<, or a amino glutanc 

aad 

COOH CHjCH.CH — NH, 

1 

COOH 

(13) Hjdroxj glutamic aad, CsHjNOj, or a-amino /3- 

hydroxj'-glutanc aad 

COOH CHjCHOH CH— NH, 

1 

COOH 


(17) Tyrosine, CsHuNOj, or a-amino-iS-parahydroxy- 

phenyl-propionic acid 

H H 
C==C 
/ \ 

HO— C C— CH, CH— NH, 

\ I 

C— C COOH 

H H 

HI HzterOCycuc Aumo Acids 

(18) Tryptophane, CuHuN.O,, or a-amino j3-indole- 

propionic aad 


\ 


HC 

C— 

— C — CH, — CH— NH: 

1 

1 

I 


HC 

C 

CH 



\ /\ / 1 
C N COOH 

H H 


Indole nucleus 


C Diamino-monocarboxihc acids 

(14) Arginine, QHhN^O,, or a-amino-«-guanidine-«- 

valcnc acid 

NH, 

I 

HN=C— NH CH, CH, CH, CH— NH, 

I 

COOH 

(15) Lysine, CtHnNjO,, or a-e-diamino-caproic aad 

NH, 

I 

CH, CH, CH, CH, CH — NH, 

COOH 

n Arohatic Ahino-Acids 

(16) Phenylalanine, CsHnNO,, or a-amino-/3 phenyl- 

propionic acid 

H H 

HC C— CH, CH— NH, 

\ I 

c C COOH 

H H 


(19) Histidine, CeH^NiO,, or a-amino /9-imidazol- 

propionic acid 

CH==C CH, CH— NH, 

1 1 

NH N 

\ / 

CH COOH 

Imidazol ring 

(20) Prohne, CtHjNOi, or pyrrohdine-a-carboxylic 

aad 

CH,— CH, 

I I 

CH, CH— COOH 

\ / 

NH 

Pyrrole nucleus 

(21) Hydroxyprohne (oxyprohne), CiHjNOj, or 7- 

hydroxy-pyrrolidme-a-carboxyhc aad 

HO — CH CH, 

1 I 

CH, CH — COOH 

\ / 

NH 


Thyroxine (p 821), 3-5 dnodolyrostne or lodogorgoic aad, ettrulhne (pt-amina-^carhamido-n^Toleric acid) and 
ornithine {a ,&-du 3 iniiio valeric acid), and several others, would have to be added to complete the hst of naturally 
occurring amino-aads 
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the exception of proline and oxyproline, may be 
represented by the following type formula 

R CH— NH, 

1 

COOH 

Ammo-aads therefore contam a basic (NH,) 
group and an aad (COOH) group R represents a 
chemical group which vanes greatly m size and 
structure In the synthesis of the protem molecule 
chains of ammo-aads are formed by the linkage of 
the basic group of one ammo acid with the aad 
group of another and the liberation of a molecule 
of water Thus 


NH 4-H,0 
' V 


HiC CO — > CHi — CO — NH — CHi — COOH 

1 1 ( 

1 1 

OC CH, 

1 

NH, 

\ / 


NH 



Diketopiperazme Glycyl glycine 

(glycme anhydnde) 

Protem, as a consequence of its consPtuUon of 
ammo-aads linked together as described above, con 
tamo free NH, and COOH groups By virtue of these 
It can act either as a weak base or as a weak aad In 
aad solubon it acts as a base yieldmg cations to form 
protem chlonde, sulphate, etc When a current passes 


CHj CHNHiCOj OH h[ hN CH, COOH = CHs CHNH, CO— HN CH, COOH + H,0 

Alanme Glycme Alanylglycme 


The junction, CO NH, whereby ammo-aads become 
grouped together is called the pepttde Itnkage The 
reverse process, namely, the separation of ammo-aads 
from one another is also effected at this Imk m the 
chain, a molecule of water first bang taken up This 
process, which is called hydrolysts, may be illustrated 
thus 


through the solution the ammo-aad cation migrates 
to the cathode or positive pole ' In alkahne solution it 
behaves as an aad, forming amons to produce a pro- 
temate of sodium, potassium etc.. In an electric field 
the ammo aad anion migrates to the anode On ac- 
count of these opposite reactions, dependmg upon the 
aadity or alkalimty of the solution, ammo-aads and 


CHs CHNH, COj 
OH] 


NH CHiCOOH = CHs CHNH, COOH + NH,CH,COOH 
iH 


Alanylglycme 


alanme 


glycme 


Besides the cham like combination of the ammo- 
aads m the protem molecule, a smaller proportion are 
believed to be umted to form closed rmg compounds, — 
dikeloptperazints {amtno-tietd anhydrida) The aimno- 
aads undergo dehydration and umte by thar free 
ammo and carboxyl groups to form the diketopipera- 
nne rmg In the example shown bdow two glycme 
molecules join to produce glyane anhydnde. 



Glycme Glycme 


NH 

/ \ 

H,C CO 

I I 

OC CH, 

\ / 

NH 

Diketopiperazme 
(glycme anhydnde) 


Upon hjaralj-sis by heating with aad the nng is 
broken, and in the case of glycme anhydnde the 
dipepude gljcyl glyane is formed 


the proteins which they compose are called amphotenc 
declrolytes or ompholylis (Gk amphs, both) At a 
certam hydrogen ion concentration, which vanes 
rather widely between different proteins, the ammo- 
aads are electncally neutral and protem behaves 
neither as an aad nor as a base. In an dectnc field no 
migration ather to anode or cathode occurs The pH 
at which this occurs is known as the "noeUcinc pnnl” 
though the effect rather than bemg restricted to a 
point extends over a pH range which with some pro- 
teins IS considerable. Isodeclrtc zone is therefore a 
better term (table 53) Within the isoelectne rone 
the Bolubihty of the protem is least and is readily 
preapitated by alcohol, neutral salts and other re- 
agents Some proteins are quite insoluble at the iso- 
dectnc pomt and preapitate spontaneously Accord- 
mg to the classical conception the dectneal neutrahty 
of protein at the isodectnc pomt was due to ionization 
of the ammo-aads bemg at a minimum or absent, as 
represented bdow m formula I This view has given 

' This migratioH m an dectnc field of cation and 
amons to the respecUve poles is called dtclrophortsu 
or unUopItoresu 
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place to the Zwti(er-ton theory, -which more readily 
explains the experimental findings 


Isoelectnc glycine 


I 

COOH 

/ 

\ 

NH, 


H,C 


n 

COO' 

/ 


\ 


Unionized 


“Z^Mtterion” 


The “Zunttcrtoii" theory This postulates that the 
amino-aads at the iso-electnc point carry equal 
numbers of positive and negative charges and this 
accounts lor their elcctncal neutrality They are called 
"zunttertojis” (Ger Zwiltcr, hermaphrodite) or dipolar 
tons (see formula II above) Much experimental sup- 
port has been gained for this thcorj since it was first 
proposed 

The beha-vior of an amino aad (glyane) in aad and 
in alkaline solution according to the tvo conceptions 
IS illustrated below 


TABLE 53 

Approximate isodectric points of some ammo acids 


AinNO-AClD 

ArPHOXIUATX 
lEOELECTBIC 
POINTS, pH 

Glycme 

6 1 

Alamne 

6 1 

Vahne 

6 0 

Leuane 

6 0 

Glutamic acid 

3 2 

Aspartic aad 

3 0 

Arginine 

10 5 

Lj'sme 

9 6 

Histidine 

7 4 

Phenylalamne 

5 4 

Tyrosine 

5 4 


of negative and positive charges (formula 11) Many 
proteins, e g , metaproteins, casein, etc , are almost 
insoluble at the isoelectnc point — isoelectnc precipita- 
tion 


In acid 
solution 


In 

alkahne 

solution 


(classical view 


Isoelectnc 

glycine 

COOH 

/ 

H,C \HC1 

NHj \ 


[“Zmttenon” theory HjC 


/ 

\ 


coo- 




HCl 


f Classical view 


Isoelectnc 

glycine 

COOH 



\ 


NH,+ 


Protein 

hydrochloride 


COOH 


/ 

\ 

NH,-*- -f CI- 


Sodium 

proteinate 

COO- -h Na+ 

/ 

HzC 

\ 

NHj 


It -will be seen that the end result on either side of the 
isoelectnc pomt is the same according to either view 
According, however, to the Zvntler hypothesis the 
ampholyte molecule gives off, at the isoelectnc point, 
equal numbers of basic and acid ions, thus leavmg 
ions — the so-called rwittenons — holding equal numbers 


The Absorption of Protein 

Under ordinary circumstances only negligible 
amounts of imchanged protem, or even such of its 
denvatives as proteoses, peptones and polypep- 
tides, are absorbed mto the blood from the all- 
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mentaiy tract Generally speaking the protein 
molecule must first be hydrolyzed mto its con- 
stituent ammo aads These are absorbed from 
the small mtestme but not from the stomach 
to any significant extent m so far as nutrition is 
concerned They enter the circulation mainly 
through the portal blood, much smaller amounte 
pass mto the lymph (chyle) and hence mto the 
thoraac duct 

Small quantities of certain proteins, e.g, raw egg 
white and blood senim are sometimes absorbed from 
the mtestme mto the blood stream They are exacted 
m the urme to a large extent unchanged Such ab 
sorption which occurs more readily m young arumals 
and children, should be regarded as a defect ratha than 
as a physiological process Nevatheless, experiments 
have shovm that small quantities of protem mtroduced 
parenterally may be utilized by the tissues, and may 
even be capable of maintammg mtrogen equilibrium 
(p 638) Though It IS possible that the mjected protem 
was broken down into its constituent ammo-aads by 
the general tissue cells, it is more probable that this 
function was performed by the cells of the intestmal 
wall, and that the latter are necessary for the digestion 
even of protein mtroduced parenterally It is, however, 
only for a short penod and to a very hnuted extent 
that the body can uUhze injected protem, for proteins 
are speaes specific and afta a number of injections 
immumty is established to the foreign protem, an anti- 
body known as a prectpiltn is formed which causes its 
preapitation Furthermore, if a subsequent mjechon is 
given two weeks or so afta a smgle mjecbon or after 
the last of a senes of such mjections, a most senous 
tone state — anaphylaxu — may ensue and prove fatal 
(p 306) In the human subject such anaphylactic (or 
anaphylactoid) teactions may follow the second mjec- 
Pon of a foreign protem, e g , diphthena antitoxm 
(horse serum) or antitetamc serum Skm rashes such as 
urpeana, erylhema, eczema, giant edema, etc , or pam 
and swelhng of the joints may occur Collapse and 
death occasionally result- The sensitivity of some 
persons to certam proteins is also sometimes responsible 
for dietary idiosyncrasies Certam foods such as shell- 
fish, milk, Etrawbemes, celery, etc , when mgested by 
persons sensitive to the proteins contamed m these 
substances, result m cutaneous erupPons and sometimes 
localized edema Mmute amounts of the protem ap- 
parently enter the blood stream m an unchanged or 
partially digested state Asthma, hay fever and other 
allergic condibons (see also p 428) have been traced 
to foreign proteins (pollen, cat or horse hair, feathers 
etc.) entenng the body through the respiratory pas- 
sages 

Homologous plasma protem, on the contrary, 
does not cause these effects and Whipple and his 
associates found that dogs could be mamtemed 


m nitrogen equflibnum (p 638) by the intravenous 
injection of plasma from other dogs as the sole 
source of protem 

A suitable assortment of ammo-aads, such as 
an hydrolysate of casern supplemented by cystme 
and tryptophane, injected mtravenously, is capa- 
ble of mamtaimng an ammal in nitrogenous 
equQibnum Animal gelatm or isinglass (fish 
gelatm) which differs from complete protems m 
bemg non antigenic, might be used for this purpose 
if supplemented by the missmg ammo-aads 

The Fate of Amino-Acids after Absorption 

Deamination This term means the removal of 
ammo groups from the ammo-aads Less than 20 
per cent of the ammo aads absorbed mto the 
portal blood pass through the liver unchanged 
mto the general circulation A proportion of these 
are exacted mtact m the urme, some are deamm- 
ated by the kidney and the nitrogen exacted as 
ammonia, others are utilized without altera- 
tion by the tissues The greater part of the ammo- 
aads reachmg the liver are there retained and 
deammated The ammonia which is split off com- 
bmes with carbon dioxide to form urea as de- 
scribed on page 633 The deammated remainder, 
1 e , the fatty aad residue of the ammo aad 
molecule may either undergo oxidation, and thus 
furnish energy to the body, or be transformed 
mto glucose The glucose may be burned or be 
stored as glycogen, or agam it may be transformed 
mto fat Not all ammo-aads, however, are sugar 
or glycogen formers Those which play the chief 
role m this respect are glycine, alanine, aspartic, 
glulamtc and hydroxyglnlamic acids, senne, cys- 
tine, hydroxyproline and proline With the ex- 
ception of hydroxyproline and proline these are 
all straight cham ammo aads with less than six 
carbon atoms Arginine, valine, and threonine form 
sugar to a limited extent, whereas, leucine, iso- 
leucme, lysine, methionine, tryptophane, histidine, 
tyrosine and phenylalanine are not glycogenic (see 
table 54) The quantity of ammo-aads present m 
100 grams of protem is suffiaent to form some 58 
grams of glucose^ A depanaeatized or phlond- 

* Smee different proteins contain varying amounts of 
^gar-forming ammo-aads, this is an average figure 
It Was amved at by calculation from the proportion of 
gluciree (dextrose) to nitrogen in the urine — the so- 
raBed G N (or D N) ratio — m phlondzmized dogs 
TO exclusively upon protan or during a penod of 
starvation. Lusk found the G N ratio under such ar- 
cu^tan^ to be 3 65 1 The mtrogen of the imne 
IS denved, of course, prachcaUy enUrely from protem 
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zimzed dog, for instance, or the subject of severe 
diabetes, though upon a carbohydrate-free diet, 
continues to excrete large quantities of glucose 
Also, the normal anunal durmg prolonged starva- 
tion mamtains its blood sugar at practically the 
normal level, which suggests that body protem is 
undergoing conversion to glucose When protem is 
fed after a period of starvation, glycogen accumu- 
lates m the hver There is also evidence that the 
conversion of protem to glucose occurs even m a 
normal animal upon a mixed diet The conversion 
process probably occurs only m the hver Mann 
and Magath found that the hypoglycemia foUow- 
mg hepatectomy was not affected by the mtra- 
venous mjection of glycine The conversion process 
IS influenced by the anterior lobe of the hypophysis 
and the adrenal cortex 

Though deammation is a function of the kidney 
and other tissues as well, its mam site is the liver 
In the dog it appears to be earned on exclusively 
by hepatic tissue Mann and his colleagues found 
no evidence m dogs of extrahepatic deamination 
The mjection of ammo-acids mto the blood stream 
of a normal dog caused a rapid nse m the ammo- 
aad concentration of the blood and mcreased 
ammo-acid excretion m the unne The level m 
the blood returned to normal m about two hours 
About 25 per cent of the injected amtno-aad nitro- 
gen appeared in the unne as urea After hepatec- 
tomy, the urea concentration of the solid tissues, 
blood and unne fell, while the concentration of 
amino-aads rose, ammo-aads injected mto the 
blood stream were completely recovered unchanged, 
about a third from the unne and the remainder 

The urinary glucose of an animal under the influence 
of phlondzm and whose glycogen stores have been 
exhausted is also assumed to be derived exclusively 
from protem Now each gram of unnary nitrogen 
represents catabohsm of 6 25 grams of protein There- 
fore with a G N ratio of 3 65 1 every 3 65 grams 
glucose secreted indicates the conversion of 6 25 grams 
of protein So 

(3 65/6 25) X 100 = 58 per cent 

In diabetic (depancreatized) animals dunng starvation 
or upon a protem diet the G N ratios obtained by 
different observers vary widely Minkowski’s figure of 
2 8 1 IS most usually quoted (this would mdicate the 
conversion of 45 per cent of protem to sugar) Macleod 
and his assoaates, however, have obtained ratios m 
depancreatized dogs after the withdrawal of msulm as 
high as 6 1 m some experiments, and less than 2 1m 
others The ratio did not show a constant value, 
either m different animals or m the same animal at 
different tunes They therefore senously question the 
rehabihty of the G N ratio as an mdex of the extent 
of the protem to glucose conversion, and consider that 
protem is not the only source of the urmary glucose. 


TABLE 54 


Classijicatton of amino-aads according to thar glyco- 
genic or kelogemc properties 


CLYCOCENIC 

ketogenic 

NEITHER 
GLYCOGENIC 
NOR KETOGENIC 

Glycme 

Leueme 

Norleucme 

Alanme 

iso-Leuane 

Methionine 

Senne 

Phenylalanine 

Lysme 

Threonine 

Tyrosine 

Tryptophane 

Cysteme 

Aspartic acid 
Valme 

Glutamic aad 

Argmme 

Omithme 

Proline 

Hydroxyprohne 


Histidine 


from the muscles There was no sign of deamma 
tion or of urea synthesis 

Deammation is generally believed to be an 
oxidative process brought about by vanous en- 
zymes m liver, kidney, and to some extent m other 
tissues Oxidation of the o-carbon atom, i e , the 
carbon atom to which the NHj group is attached, 
first occurs with the production of an a-imtno acid 
This mvolves the transference of two hydrogen 
atoms to a hydrogen acceptor through the action 
of d-amino-oxidase, glycine ondase, or of l-glutamic 
dehydrogenase 

R R 

I I , . 

CHNHz — > C)=NH -f- 2H to hydrogen 

1 [ acceptor 

COOH COOH 

a-ammo-aad a-immo-acid 

The immo-aad then undergoes spontaneous hy- 
drolysis to form an a-keto-acid 

R R 

I I 

CHNHi -f HaO ^ CO + NH, 

1 I 

COOH COOH 

a-imino-aad cr-Leto-aad 

Transamination An important reaction occur- 
rmg m the metabohsm of protem is the transference 
of the ammo group from an a-ammo acid to an 
a-keto aad The change is catalyzed by an enzyme 
transaminase 

The reaction is reversible and occurs according 
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to the equation 

CH(NH,) COOH + R» CO COOH 

R> CO COOH + R=CH(NH,)COOH 

Transamination was first suggested as a possi- 
bility by Needham and later demonstrated in 
pigeon breast muscle by Braunstem and Kntz- 
mann They found that when 1 glutamic aad 
and pyruvic aad were mcubated with chopped 
liver or muscle a ketoglutamic aad and alanine 
were produced, the ammo group of the glutamic 
aad bemg transferred to pyruvic acid 


1 


COOH 


CHi 

1 

CH, 

1 

CH, 

CH, 

1 

CHj + 

CO 

1 + 

CH NH, 

1 

1 

CH, 

1 

CH NHo 

1 

COOH 

1 

COOH 

COOH 

COOH 

1 glutamic 

pyruvic 

a ketoglutamic 

alanme 

acid 

aad 

aad 



Accordmg to these investigators the majonty of 
the amino acids (lysme and ormthine are excep- 
tions) can take part in transamination reactions, 
their NHj groups being transferred to other ammo- 
aads or to vanous keto-aads Glutamic acid is 
espeaally active m this respect. Transamination 
occurs not only m hver and muscle but has been 
demonstrated m a number of other tissues and ap 
pears to be a function of tissues in general Krebs 
observed that glycolysis m bram and retma was 
inhibited by glutamic aad, an effect which has 
smee been shown to be due to the conversion of 
pyruvic aad to alanme through the transference of 
ammo groups from the glutamic aad Smee trans- 
ammation is a rapid process and concerned chiefly 
with those compounds, which play key r 61 e 3 m 
intermediary metabolism, Cohen suggests that it 
repre^nts a “shuttle” mechanism m tissue respira- 
tion ‘whereby certam key protem and carbohy- 
^te intermediates are rapidly mterconverted ” 
I be demonstration of transmmation affords further 
evidence for the highly dynamic character of 
protem metabolism Ammo-groups are bemg con- 
tinuaUy exchanged between mtrogenous and non- 
nitrogenous compounds, and ammo-aads thereby 
s^thesized When an ammo-aad into whi 
^topic nitrogen (N'^) has been mcorporated is 
fed and the tissues of the animal analyL a lar^ 


number of amino acids are found to contain the 
isotope Even ammonium citrate containing N“ 
fed to rats upon a low protein diet, is utilized for 
ammo-acid synthesis Aspartic aad, histidme, 
arginine, glutamic acid and prolinc, isolated from 
the animals’ bodies, were found to contain the 
isotopie 

Transuetiiylation Though it has long been 
knowm that certain compounds when fed arc ex- 
creted by the kidney in meth>lated form, eg, 
pyndine as N-methyl pjndinc, the mechanism 
involved in the transference of the mcth> 1 group, 
from one compound to another, has only been dis- 
covered comparatively recently by du Vigneaud 
and his assoaates Homocjstcine can be converted 
m the body to methionine by the addition of a 
methyl group The methyl group is furnished by 
choline or betaine An animal fed upon a diet 
lacking in methionine, but containing homocjstme 
fads to grow, grow th is resumed upon the addition 
of choline or betaine, the essential amino-aad 
methionine being thus formed The transference of 
the methyl groups from methionine or choline to 
glycocy'amine with the formation of creatine is 
described on page 636 Methionine, choline and 
betaine are, therefore, spoken of as transmcthylat- 
mg agents Another example of transmethylation 
IS the excretion of nicotinic aad, in part as trigonel- 
line (p 752) The methyl group is not improbably 
derived from methionme 

Transamtdalton This is the transference of an 
NHj 

amidine group | as from arginine to 

C -= NH 

glycme to form glycosamine (p 636) 

The Synthesis of Aiii\o-Acids 

That the body tissues, given the necessary 
ammo-aads, can link them together and so sym- 
thcsize protein is, of course, unquestioned The 
extent to which the ammo aads themselves can be 
synthesized has been a more difficult question to 
deade That synthesis of ammp aads does occur 
IS clearly mdicated by the fact that only a limited 
number ( 10 ) of ammo-acids found in animat tissue 
are essenUal constituents of the diet (p 646) 

ndoubtedly the bodj'^ is able to synthesize gly- 
simplest ammo-aad For example, milk 
protems contam no more than 0 1 to 0 3 per cent 
o glycme, yet from 100 grams of the former the 
su g animal can build up 78 grams tissue pro- 
tem contaimng 2 5 grams of glyane (Magnus- 
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Levy) Also, the liver and kidney detoxicate ben- 
zoic aad by combining it mth glycine to form 
hippunc aad which is excreted in the unne When 
large quantities of benzoic aad are fed, the glycine 
m the excreted hippunc acid is greater in amount 
than that which could have been supplied pre- 
formed from body tissue Analogous experiments 
with the detoxication of phenylacetic aad to 
phenylacetyl glutamine mdicate that glutamic 
acid can also be S 3 mthcsized The mode by which 
sjmthesis of the amino-acids takes place is obscure 
The formation of amino-acids by the transfer- 
ence of ammo-groups to non-nitrogenous com- 
pounds, e g pyruvic acid formed in the break- 
down of carbohydrate, or even the utilization of 
ammonia, fed in the form of ammonium salts, has 
been mentioned The ammonia probably unites 
with a keto-acid to form an ammated hydroxy- 
aad which bj"^ reduction jnelds an amino-acid 

R CHsCO COOH + NHi 
keto-acid 

R CH 2 COHNH 2 COOH 

hydroxy-acid 

R CH 2 CHNH 2 COOH + H 2 O 

amino-aad 

Embden found that alanmc was formed by the sur- 
wving hver perfused W'lth blood to which the am- 
monium salt of pjTUVic acid had been added Phenyl- 
alanine and tyrosine were also formed when the liver 
was perfused wnth the ammonium salts of the cor- 
responding keto-aads Even the addition of ammo- 
nium chlonde to the fluid perfusing a glycogen-nch 
hver resulted in the production of alanine The latter 
also followed perfusion with ammonium lactate Fur- 
thermore, it was showm by Knoop that when 7-phenyl- 
a-keto butync acid was administered to dogs the 
corresponding amino-aad appeared in the unne, while 
the expenmen ts of Cox and Rose and of Sherwm and 
their assoaates indicate that histidine, an essential 
ammo aad, can be formed m the body when imidazole 
pyruvic aad or imidazole lactic acid is fed The syn- 
thesis of arginine has also been demonstrated by Rose 
and his colleagues 

To sum up it IS established that glycine can be 
synthesized from precursors already present m 
the body The same may also be said for glutamic 
and aspartic acids alanme and arginine The 
perfusion experiments just^mentioned suggest that 
alanine may be synthesized from the derivatives 
of carbohydrate metabolism plus the ammonia 
which would otherwise be excreted as urea Other 


more complex ammo-acids, e g , tryptophane, 
histidme, and prolme, eta (p 625) contam speaal 
groupmgs which cannot be formed m the body 
They are therefore essential constituents of the 
diet (p 645) If, however, the special groups are 
supplied, as m the form of the keto- or hydroxy- 
acid, the correspondmg ammo-acid can m some 
mstances be formed 

The Synthesis of Protein 

The biochemical processes leadmg to the syn- 
thesis of protein are very poorly understood 
Borsook and Wasteneys succeeded in synthe- 
sizmg tn vitro a protem-like material called 
“plastein” by the incubation of a concentrated 
peptic digest with pepsin The pepsin thus acted 
reversibly, that is, induced a reaction the oppo- 
site to hydrolysis, which resulted m the recom- 
bmation of the protein degradation products No 
doubt the conditions of this experiment bear only 
a slight resemblance to those existing withm the 
cells, but it suggests that enzymes (protemases) 
actmg reversibly in a somewhat similar fashion 
may bnng about the synthesis of tissue protem 

The Classical as Opposed to the Modern 
View of Protein Metabolism 

The classical theory of protem metabolism as 
proposed by Folm has held the field for many 
years It was based upon the urmary excretion of 
nitrogen Folm pointed out that under widely al- 
tered mtakes of nitrogen the quantities of area- 
tmine and neutral sulphur excreted m the unne 
remamed remarkably constant, whereas the ex- 
cretion of urea vaned m amount Creatinme and 
neutral sulphur were thought to be derived from 
the “wear and tear” of body tissue and were 
taken as an index of endogenous protein metab- 
olism Urea, on the other hand, was believed to 
be denved solely from the catabolism of dietary 
protein and was referred to as the exogenous 
quota of protein metabolism Several facts, dis- 
covered chiefly through experiments with isotopic 
nitrogen (N“) used as a “tracer”, are not m 
accord wnth Fohn’s theory Body structure does 
not remam fixed and unchanged except for a 
certam loss from wear and tear which is repaired 
from dietary matenal, but is constantly m a state 
of flux It has been shown, for example, that when 
ammo-acids contammg isotopic nitrogen are fed 
to an animal m nitrogen equilibnum only small 
quantities of isotopic nitrogen appear m the urme. 
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whereas, a relatively large amount (about half) 
ran be recovered from the tissues In other words, 
the dietary mtrogen had replaced catabolizcd 
tissue protem whose mtrogen was excreted m the 
urme. The mtrogen denved from tissue protem, 
thus, far exceeded m amount that which the 
classical theory attributes simply to wear and 
tear It has also been found, contrary to expecta- 
tions, if creatuune and neutral sulphur excretion 
an mdex of endogenous protem catabolism, that 
increasmg the metabohc rate or that of the endog- 
enous protem catabolism does not increase sig- 
nificantly the unnary excretion of these substances 
It was shown by Schoenheimer and his associates, 
usmg isotopic amino-aads, that dietary mtrogen 
was constantly and rapidly bemg incorporated 
mto plasma proteins and mto the proteins of liver, 
kidney and mtestmal tract as well as, but more 
slowly, mto the protems, mcludmg hemoglobm, 
of the red cells Nitrogen is contmually being ex- 
changed between the vanous tissues Their con- 
stituents are m a state of d 3 mamic equilibnum and 
constantly “tummg over” In the new theoiy 
ongmally proposed by Borsook and Keighley, 
protein metabohsm is conceived as a dynamic 
mechanism m which breakdown and resyn thesis 
proceed hand and hand, dietary protem replaang 
tissue mtrogen and the nitrogen of different organs 
undergomg contmuous interchange Even m the 
starvmg animal tissue protem does not undergo 
catabolism alone, but is bemg continuously resyn- 
thesized, new protem bemg formed m one tissue 
from mtrogen denved from another 

Protein storage — lahle protein 

Though it IS accepted beyond all question that 
fat and carbohydrate are stored, it was not the 
behef that the body accumulated reserves of pro- 
tem (The mcrease m body protem which occurs 
dunng growth, pregnancy or athletic trammg can- 
not be considered as protem storage m the ordi 
nary sense) It has been shown, however, that 
m a sense protem storage also occurs Dunng 
starvation or upon a non-protem diet this reserve 
protein or Ichle protein is drawn upon When pro- 
tem 13 fed after a penod of protem depnvation, 
NH, 


retention of mtrogen occurs as a result of the 
reaccumulation of the protein stores After these 
have been replenished the quantity of mtrogen 
excreted m the urme again balances that taken m 
the food There is thus a lag in the establishment 
of mtrogen equDibnum m changing from one 
protem level to another The liver and kidney, 
and espcaally the former, are capable of mcrcas- 
mg considerably their content of protem But all 
organs and tissues including even the blood plasma 
contain \Tinable amounts of protem at different 
levels of protein mtake Dunng a fast of a few 
days, the liver may lose 20 per cent of its protem, 
and when an animal m nitrogenous equOibnum is 
placed upon a high protein diet the balance be- 
comes positive for a few days The retained 
nitrogen is accumulated mainly m the liver There 
is no reason to believe that the so-called protem 
reserve differs chemically or functionally from the 
protein characteristic of the particular organ or 
tissue m which it is laid down The plasma pro 
tcins arc also thought to constitute a reserve store 
of protein upon which the body can draw dunng 
a penod of protein starvation According to 
Boothby and associates, the myxedematous swcll- 
mg charactenslic of hj'poth>roidism (ch 58) is 
due to an increase m the quantity of protein stored 
in the subcutaneous tissues and skin The excessive 
deposit is broken down under the influence of 
thyroxme The latter also reduces the quantity of 
dcpmsit protem in the normal subject 

The End Products of Protein 
Metabolism, Urea 

The great proportion of the nitrogen released by 
the catabolism of the ammo-aads appears m the 
unne of man, mammals, amphibia and clasmo- 
branch fish as urea In birds and reptdes, on the 
other hand, the chief end product of protem break- 
down IS uric acid In man and other mammals the 
latter is derived from the metabolism of the punnes 
(ch 48) Urea is formed duecUy (i c , wnthout 
prelimmary deamination), from arginine, which is 
hydrolyzed by the action of an enzyme — arginase 

mto urea and ornithine Argmase is present m 
the hver of mammals but not m that of birds and 
reptiles The reaction may be represented thus 

NH, 


HN— / 

I + HiO + NHj (CHj)j CHNHi COOI 

NH, 


NH (CH,), CHNH, COOH 


Arginme 


Urea 


Omithme 
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_ It IS only withm recent years that the import- 
ance of this mechanism m the production of urea 
has been realized and its detafls disclosed It has 
been thought to account for the greater propor- 
tion of the urea formed m the body When omi- 
thme was mcubated with slices of liver m the 
presence of ammoma and carbomc acid, large 
amounts of urea were formed It is supposed that 
the ormthme combines with the ammonia and 
carbonic aad to form argimne which m turn is 
hydrolyzed by arginase mto urea and ormthme 
Thus arginine serves as an mtermediary m the 
production of urea from the ammonia supplied by 
other amino-acids The ormthme liberated by the 
decomposition of argmme is used over agam 
Ormthme thus acts after the manner of a catalyst 
to facDitate urea production 

According to Krebs and Henseleit, the formation of 
argimne from ormthme occurs m two steps (1) The 
formation of the amino-aad cUrulltne by the addi- 
tion of a molecule each of ammoma and carbon 
dioxide to ormthme 

NHi 

I 

0=C 

NH CH. CH, CH, CHNH, COOH 
Citrulhne 

(2) The addition of a second molecule of ammonia to 
atnilhne with the production of argimne. Therefore, 
the producbon of urea from ammoma and carbomc 
aad may be represented thus 



Though the ormthme cycle is probably not the 
only mechanism mvolved m the production of urea, 
it is generally considered to be the major one Some 
of its details have been clarified by the work of 
several mvestigators (Cohen and Hayana, Borsook 
and Dubnoff, and Ratner and assoaates) Cohen 


and Hayana reported that for the production of 
argmme from cltruHme glutamic aad rather than 
ammoma appeared to be the nitrogen donor, and 
that Mg ions, adenosmetriphosphate (ATP) and 
oxygen were required for the reaction The transfer 
of the NHj group it has been suggested, is ef- 
fected by transamination and the simultaneous loss 
of two H atoms (transammation) The citruUme- 
argmme conversion occurred only m the presence 
of oxygen Glutamate also acts as an acceptor of 
COj and NHj m the synthesis of atruUme tom 
ormthme, m the first stage of the ormthme ^rle 
Aspartic acid is, however, accordmg to/Gj^r' 
searches of Ratner and her colleagues, Gle specifi 
nitrogen donor m the conversion of/citfhllme to 
argmme, which occurs anaerobically.^ tl\e pres- 
ence of Mg ions and ATP Malic aad'fe also formed 


oxidation to oxalo- 
laftEr~~i:eaction' the 


m this reaction, but undergoi 
acetic acid Through this 
tricarboxylic and ormthme cycles are mterlocked 
The foUowmg scheme is given by Ratner 



(♦ATP) ORNITHINE 


Urea is decomjxised mto NH 3 and CO 2 by the 
action of urease This enzyme is found m legumm- 
ous plants, especially m soy bean, and m relatively 
high concentration m the gastnc mucosa (ch 39 ) 
Urease is employed m the determmation of urea 
(from ammoma evolved) m urme and m other body 
fluids and m tissues 

The Excretion of Urea and Its Distribu- 
tion IN THE Body On an ordinary mixed diet from 
80 to 90 per cent of the urinary mtrogen is urea- 
nitrogen The absolute amount of urea-nitrogen 
excreted daily is usually from 9 to 13 grams (20 
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to 30 grams of urea) Mmimal amounts are also 
excreted m the sweat (ch 53), salivary, mtestmal 
and mammary secretions The urea-nitrogen vanes 
with the protem content of the diet. Upon a low 
protem diet the output may be as low as 2 grams 
and on a diet nch m protem over 25 grams The 
value of urea-N is therefore taken as an mdex of 
the magnitude of the catabolism of food protem 
(exogenous metabolism, see table, p 637) 

The blood contains from 8 to 15 mg of urca-N 
(18 to 35 mg urea) per 100 cc. Urea is readDy 
diffusible and is found in about the same concen- 
tration m the vanous tissues and other fluids, 
e g , lymph, bile, cerebrospmal fluid and pancre- 
atic juice, as m blood The kidney, however, is an 
exception smce it contains some ISO to 200 mg of 
urea per 100 grams of tissue We have already 
seen that the urmary ammonia is formed from 
glutamme and ammo aads m the kidney and not 
from urea (p 458) 

The Site or Urea Production It has long 
been known that the liver is an important site of 
urea formation Perfusion of the liver with ammo- 
aads or their addition to shced liver tissue leads 
to the production of urea Urea is very widely 
distnbuted throughout nature, being a constitu- 
ent of the body fluids of the lowest forms of animal 
life It IS also found m plants For this reason its 
formation m animals might be thought to be a 
function common to all tissues But the experi- 
ments of Mann and his associates m hepatecto- 
mized dogs, pomts to the hver as bemg the mam if 
not the sole site of urea production After complete 
removal of the hver the formation of urea ceased, 
so that Its concentration m the blood and unne fell 
progressively If the kidneys as well as the hver 
were excised there was no accumulation of urea m 
the blood though the ammo-aad concentration 
rose Also, after the mjection of glycme or alanme 
mto the hepatectomized animal, m contrast to the 
result obtamed m the normal animal, the concen- 
tration of the mjected ammo aad rose m the blood 
and unne, and there was no evidence of urea pro- 
duction That these results m dogs apply to man is 
mdicated by the observation of Rabmowitch He 
has reported that m a case of extensive damage to 
kidneys and hver (acute yellow atrophy) the excre 
tion of unne was almost suppressed yet the blood 
was urea-free The appearance of leucme and 
tyrosme m the unne which occurs m acute yellow 
atrophy of the hver may also be ascnbed to the 
failure of deammation of these ammo-aads Never- 


theless, though the hver undoubtedly plays the 
predommant r61e m the production of urea, certam 
other tissues may under certain cmcumstances 
share to some degree m its formation Graham and 
associates found, for example, that the active 
mammary gland produces not inconsiderable 
amounts 

Creatine and Creatinine 

Crealwe (CjH.NaOs) (methyl guanidme acetic 
aad or methyl-gl> coty-aminc) has the following 
structural formula 

NHj 

/ 

HN=C 

\ 

N(CH,) CH. COOH 

From a study of the above formula it will be seen 
that from a chemical viewpoint creatine may be 
looked upon ns a dcniativc of glvcrne, of guani- 
dme or of guanidine acetic aad It is also related 
to argimne and probably to choline It is readily 
converted by aad in vitro to creatinine 
Creahinite, CiHtNjO (methyl glj cocyamidme) 
IS the anhydride of creatine Its molecular con- 
stitution IS shown by the follow ing formula 

NH C=0 

/ 

HN=C 

\ 

N(CH5) CHs 

Dislribuhou oj creatine and creatinine There are 
about 120 grams of creatine contained m the adult 
human body Of this 98 per cent is contamed m the 
muscles and 1 5 per cent in the nervous sj'stcm 
The remammg 0 5 per cent is distnbuted through- 
out the other organs of the body, of these, the 
testes contam it m highest concentration The 
skeletal and cardiac muscles and the gravid uterus 
are a great deal ncher m creatine than the smooth 
muscle of the gastrointestinal tract and elsewhere 
About 80 per cent of the creatme in muscle is 
combmed with phosphonc aad as phosphocrealtne 
(ch 52) Of the stnated muscles, the rapidly con- 
tractmg, pale type contam more than the slowly 
contracting red vanety (p 963) In the muscle of 
invertebrates creatme is replaced by argmme 
Creahntne is present in muscle m much smaller 
amounts One hundred grams of skeletal muscle, 
for examole, contam 300 to 500 mg of creatme 
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and only 10 mg of creatimne The creatme of 
whole blood amoimts to from 3 5 to 5 0 mg and 
the creatimne to about 2 5 mg per 100 cc By far 
the greater part, if not all, of the creatme is con- 
tamed m the corpuscles The creatimne is about 
equally distnbuted between cells and plasma 
Excretion of creatme and creatimne Creatme is 
normally absent from the unne of men, but is 
present m the urme of male and female children 
up to the age of puberty and frequently m the 
urme of women The significance of these sex 
differences is not evident In non-pregnant women 
the creatinuria is mtermittent but is not related to 
menstruation Durmg pregnancy creatme is present 
contmuously m the urme This may be related to 
high creatme content of the uterus For two or 
three weeks after child-birth the quantity excreted 
IS even higher than durmg pregnancy Reduction 
m the muscular mass of the uterus (mvolution) 
may account m part for the high output durmg the 
puerpenum, but that uterme mvolution is not the 
chief cause is shown by the fact that it occurs 
although Caesanan section and removal of the 
uterus have been performed Creatme also appears 
m the urine of either sex under the foUowmg con- 
ditions, high protein diet, starvation, carbohydrate 
deprivation, diabetes, wasting diseases and fevers, 
exophthalmic goiter and m certam muscular dystro- 
phies The creatmuna m all of these conditions 
except the last is probably due to an mcrease m the 
normal catabolism of muscular tissue, the libera- 
tion of creatme occumng more rapidly than its 
conversion to creatimne Protem food, for example, 
has a stimulatmg effect upon metabolism (p 641), 
while m wastmg diseases, fevers, etc , tissue break- 
down is accelerated Carbohydrate depnvation 
probably acts mdirectly m that its sparmg effect 
upon protem catabolism is absent In the muscular 
dystrophies, e g , myasthenia gravis, progressive mus- 
cular atrophy, amyotonia congenita, anterior 
poliomyelitis, etc , the urmary creatme is probably 
denved from the degeneratmg muscle fibers, the 
muscles also appear to be defective m their power 
to store creatme The creatmuna of normal chil- 
dren has received no satisfactory explanation, it 
IS said to be due to an mcreased production of 
creatme, mduced m some way by the growth 
impulse, and also probably to a low capacity for 
creatme storage of the undeveloped muscles An- 
other possibility is that children have a relatively 
low power to convert creatme to creatmme 
(Hunter) 


The origin of creatine and creatinine Creatimne 
IS undoubtedly denved from creatme but there has 
been much uncertamty concemmg the latter’s 
ongm One or other of the substances to which its 
chemical formula suggests a relationship, e.g , 
guanidme, glycme or argmme, has been considered 
as a possible precursor The opportumty afforded 
by the creatmuna of muscular dystrophies has been 
taken advantage of by Brand and his colleagues m 
the mvestigation of this question Vanous ammo- 
aads and other guamdo-compounds were fed to 
patients suffermg from such disorders, mgested 
glycme, or gelatm which is nch m this ammo- 
aad, causes a pronounced rise (40 per cent) m the 
creatme excretion of these patients but not of 
normal persons The proportion of mgested crea- 
tme which IS retamed is also much less than the 
normal {creatimne tolerance test) Argmme and 
glycocyamme (guamdo-acetic aad) were also effec- 
tive Feedmg benzoic acid, which drew upon the 
body’s glycme store for detoxication purposes (p 
589) caused a decrease m the creatme excretion 
The importance of glycme m creatme synthesis is 
emphasized by the observation of Almquist and 
Mecchi that glycme, which is an mdispensable 
ammo-aad for chicks, can be replaced m the diet 
of this speaes by creatme These results pomted 
to argmme, guanido-acetic aad, and espeaally 
glycme as precursors of aeatme 
The subject of aeatme synthesis has been clan- 
fied recently through a number of expenments in 
which isotopes were used as markers to identify 
the particular substance under mvestigation after 
it had been absorbed The admmistration of iso- 
topic glycme (i e , heavy nitrogen, N“, mcor- 
porated m the glycme molecule) was shown by 
Bloch and Shoenheimer to give rise to creatme 
with a high concentration of the nitrogen isotope 
Of all the other ammo-aads mvestigated by this 
method, argmme alone was found to be a pnmary 
precursor of aeatme The isotope N“ was mcor- 
porated mto the amidme part (NHj — C=NH) 
of the argmme molecule When the isotopic ar- 
gmme was fed, the aeatme isolated from the 
tissues of the animal was found to contam the 
isotope m this part of its molecule The researches 
of du Vigneaud, and of Borsook and Dubnoff, show 
clearly that the methyl group of aeatme is fur- 
mshed by methionme The former worker pre- 
pared methionme m which the three hydrogen 
atoms of the S-methyl group were present as the 
£sotope H’ (deutenum) When this was fed and 
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to 30 grams of urea) Minimal amounts are also 
eiaeted m the sweat (ch 53), salivary, mtestinal 
and mammary secretions The urea-nitrogen vanes 
with the protem content of the diet. Upon a low 
protem diet the output may be as low as 2 grams 
and on a diet nch m protem over 25 grams The 
value of urea-N is therefore taken as an index of 
the magnitude of the catabolism of food protem 
(exogenous metabolism, see table, p 637) 

The blood contams from 8 to 15 mg of urca-N 
(18 to 35 mg urea) per 100 cc. Urea is readily 
diffusible and is found m about the same concen- 
tration in the vanous tissues and other fluids, 
e g , lymph, bile, cerebrospmal fluid and pancre- 
atic jmce, as m blood The kidney, honever, is an 
exception smce it contams some 150 to 200 mg of 
urea per 100 grams of tissue We have already 
seen that the unnary aramoma is formed from 
glutamme and ammo aads m the kidney and not 
from urea (p 458) 

The Site or Urea Prodhctiov It has long 
been known that the liver is an important site of 
urea formation Perfusion of the liver inth ammo- 
aads or their addition to shced liver tissue leads 
to the production of urea. Urea is very widely 
distnbuted throughout nature, being a constitu- 
ent of the body fluids of the Ion est forms of animal 
life. It IS also found m plants For this reason its 
formation m animals might be thought to be a 
function common to all tissues But the expen- 
ments of Mann and his associates m hepatecto- 
rmzed dogs, pomts to the hver as bemg the mam if 
not the sole site of urea production After complete 
removal of the hver the formation of urea ceased, 
so that its concentration m the blood and urme fell 
progressively If the kidneys as well as the hver 
were excised there was no accumulation of urea m 
the blood though the armno-aad concentration 
rose Also, after the mjection of glycine or alarune 
mto the hepatectomized animal, m contrast to the 
result obtamed m the normal animal, the concen- 
tration of the mjected ammo-aad rose m the blood 
and unne, and there was no evidence of urea pro- 
duction That these results m dogs apply to man is 
mdicated by the observaUon of Rabmowitch He 
has reported that m a case of extensive damage to 
kidneys and h\ er (acute yellow atrophy) the excre- 
tion of unne was almost suppressed yet the blood 
was urea free The appearance of leucme and 
tyrosme m the unne which occurs m acute yellow 
atrophy of the hver may also be ascnbed to the 
failure of deammation of these ammo-aads Never- 


theless, though the liver undoubtedly plays the 
predommant r61c m the production of urea, certam 
other tissues may under certain circumstances 
share to some degree m its formation Graham and 
associates found, for example, that the active 
mammary gland produces not mconsiderable 
amounts 

Creatine and Creatinine 

Crealtne (CiH.NiOs) (methyl guanidmc acetic 
aad or methyl-glycocymmine) has the following 
structural formula 

NHi 

/ 

HN==C 

\ 

N(CH3) CHj cooh 

From a study of the above formula it will be seen 
that from a chemical viewpoint creatine may be 
looked upon as a denvativc of glycine, of guam- 
dme or of guanidine acetic aad It is also related 
to argimne and probably to choline It is rcadUy 
converted by aad in vttro to crcatminc 
Cuattntne, CiHtNjO (methyl gly cocy amidme) 
IS the anhy'dnde of creatine Its molecular con- 
stitution is shown by the follownng formula 

NH C=0 

/ 

HN=C 

\ 

N(CH5) ch- 

Dtsiribulton oj crcottiie ojid crealinine There arc 
about 120 grams of crealtne contamed m the adult 
human body Of this 98 per cent is contained m the 
muscles and I 5 per cent in the nervous system 
The remammg 0 5 per cent is distributed through- 
out the other organs of the body, of these, the 
testes contam it in highest concentration The 
skeletal and cardiac muscles and the gravid uterus 
arc a great deal ncher m creatine than the smooth 
muscle of the gastrointestinal tract and elsewhere 
About 80 per cent of the creatme m muscle is 
combmed with phosphonc aad as phosphocreaiine 
(ch 52) Of the stnated muscles, the rapidly con- 
tracting, pale type contam more than the slowly 
contractmg red vanety (p 963) In the muscle of 
invertebrates creatme is replaced by argmme 
Creatimne is present in muscle m much smaller 
amounts One hundred grams of skeletal muscle, 
for example, contain 300 to 500 mg of creatme 
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and only 10 mg of creatimne The creatme of 
whole blood amounts to from 3 5 to 5 0 mg and 
the creatmme to about 2 5 mg per 100 cc. By far 
the greater part, if not aU, of the creatme is con- 
tamed m the corpuscles The creatmme is about 
equally distnbuted between cells and plasma 
Excretion of creatine and creatinine Creatme is 
normally absent from the urme of men, but is 
present m the urme of male and female children 
up to the age of puberty and frequently m the 
urme of women The significance of these sex 
differences is not evident In non-pregnant women 
the creatinuria is mtennittent but is not related to 
menstruation Durmg pregnancy creatme is present 
contmuously m the urme This may be related to 
high creatme content of the uterus For two or 
three weeks after child-birth the quantity excreted 
is even higher than durmg pregnancy Reduction 
m the muscular mass of the uterus (mvolution) 
may account m part for the high output durmg the 
puerpenum, but that uterme mvolution is not the 
chief cause is shown by the fact that it occurs 
although Caesanan section and removal of the 
uterus have been performed Creatme also appears 
m the unne of either sex imder the foUowmg con- 
ditions, high protein diet, starvation, carbohydrate 
deprivation, diabetes, wasting diseases and fevers, 
exophthalmic goiter and m certam muscular dystro- 
phies The creatmuria m all of these conditions 
except the last is probably due to an increase m the 
normal catabolism of muscular tissue, the hbera- 
tion of creatme occumng more rapidly than its 
conversion to creatmme Protem food, for example, 
has a stimulatmg effect upon metabolism (p 641), 
while m wastmg diseases, fevers, etc , tissue break- 
down IS accelerated Carbohydrate deprivation 
probably acts mdirectly m that its sparmg effect 
upon protem catabolism is absent In the muscular 
dystrophies, e g , myasthenia gravis, progressive mus- 
cular atrophy, amyotonia congenita, anterior 
poliomyelitis, etc., the urmary creatme is probably 
denved from the degenera tmg muscle fibers, the 
muscles also appear to be defective m their power 
to store creatme The creatmuna of normal chil- 
dren has received no satisfactory explanation, it 
IS said to be due to an mcreased production of 
creatme, mduced m some way by the growth 
impulse, and also probably to a low capaaty for 
creatme storage of the undeveloped muscles An- 
other possibility is that children have a relatively 
low power to convert creatme to creatmme 
(Hunter) 


The origin of creatine and creatinine Creatmme 
is undoubtedly denved from creatme but there has 
been much uncertamty concermng the latter’s 
ongm One or other of the substances to which its 
chemical formula suggests a relationship, e.g , 
guamdme, glycme or argmme, has been considered 
as a possible precursor The opportumty afforded 
by the creatmuna of muscular dystrophies has been 
taken advantage of by Brand and his colleagues m 
the mvestigation of this question Vanous ammo- 
aads and other guanido-compounds were fed to 
patients suffenng from such disorders, mgested 
glycme, or gelatm which is nch m this ammo- 
aad, causes a pronounced nse (40 per cent) m the 
creatme excretion of these patients but not of 
normal persons The proportion of mgested crea- 
tme which IS retamed is also much less than the 
normal [creatinine tolerance test) Argmme and 
glycocyamme (guamdo-acetic acid) were also effec- 
tive Feedmg benzoic acid, which drew upon the 
body’s glycme store for detoxication purposes (p 
589) caused a decrease m the creatme excretion 
The importance of glycme m creatme synthesis is 
emphasized by the observation of Almquist and 
Mecchi that glyane, which is an mdispensable 
ammo-aad for chicks, can be replaced m the diet 
of this speaes by creatme These results pomted 
to argmme, guamdo-acetic aad, and espeaally 
glycme as precursors of creatme 
The subject of creatme synthesis has been clan- 
fied recently through a number of expenments in 
which isotopes were used as markers to identify 
the particular substance under mvestigation after 
it had been absorbed The admmistration of iso- 
topic glycme (i e , heavy nitrogen, N“, incor- 
porated m the glycme molecule) was shown by 
Bloch and Shoenheimer to give nse to creatme 
with a high concentration of the mtrogen isotope 
Of all the other ammo-aads mvestigated by this 
method, argmme alone was found to be a primary 
precursor of creatme The isotope N*' was incor- 
porated mto the amidme part (NHi — C>=NH) 
of the argmme molecule When the isotopic ar- 
gmme was fed, the creatme isolated from the 
tissues of the animal was found to contam the 
isotope m this part of its molecule The researches 
of du Vigneaud, and of Borsook and Dubnoff, show 
clearly that the methyl group of creatme is fur- 
nished by methiomne The former worker pre- 
pared methionme m which the three hydrogen 
atoms of the S-methyl group were present as the 
isotope H* (deutenum) When this was fed and 
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the creatine of the animals’ bodies determmed, the 
isotope concentration mdicated that nearly 70 per 
cent of the methyl groups of the creaUne molecule 
had been denved from methionme Borsook and 
Dubnoff mcubated hver shces with gljcocyamme 
aad (glycocvamme) which thej found was slowl> 
converted to creatme, the conversion bemg has- 
tened by the addition of methionme Glj cocyamme 
IS apparently an mtermediaiy m the s>Tithesis of 
creatme m the bodj , when the isotopic form of this 
compound is fed isotopic creatme is formed The 
conclusions to be drawn from these expenments 
are that arginme, gl> cme and methionme enter into 
the s^mthesls of creatme but that other ammo-aads 
do not serve as precursors The first reaction, it 
appears, is between the amidme part of arginme 


and glycme with the formation of gly cocy'amme, 
argmme furnishing the amidme group of the 
latter The guanidoacetic aad then undergoes 

methylabon by the transference of 
group from methionme. Thus 

the methyl 

Gly ane Aimdine group of argmme 
NHj NHs 


1 1 

CH-COOH + — C=NH > 


Glycocvamme 

Creatme 

NHs 

NH. 

1 

C=NH 

1 

0=NH 

1 + CHj — + 

1 

NH From methionme 

NCH, 

1 

I 

CHiCOOH > 

1 

CH.COOH 


The site of creatme production is not known 
definitely but it is probably m the muscles These 
also m all probabDity are the site of creatmc- 
creatmme transformation (by dehydration) Mann 
and Magath found that removal of the liver was 
without effect upon creatinme production The 
creatme which gi\es rise to urmarj creatmme is 
denved verv largely from the phosphocreatme of 
musde. 

Creatme is not, as was held by some authontics 
m the past, simply a waste product of protein 
metabolism like urea If, for example, a large dose 
of creatme is fed the greater part or the whole is 
retamed m the body* Creatmme, on the other 


„ * ^ expenments of S R Benedict and Osterbe 
over talf a gram of creatme hvdrate was fed dailv 
several vveels In the first wet 
M 1 “''“^tered creaUne was excreted, eith 
as such or as creatimne During subsequent wee 


hand is purely a waste product Up to 80 per cent 
or mote of an amount fed can be recovered un- 
changed m the unne The investigations of recent 
years into the chemistry of muscular contraction 
have revealed the essential importance of creatme 
(as phosphocreatme) in the contractile process 
(ch 52) 

Crealtninc excretion as an index of muscle 
metabolism 

The dadv output of creatmme m the unne is 
constant for the individual, amountmg to from 
1 5 to 2 0 grams for men and from 0 8 to 1 5 grams 
for women This corresponds to about 2 per cent 
of the creatme of the bodv Unlike the excretion 
of urea, which is denved largely from exogenous 
sources, the creatinine output is practically inde- 
pendent of the protein Icvd of the food This is 
evident from table 55 The creatinine excretion is 
therefore considered to be an mdex of the magni- 
tude of the metabolism of the tissues and especially 
of muscle The daily output of creatmme is extra- 
ordmarilv constant for the individual it is not 
influenced bv ordinary cxerasc or bv the unne 
volume The creatmme cocfTicicnt — 

milligrams creatmme* excreted per day 
bodv w eight m kilograms 

IS from 20 to 26 for the majonty of normal men 
and from 14 to 22 for women Its value depends 
upon the muscular development of the individual, 
the sex vanation bemg due presumably to the 
different relative amounts of fattv and muscular 
tissues of male and female bodies Athletic women 
for this reason have a coeffiaent as high as or 
higher than a man of obese build and poor muscu- 
lar development 

The Metabousm of Sueedr 

Sulfur enters the body mainly' as a constituent 
of the ammo acids cystine and methionine Food 
also contains morganic sulfates, e g , sodium and 
potassium sulfates, small amounts of sulfur m the 
form of sulfo-hpids (sulfatides), and sulfur com- 
bmed in certain glycoproteins as mucoitm-sulfunc 

when the "creatme reservoirs” had apparentlv become 
fiUed a large part was excreted unchanged 4 nse m 
the creatinine output also occurred, indicating the 
transformation of creatine to creatimne Nevertheless, 
of some 33 grams of creatme administered over the 
ratire penod of 70 daj’s about 20 grams were retained 
Retention of mgested creatine is also demonstrable m 
man 

* Or creatine -|- creatmme, when creatmuna exists 
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aad and chondroitm-sulfiinc aad Sulfur m in- 
organic form cannot be used m the construction 
of body protem Practically speakmg, the body is 
dependent for its sulfur suppbes upon the two 
sulfur-contaimng amino-aads mentioned above 
Food sulfur may be summarized as follows 

A Organic 

(1) Protein sulfur (major source) 

(a) Sulfur-contammg ammo-acids, cys- 
tme and methionme 

(b) Glycoprotems, as mucoitm-sulfunc 
aad m muon and ovomucoid, and 
chondroitm-sulfunc acid m chon- 
dromucoid of cartilage (p 623) 

(2) Non-protein sulfur 

SuHo-hpids 

B Inorganic 

Potassium, sodium and magnesium sul- 
fates 


The DisTEiBunoN op Sulfur in the Bodv 

Sulfur IS contamed m the ordmary tissue pro- 
teins, m hair, horn, feathers, etc., m mucm, as 
mucoitm-sulfunc aad and chondroitm-sulfunc 
acid, m certam glycoprotems of tendons, vitreous 
humor, cornea and connective tissues, m gluta- 
thione and msulrn, m the taurochohc aad of bile, 
as sulfocyanate m sahva, m ergothionme, a com- 
pound found m red corpuscles, m certam pigments 
(melanms, urochrome), and m nervous tissue as 


r 


Food Sulfur 


Sulfates 
— SO« 
\ 


\ 


Ethereal 

Sulfates 

\ 


\ 


\ 


Inorganic 

Sulfates 


\ 


\ 




Liver 
Oxidized to 
sulfate, 
conjugated 
with indole, 
etc 




Orgamc S 
— SH 
(Cystme, 
methionine) 


A part 
escapes 
oxidation 


Neutral 

S 




TABLE 55 
(After Fohn) 


j 

KITSOO£K SIGH 
mzT 

NITiOOEN POOR 
DIET 

Volume of unne 

1170 cc 

385 cc 

Total mtrogen 

16 8 grams 

3 60 grams 

Urea mtrogen 

14 70 grams = 

2 20 grams = 


87 5% 

61 7% 

Ammonia mtrogen 

0 49 gram = 

0 42 gram =» 


3 0% 

11 3% 

Unc aad mtrogen 

0 18 gram •= 

0 09 gram •= 


1 1% 

2 5% 

Creatinme nitrogen 

0 58 gram = 

0 60 gram = 


3 6% 

17 2% 

Undetenmned m- 



trogen 

0 85 gram «= 

0 27 gram = 


4 9% 

7 3% 

Total sulphur 

3 64 grams 

0 76 gram 

Inorganic SOj 

3 27 grams = 

0 46 gram = 


90 0% 

60 5% 

Ethereal SOi 

0 19 gram •= 

0 10 gram = 


5 2% 

13 2% 

Neutral S 

0 18 gram = 

0 20 gram = 


4 8% 

26 3% 


sulfohpoids Inorgamc sulfates are contamed m 
the body flmds generally 

The loss of sulfur from the body occurs m the 
sheddmg of hair, nails, eta, m the bde, sahva and 
gastro-mtestinal seaetions The great bulk of the 
sulfur loss, however, occurs through the kidneys 

The history of sulfur in the body The sulfur liber- 
ated m the catabolism of dietary protem is largely 
converted to morgamc sulfates A part of the 
morgamc sulfate denved from this and other 
sources becomes conjugated m the hver with sub- 
stances produced m the mtestme by the bactenal 
decomposition of protem to form ethereal sulfates 
(p 589) The latter are exaeted m the unne The 
products of bactenal action, among which are 
phenol denved from phenylalanme and tyrosme, 
and mdole and skatole from tryptophane, possess 
toxic properties Their exaction as ethereal sulfates 
constitutes a detoxicatmg mechanism When the 
detoxicatmg function of the hver is depressed as a 
result of hepatic disease, some of these toxic sub- 
stances are exaeted by the kidney m abnormal 
amounts m the free state 

Urinary sulfur The total unnary sulfur is made 
up of the followmg 

(1) Inorgamc sulfur (85 to 90 per cent) Compounds 
of sulfunc aad with Na, K, Ca afid NHj 


Urine 
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(2) Ethereal sulfate sulfur (6 to 8 per cent), e g , 
potassium and sodium salts of mdoxyl sulfunc aad 
(p 590) The former IS known as mdican 

(3) Neutral sulfur (4 to 6 per cent) e g , sulfur-con 
tairung ammo-aads, uroohrome, thiosulfates, thio- 
cyanates, taurocholic and oiyprotac aads 

The quantities of inorganic and ethereal sulfates 
in the unne vary with the protein level of the 
diet, and run more or less parallel with the nitro- 
gen excretion, the neutral sulfur is influenced to a 
less degree For this reason the two former parb- 
bons of the urmary sulfur were considered by Folm 
to represent food (exogenous) sulfur while the 
neutral sulfur was taken to be denved mainly 
from body protem (endogenous sulfur) (see p 632) 
On a diet of meat or dunng prolonged starvation 
the rabo of sulfur to nitrogen in the urme is about 
1 to 14, 1 e , for every gram of sulfur there are 
approximately 14 grams of mtrogen This is ap 
proximately the S N ratio found m muscular 
tissue A graphic summary of sulfur metabolism is 
shown on page 637 

As a result of the excessive producbon and ab- 
sorption of putrefacUve products the excretion of 
ethereal sulfates is maeased m acute mtestinal 
obstruchon They are also maeased m carcmoraa 
of the liver Chrome consbpation, however, exerts 
httle or no mfluence upon the excrebon of these 
substances (see p 589-90) 

The excretion of neutral sulfur is mcreased m 
the rare metabolic anomaly known as cyshnuna 
and m cases of tndaiiohc sarcoma, when an abnor- 
mal suhur-containing pigment appears m the 
urme 

The non protein sulfur of blood The sulfur of 
blood, other than that present as a constituent of 
protem, amounts to from 3 to 5 mg per 100 cc 
The concentrations of the three forms are given m 
table 56 

Ammonia (See Page 458) 
nitrogen balances 

The difference between the nitrogen taken m the 
food and that excreted in the feces and urme is 
spoken of as the nitrogen balance (that lost m the 
hau, sweat, saliva, etc , is neghgible) On an ordi- 
nary diet, the amounts of nitrogen excreted daily 
m the feces and urme, respeebvely, average 1 5 
and 13 grams The nitrogen of the feces is m part 
unabsorbed mtrogen of the food and m part 
nitrogen excreted through the mtesbnal waU 
When the mtake and output are equal, the body 


IS said to be m nitrogen equthbrtum When the 
mtake exceeds the output the body is m positive 
nitrogen balance — nitrogen is bemg retamed If the 
reverse is the case, i e , the output exceeds the 
mtake, the balance is said to be negative— the body 
IS losmg nitrogen When the nitrogen of the food is 
mcreased a greater quanbty for a time thereafter 
IS retamed, but the balance soon becomes adjusted 
to the higher mtake and graduallv returns to its 
ongmal value (table 57) 

The healthy adult requires protein to replace the 
mevitable loss of bssue protem WTien given a 
suffiaent amount of protein to repair this so- 
called “wear and tear” his output and mtake of 
mtrogen will balance, i e , he will be m nitrogen 
equilibnum If his diet contams protem m excess 
of this amount the nitrogen not employed for 
repair is excreted and nitrogen equilibrium main- 
tamed In starvahon or on a low protem mtake, or 
on a diet which lacks certam essential ammo- 
aads, the mdividual contmues to exaete mtro- 
gen derived from the dissolution of his own proto- 
plasm, and so goes mto negabve balance In child- 
ren, m adults recoiermg from wastmg diseases 
or undergomg muscular trammg, and m preg- 
nant women, the body, if the protem mtake is 
hberal, does not excrete as much nitrogen as it 
received Nitrogen is retamed for the manufacture 
of new tissue The daily excretion of nitrogen of a 
man of average weight upon a nitrogen-free diet 
amounts from 0 75 to 3 grams It might be thought 
that mtrogen equilibrium could be reestablished 
by sunply feedmg this quantity of protem mtrogen 
It IS found however that a considerably larger 
quantity is necessary The reason for this is that 
the ammo aads are required by the body m dif- 
ferent proportions from those present m the food 
protem In order that the body shall obtain a 
sufBaent quantity of suitable ammo acids for the 
replacement of its own protoplasm and for the 
manufacture of various seaetions and other essen- 
tial materials, a relatively large assortment must 
be available from which it can choose Those not 
required are discarded For this reason, equihbnum 
can be established upon a smaller quantity of 
animal protem, such as beef muscle which contains 
ammo-aads more nearly m the same projxirtions 
as those m human body protem, rather than upon 
vegetable proteins The wastage of mtrogen is less 
m the former mstance If the only protem m the 
food IS one entirely lackmg m certam essential 
ammo aads (lysme, hisUdme, etc.) the loss of 
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nitrogen resulting from the breakdown of such 
ammo-acids m the body’s protoplasm cannot be 
replaced A negative balance results no matter how 
much of the mfenor protem has been fed (see 
ch 47) 

The quantity of protem required to establish 
nitrogen equilibnum depends very greatly upon 
the content of the diet m the other two food pnn- 
aples — fats and carbohydrates It is impossible, 
for example, to establish nitrogen equilibrium in 
man upon an exclusively protein diet, the excre- 
tion of nitrogen always exceeds the mtake even 
though the individual ingests protein to his full 
capaaty The reason for this is that man cannot 
consume and digest sufSaent amounts of protem 
to satisfy his energ}' requirements Under such 
circumstances he draws upon his stores of carbo- 
hydrates and fats, but after these have been ex- 
hausted the protem elements of his tissues are 
disrupted The non-nitrogenous portions of the 
ammo-acid molecules are burned to make up the 
calorie defiaency, and, as a consequence, quanti- 
ties of nitrogen denved from food and body pro- 
tem are excreted It has been calculated that the 
human subject would have to consume, dafly, 
some 8 pounds of meat — practically an impossible 
feat for a civiliaed man — m order to furnish the 
necessary energy and mamtam the body m nitro- 
gen equilibrium On the contrary, a carnivorous 
animal such as the dog which possesses a large 
capacity for the digestion of protem food' thrives 
upon a diet composed entirely of lean meat The 
Eskimos are also capable — according to Krogh — of 
consuming relatively enormous quantities of meat 
On a mixed diet, as ve shall see immediately, 
nitrogen equilibnum can be estabhshed on a very 
low protem mtake 

PROTEIN SPARERS 

Carbohydrates and fats are called protein sparers 
since their presence in the diet relieves tissue pro- 
tem of the necessity of fumishmg energy The 
protection of body protem by carbohydrate has 
been shown clearly by numerous expenments 
The following expenment performed by Lusk upon 
himself may be ated m illustration of this impor- 

' The daily energy requirement of man is, say, 3000 
Calones Eight pounds of meat (3600 grams approxi- 
mately) which iS.20 per cent protem, has a calonc value 
of (20/100) X 3600 X 4 1) = 2900 The energy ex- 
penditure of an average sized dog, on the other hand, is 
around 600 Calones It can consume m less than a 
minute 2 pounds (900 grams) of meat, yieldmg more 
than 700 Calones 


TABLE 56 


Concentrations of different forms of sulfur in whole 
blood and serum 
(After Dems) 



WHOLE 

BLOOD 

snuu 


per 100 cc 

per 100 cc 


mt 

mg 

InOiganic sulfur 

0 1-1 1 

0 5-1 1 

Ethereal sulfate sulfur 

0 1-10 

0 1-1 0 

Neutral sulfur 

2 2-4 5 1 

1 7-3 5 


The inorganic sulfur of blood is elevated m renal 
insufficiency, intestinal obstruction and lettkemta 


tant pnnciple After a penod dunng which a 
mixed diet had been fed and a small positive 
nitrogen balance established, 350 grams of carbo- 
hydrate were withdrawn from the diet The nitro- 
gen excretion mcreased from 19 84 to 27 00 grams 
daily, the balance becoming negative Also, the 
nitrogen excretion in the unne in starvation is 
nearly 3 times greater than that upon a diet, 
nitrogen-free, but of adequate energy value (i e , 
one composed exclusively of fat and carbohydrate) 
The non-protem food has reduced the break-down 
of tissue protein 

The nitrogen excretion on such a protem-sparmg 
diet is therefore an mdex of the inevitable disinte- 
gration of body protoplasm which occurs under 
ordinary physiological conditions For this reason 
it was called, by Rubner, the “wear and tear’’ 
quota of protem metabolism (see p 631) One of 
the lowest values reported for nitrogen excretion is 
that of Boothby and Sandiford, namely, 1 74 grams 
daily (0 024 gram per kilogram of body weight) 

TABLE 57 


Example of adjustment of nitrogen balance to increased 
intake 


DA’i 

NITHO- 
OEN IN 
FOOD 

NITHO- 
OEN IN 
FECES 

NITROGEN 

“AB 

SORBED ’ 

nitrogen 

IN URINE 

NITROGEN 

BALANCE 


grams 

grams 

grams 

grams 

grams 

1 

14 40 

0 70 

13 70 

13 60 

4-0 10 

2 

14 40 

0 70 

13 70 

13 80 

-0 10 

3 

14 40 

0 70 

13 70 

13 60 

4-0 10 

4 

20 96 

0 82 

20 14 

16 80 

4-3 34 

5 

20 96 

0 82 

20 14 

18 20 

4-1 94 

6 

20 96 

0 82 

20 14 

19 50 

4-0 64 

7 

20 96 

0 82 

20 14 

20 00 

4-0 14 


* Modified from H C Sherman, “Chemistry of Food 
and Nutntion ” 4th edition 
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Carbohydrate exerts a specific sparing action 
quite apart from the fact that it furnishes energy 
and so relieves protem of the necessity of perform- 
mg this duty, for the sparing effect exhibited by a 
given quantity of carbohydrate cannot he brought 
about by an amount of fat possessmg double the 
calonc value Carbohydrate when fed alone has 
a marked spanng action, whereas fat alone has 
little or no protem-sparmg effect and a positive 
nitrogen balance cannot be estabhshed m man on 
a diet composed entirely of fat and protein Nor 
will fat by itself, when given after a penod of 
fasting, reduce the mtrogen excretion below that 
dunng the fast Indeed, it actually mcreases the 
output of nitrogen A diet whose calories, up to 
50 pier cent or more, are derived from fat and the 
remamder from carbohydrate has, however, as 
great a protem-sparmg action as one whose calories 
are derived from carbohydrate alone lactic and 
pyruvic acids, products of carbohydrate metab- 
olism, are also protein-sparers to some extent 
The spanng effect of carbohydrates can be demon- 
strated m the weU-nounshed animal as well as 
dunng starvation When dogs m nitrogen equflib- 
num are given extra glucose, nitrogen is retamed 
but the balance is re-established when the ad- 
ministration of glucose IS stopped 0jarsoa and 
Chaikoff) 

TABLE 58 

The results of an experiment of Rapport's which illustrates 
the utilization of the “waste heal" of the specific dy- 
namic action of fat and glucose in exercise 
Heat production at rest and m exercise and recovery 



SEST 

IKO 

(PEK 

BOUX) 

DEVIA 

TION 

rsotf 

CA) 

EXCESS 
IN IX 
ERCISE 

1 AND 
RECOV 
EKY 
' (PM 

1 xou. 

1 OP 

work)* 

DKVIA 

TION 

7ROIC 

(A) 


CaJa- 

per 


Per 


ries 

cent 

ric. 

1 cent 

A In the post absorp 





live state 

12 7 


2 40 


B After ingestion of fat 

IS 2 

-flQ 7 

2 54 

+5 8 

C After ingestion of glu 





cose 

15 4 

-1-21 3 

38 

-0 8 

D After mgestion of 





meat 





100 grams 

16 2 

-1-27 6 

3 38 

-1-40 8 

200 grams 

17 8 

-1-40 1 

3 48 

-1-45 0 


Based on 4 hour period after beginning of exerase. 


The difference between the sparmg actions of 
fat and carbohydrate is not easfly explamed Ac- 
cordmg to one view (Landergren) the specific 
spanng effect of carbohydrate depends upon the 
fact that glucose is vitally essential to the body 
and must be constantly supphed whatever the 
cost If it IS not available from outside sources or 
from the glycogen stores, tissue protein is broken 
down to yield matenals from which it may be 
synthesized 

Another more probable explanation of the pe- 
culiar spanng action of carbohydrate is, that it 
IS used in the synthesis of the amino-acids which 
are mcorporated into body protems According to 
this view the nitrogen resultmg from the break- 
down of tissue protem dunng fastmg (or frorn 
tissue and food protem when the diet consists 
exclusively of protem and fat) is largely or en- 
tirely excreted If, on the other hand, certain 
intermediary products of carbohydrate metab- 
olism are available, e g , pyruvic acid, etc., it 
is possible for ammo acids to be resynthesized 
That is, nitrogen which would otherwise be 
wasted is retamed 

The Specific Dynamic Action of Food 

The heat production of a sub3ect under basal 
conditions, except that he has recently mgested 
food, is raised considerably above the level m a 
truly basal state This calongenic effect of food is 
called Its specific dynamic action (SDA) The heat 
production commences to nse withm an hour after 
the food has been eaten, attams a maximum m 
about the third hour and is mamtained above the 
basal level for several hours The greatest specific 
dynamic action is exerted by protem food When 
protem is fed alone to a fastmg animal, m an 
amount possessmg a heat value equivalent to the 
animal’s estimated basal metabolism, the heat 
production is raised 30 per cent or more above the 
basal level Carbohydrate causes a nse of about 6 
per cent and fat of 4 per cent That is to say, when 
a quantity of protem, carbohydrate or fat posses- 
smg an energy value of 100 Calories is fed sepa- 
rately to an ammal whose basal metabolism is 100 
Calones daily, its actual heat production will be 
130, 106 or 104 Calones, respectively The extra 
heat IS generated by the combustion of body 
substance, so if loss of weight is to be prevented 
such an a n i mal must be supplied with 130 Calones 
if his diet IS protem, or if carbohydrates and fats 
are also consumed extra allowances must be made 
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for the amounts of these substances which have 
been induaed 

To take a theoretical case m illustration, if a 
man with a basal metabohsm of 1500 Cal were kept 
on a 1500 Cal diet, his body weight would dechne 
until the total heat production (basal + SDA) 
would just equal the energy value of the food, from 
there on, the body weight, and total metabohsm 
would remam steady at the new levels But if the 
energy value of the food were again reduced to the 
point where it just balanced the basal metabolism 
(no allowance bemg made for SDA) a further 
weight loss and diminution in basal metabohsm 
would occur, and should the adjustment of food to 
basal heat production be carried out repeatedly, 
the body tissues would be gradually consumed, as 
long as the subject survived, m order to furnish 
the extra heat caused by SDA In planmng a diet, 
therefore, an extra calonc allowance must be 
made for the SDA of the food itself (ch 56) 

The extra heat resulting from protem food can- 
not be employed for the production of mechanical 
or other forms of energj'- It is waste heat and is 
simply added to heat produced by the muscular 
exertion A diet very nch m protein is therefore 
unsuited to heavy muscular work The SDA of 
protem is an important factor, however, m the 
regulation of body temperature (p 736) With fat 
and carbohydrate the case is different, for the 
extra heat is harnessed m the performance of work. 
When exercise is undertaken upon either of these 
substances the heat due to their specific dynamic 
action IS almost abolished, the extra energy bemg 
mcorporated m the energy exchanges of the 
exercise (table 58) 

When new tissue is bemg formed, i e , when the 
mtrogen balance is positive, protem does not exert 
its usual specific dynamic action Nor does it occur 
m a fever, such as typhoid, when there is great 
destruction of tissue protein The mgested food 
then merely replaces or spares the tissue protem 

The cause of the specific dynamic action 

Several explanations for the phenomenon have 
been offered It is certamly not due to digestive 
processes, i e , to the contractions of smooth mus- 
cle of the alimentary canal or to the work entailed 
m the secretion of the digestive juices This is 
proved by the foUowmg facts Bones given to a dog, 
or agar agar, sahne cathartics, water or meat ex- 
tracts (which stimulate powerfully the gastnc 
secretion) given to man, have no effect upon the 


heat production Also, as already mentioned 
protem has no SDA when new tissue is bemg laid 
down On the other hand, the mjection of certam 
a mm o-acids mto the blood stream is followed by a 
specific dynatmc effect. 

The SDA of protem has been shown to depend 
upon the foUowmg seven ammo-acids — glycine, 
alanine, leucine, glutamic and aspartic acids, 
histidine and tyrosine Tyrosme has the greatest 
effect, glutamic aad comes second The specific 
dynamic effect of glycme is greater than that of 
alanme but either of these exerts a smaller effect 
than tyrosme, the effect of leucme is shght The 
SDA of a given quantity of meat equals that 
calculated from its content m these ammo-acids 
The other ammo-acids mvestigated have no specific 
d3mamic action 

The cause of the SDA is still imperfectly understood 
though it generally accepted that the extra heat pro- 
duced by protein food is associated vuth the metabohsm 
of the amino acids They exert m some way a stimulat- 
ing effect upon the tissue cells, raismg their heat pro- 
duction to a high level, i e , the oxidation of the cells’ 
ovm fuel material is increased, the rate of other meta- 
bolic processes withm the cells is raised^The extra heat 
IS not due to the amino-acids themselves bemg utilized 
as fuel nor to a stimulating action upon the tissue cells 
of these matenals m the unchanged state It is in the 
intermediary reactions of the amino-acids that the 
specific dynamic action of protein should be sought — 
e g , in the deammation process Borsook and Wine- 
garden conclude from their studies that the SDA of 
protein results from the metabohsm (deamination and 
urea producbon) and the excretion of mtrogen, an 
increased excretion of mtrogen accompames the greater 
heat production Accorchng to Borsook an mcrease of 
from 7 to 10 Calones of extra heat are produced for 
each gram of extra nitrogen excreted The remamder 
of the extra heat produced is a more vanable and usually 
a larger fraction of the total, it is attributed to the 
metabohsm of the carbon part of the protem molecule 
There is a considerable body of evidence for the view 
that the dearmnabon of the armno-acids unth the 
formabon of urea contnbutes very considerably to the 
spenfic djmamic acbon of protein Lundsgaard found, 
for example, that though the admimstrabon of sodium 
acetate or sodium lactate vas followed by only a slight 
mcrease in heat producbon, ammomum acetate or 
ammomum lactate caused a pronounced rise, even 
ammomum chlonde caused a iiell marked mcrease m 
heat producbon 

The reacbons responsible for the SDA of protem 
are apparently situated m the hver and not m the bssue 
cells generally, since Wilhehnj, BoUman and Mann 
were unable to obtam any effect m hepatectomized 
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dogs following the injection of amino-aads. Dock 
also found that after the administration of casern to 
rats the oxygen consumption of the hmdquarters 
(muscular tissue) was 8 per cent greater than m the 
correspondmg tissues of a control group, whereas the 
oxygen consumption of the abdominal viscera was 141 
per cent greater 

The specific dynamic action of carbohydrate is 
thought to represent the energy liberated m excess 
of that required for the conversion of glucose to glyco- 
gen After a fast which depletes the glycogen stores, 
mgested glucose is oxidized m neghgible amounts, 
yet it causes a pronounced specific dynamic action 
(Dann and Cfiiambers) 

The specific dynamic action of fat is ascribed to the 
mcreased concentration of fat m the tissue flmds and, 
as a consequence, to its more rapid oxidation (“plethora 
theory” of Lusk) 


The glands of mtemal secretion appear to have no 
direct influence upon the SDA of protem, the nsual 
effect has been observed in a cretin with a basal meta- 
bohc rate 20 per cent below normal and it is not al- 
tered in hyperthyroidism Thyroidectomy m animals is 
said, however, to reduce the SDA of carbohydrate 
and fat Cushmg and Fulton found the SDA of 
protem within the normal range in a number of cases 
of pitmtary disease (hypopituitarism and acromegaly) 
Gaebler found it of normal value in hypophysectomized 
animals In undemutntion the SDA of all foods is 
increased It is, according to some observers, dimin 
isbed m simple obesity (p 710) 

The SDA of carbohydrate and protem or of carbo- 
hydrate and fat is less than the sum of the values of 
each when fed separately There is only a shght dis- 
crepancy, however, between the values for protem and 
fat, fed together or separately 
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Two factors must be considered m determining 
the nutntional value of a given protem (a) its 
digestibility, i e , the amount absorbed, and (b) 
Its suitability for the construction of tissue pro- 
tein 

(a) The Digesttbilitv of Proteins Though 
b}’’ far the greater part of the mtrogen ansmg 
from the catabohsm of ammo-aads withm the 
body IS excreted m the unne, a small fraction is 
eliimnated through the secretions of the digestive 
glands and mtestmal mucosa This, the so-called 
metahohc nitrogen, is estimated from the nitrogen 
of the feces upon a nitrogen-free diet In a man it 
amounts to from 0 5 to 1 5 gram daily, vaiymg 
in amount with the bulk (roughage) of the diet. 
In order, therefore, to determine the proportion 
of a given protem which has undergone digestion 
and absorption, the total nitrogen content of the 
mgested protem* is determmed (each 6 25 gm of 
protem equals 1 gm of mtrogen), and from this 
value the nitrogen of the feces less that for the 
metabohc mtrogen is subtracted Thus — 

food N — (feces N — metabohc N) = absorbed N 

The digestibility of the particular protem is then 
expressed as a percentage of the food nitrogen 
which has been absorbed This percentage value 
IS referred to as the coefficient of digestibility For 
example, if the food contams, let us say, 10 grams 
of nitrogen and it is found that 9 5 grams have 
been absorbed the digestibihty is 95 per cent 
Digestibihty m the sense just defined is qmte dif- 
ferent from the popular meanmg of the term which 
refers rather to the subjective sensations accom- 
panymg digestion 

Protems of animal ongin have the highest di- 
gestibihty which runs from 95 to 100 per cent. 
That IS, the wastage in digestion is 5 per cent or 

* The total N m a sample of protem food is somewhat 
more than that actually present as protem-N That is, 
a small part is present in the form of free ammo-acids, 
their denvatives and other non-protem substances 
Smce much of the nitrogen in these forms is beheved 
to be of definite nutritive value, no greater error is en- 
tailed m makmg the calculations upon the basis of the 
total food mtrogen than if a correction nere made for 
their presence 


less The digestibihty of the protems of nuts and 
fnuts is low, that of the protems of legumes and of 
potatoes IS around 80 per cent (see table 59) 
The digestibihty of wheat protems is from 90 to 
100 per cent thus approachmg that for animal 
protems 

(b) The SuiTABtLiTy of a Given Protein 
FOR THE Synthesis of Body Protein This de- 
pends upon the ammo-aad constitution of the 
protem It is obvious that the greater the propor- 
tion of amino-aads m the dietary protem which 
can serve for the construchon of tissue protem, 
the greater will be its potential nutntive value 
In other words, the more closely the ammo-acid 
assortment m the food protem resembles that m 
body protem the less of the former need be fur- 
nished A smaller proportion of the ammo-aads 
will then be discarded to have their nitrogen even- 
tually bemg excreted m the urme, i e , less of the 
food protem will be wasted 

Methods employed for estimating the nutritive values of 
proteins Osborne and Mendel, employmg rats, added 
a known amoimt of the protem to be tested to a diet 
free from all other proteins, but adequate m other re- 
spects (i e., one possessmg the necessary energy value, 
mmerals, and the vitamins then known) They ex- 
pressed the nutritive value of the protem as the weight, 
m grams, gamed by the animals pier gram of protem 
fed, m the case of young rats (value for grow th), or m 
the case of adult rats, the smallest quantity of the fed 
protem m grams, per gram of rat per week, necessary to 
mamtam a constant body weight (value for mainte- 
nance) McCollum and associates also employed rats, 
feedmg a basal diet of first class quahty m all respects 
except that it lacked protem The lack was made good 
by addmg the protem to be tested, and the percentage 
of protem required to be added to the food mixture m 
order to promote normal nutntion gave an mdex of its 
nutntive value The general state of nutntion of the 
animals, as mdicated by rate of growth, fertihty, care 
of young and longevity, was noted over a penod corre- 
spondmg to ts\o- thirds or more of their hfe-span On 
this basis, protems wore classed as “excellent” “good” 
or “jKior” An excellent or first-class protem is one 
which “wall suppxirt nearly optimum nutntion over 
penods approximating two-thirds or more of the nor- 
mal life span of the rat when fed m amount corre- 
sponding to 9 per cent m the food-mixture.” Nine per 
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TABLE 59 

Protein values cj foods for maintenance and growth 
Level of protein feeding, S to 10 per cent 
(After Mitchell and Hamilton) 


POOD 

ftATES 

CON 

PBO- 

TEIN 

CON 

TENT* 

QUALiry OF 
PROTEIN 

META 

BOLlC 

PSOTETN 

IK 

FECESt 

PRO- 
TEIN 
VALUE 
or FOOD 


TENT* 

ON 

FRESH 

BASIS 

tl 

blUty 

Bio- 

logical 

v^uc 

ON 

FRESH 

FOOD 

BASIS 

FRESH 

BASIS 

whole esei 

Per 

cent 

73 2 

per 

cent 

13 2 

P<r 

cent 

100 

per 

unt 

94 

per 

cent 

0 4 

per 

cent 

12 0 

Milk 

87 0 

3 3 

100 

85 

0 2 

2 6 

Eeg white! 

86 2 

12 3 

100 

83 

0 2 

10 0 

Beef hver 

71 2 

20 4 

90 

77 

0 4 

14 9 

Beef kidnej 

76 7 

16 6 

99 

77 

0 3 

12 3 

Beef heart 

62 6 

16 0 

100 

74 

0 5 

11 3 

Beef round 

70 0 

21 3 

96 

69 

0 4 

13 7 

Pork ham 

60 0 

25 0 

100 

74 

0 6 

17 9 

Veal§ 

73 4 

20 7 

100 

62 

0 4 

12 4 

Rolled oats 

7 7 

16 7 

90 

65 

1 3 

9 8 

\lhole wheat 

11 4 

13 8 

91 

67 

1 3 

7 1 

WTute flour 

12 8 

10 8 

100 

52 

1 3 

4 3 

Whole com 

10 3 

7 5 

95 

60 

1 3 

3 0 

Potato 

78 3 

2 2 

78 

67 

0 3 

0 8 

Navj beans! 

12 6 

22 5 

76 

38 

1 3 

4 2 


* Average analj ses taken, as far as possible, from 
Bull 28 (revised). Office of Experiment Stations, U S 
Dept 'kgr 

t The metahohc nitrogen m the feces is assumed to 
equal 0 23 gram per 100 grams of dry matter of food 
See Bull Natl Research Councd, 1926, ja, pL 1 , 
no 55, p 23 
t Cooked 

§ The cut tested aas not recorded It pro\ ed to be 
ver} fibrous Anal)-sis for shoulder cut assumed 

cent IS therefore the cntical level for a protein of the 
highest nutiitne value Infenor proteins must be fed 
at higher levels The relative values of several foods 
are shown below The proteins of beef hver and kidney 
head the hst, the others are shown m descending order 
of values 

Beef liver and kidnej 
Egg (whole) 

Beef muscle, fish 

Mnk 

Soya bean 
Oats (rolled) 

Wffieat (whole) 

The determination of the minmial quantities of dif 
ferent proteins required for the maintenance of nitrog- 
enous equihbtium m adult animals or of a posiUve 
balance (storage of nitrogen) m growing anunals is also 


used as a means of arriving at the nutntional values of 
proteins 

The nutntive value of a particular protem, based 
upon the nitrogen metabolism following the feeding of 
known amounts, is cmplojcd bj Mitchell In this 
method, the value of the protein for repair (mainte- 
nance) or buddmg of new tissue (growth) is given as a 
percentage of its absorbed nitrogen VThich is not lost 
m the urine, i e., the percentage retained in the body 
This IS called its biological value The animal is placed 
upona basal diet complete in so faras non-protein factors 
are concerned In order that none of the protein shall 
be burned for energy purposes, its level m the diet is 
kept low, 1 e , there should be no excess over that re- 
quired for growth or maintenance The following ex- 
ample from Mitchell will serve for illustration 

A rat receiving a diet containing about 4 per cent of 
protein, mgested daily 56 9 mg of nitrogen and ex- 
creted 27 6 mg of nitrogen in the feces Of the latter 
21 7 mg constituted metabolic nitrogen (p 643) The 
unabsorbed N was therefore onl) (27 6 — 21 7 =) 
5 9 mg , and the absorbed N (56 9 — 5 9 ■=) 51 0 mg 
The daily unnarj N was 48 6 mg Of this, 37 7 was 
derived from the body tissues (estimated from unnarj' 
N on a nitrogen free diet (ch 46) The total unnary 
nitrogen less this value for the endogenous nitrogen 
must represent the quantitj of absorbed nitrogen which 
was excreted, that is, (48 6 — 37 7 ■=) 10 9 mg is the 
quanlil) of absorbed nitrogen which had been wasted 
in metabolism The absorbed nitrogen, as ;ust stated, 
amounted to 51 0 So, (51 0 — 10 9 =) 40 1 mg were 
retained in the body The biological value of the dietary 
protein was therefore ((40 1/51 1) X 100 =) 79 per 
cent 

In order to know the value of a food as a source of 
suitable protein the quantity of protein which it con- 
tains as well as the latter’s biological value must be 
considered Thus a food maj contain a poor protein in 
larger amounts or a first-class protem in small amounts 
Agam, m some foods the protein is both poor in quahty 
and low in amount while m others both the quantity 
and quahtj of the protem are high So we maj take 
these two factors into consideration and speak of the 
protein value of a food The quantitj of protem m a 
sample of food is obtained by multiplvmg the value 
for Its mtrogen content by 6 25 since pure ammal food 
protem contains on an average 16 per cent of mtro- 
gen The use of this factor assumes, of course, that all 
the nitrogen m the food is protem mtrogen but, as 
mentioned m the footnote on page 643 a vanable 
amount is present as non protem nitrogen 

The values of mdividual ammo aads were tested by 
Osborne and hlendel bj' feeding purified protems 
known to be defiaent m their ammo acid constituents. 
The weights of the ammals on the defiaent protan 
were observed for periods before and after the missing 
ammo aad had been added to the diet- Rose’s method 
consists in feeding a mixture of purified ammo aads 
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such as are found m casein The efiect upon growth 
was then determined after one or other a min o aad 
had been omitted from the mixture 

The value of a protein m nutntion depends en- 
tirely upon its ammo-acid constitution Block and 
Mitchell have shown a very close correlation be- 
tween the biological value of a protem and its 
amino-acid content Thus, by the hydrol 3 rsis of a 
protem and determmmg the percentages of the 
vanous ammo groups of which it is composed, a 
very accurate appraisal of its nutntive value can 
be made Though anunal protems are usually 
supenor to those of plant ongm, no generaliza- 
tion can be made m this respect It is a matter of 
the ammo-acids of which the protem, animal or 
vegetable, is made up In table 60 the aramo- 
aad percentages m the protems of liver and of 
soy bean are compared 

THE ESSENTIAL IMPORTANCE OF CERTAIN AMINO- 
ACIDS FOR GROWTH AND MAINTENANCE 

In 1907 WiUcock and Hopkins found that when 
young mice were fed upon a diet which contamed 
zem (a protem of maize) as its sole protem, growth 
was arrested and the animals died m about 17 
days Zem is almost completely free from trypto- 
phane Yet, the addition of this aramo-aad to the 
diet was not capable of promotmggroivth, and the 
survival penod of the animals was extended to 
only 33 days The addition of tyrosme was with- 
out effect smce zem already contams this ammo- 
acid m adequate amounts It was shown by 
Osborne and Mendel that when lysme, which is 
also absent from this protem was added to the 
zem diet together with tryptophane, the animals 
grew normally and remamed m good health (fig 
47 1) Lysme added alone was of no more benefit 
than tryptophane alone Gelatin, hke zem, is an 
mcomplete protem It lacks tyrosme and trypto- 
phane and is very defiaent m cystme A diet which 
contams gelatm as its sole protem will not permit 
growth nor even mamtam nitrogen equilibrium 
m an adult animal When, however, the ladong 
amino-acids are added to the gelatm diet its de- 
fects are corrected 

Casein Casern is defiaent m glycme and has a 
low cystme content When, however, casern is fed 
m sufficient quantity — about 18 per cent of the 
diet — or if cystme be added, normal growth results 
(fig 47 2) 

Edestin (a procem m hemp seed) is relatively 
poor in lysme as is also ghadtn (of wheat) while 


TABLE 60 

(From data of Block and Mitchell) 
Approximate amino-actd content of liver and of soy bean 
compared 

(Calculated to 16 0 g of nitrogen) 


AIUNO-ACIO 

LIVER 

SOY BEAN , 


g 

s 

Argimne 

6 6 

7 1 

Histidine 

3 1 

2 3 

Lysme 

6 7 

5 8 

Tyrosme 

4 6 

4 1 

Tryptophane 

1 4 

1 2 

Phenylalanme 

6 1 

5 7 

Cystme 

1 4 

1 9 

Methiomne 

3 2 

2 0 

Threonme 

4 8 

4 0 

Leucme 

8 4 

1 6 6 

/ioleuane 

5 6 

4 7 

Vahne 

6 2 

4 2 



Fig 47 1 Shows the mdispensabihty of lysme for 
growth (After Mendel ) 


pltaseolin (of navy bean) is defiaent m cystme 
and tryptophane If these, or other mcomplete 
protems, are supplemented by addmg to the diet 
the ammo-aads m which they are defiaent, 
growth IS supported Also when the ammo-aad 
deficiency is not too great, growth can be pro- 
moted by mcreasmg the percentage of the m- 
complete protem m the diet (see table 61) 

An essential or mdispensable ammo-aad is de- 
fined as one which cannot be synthesized m the 
body m adequate amounts for normal growth and 
nutation and must therefore be supplied m the 
diet Of the twenty-five ammo-aads which have 
been identified as constitutmg protem matenal, 
ten are mdispensable for normal growth They are 
as follows 


Threonme 

Vahne 

Leucme 

Isoleuane 

Arginine 


Lysme 

Histidme 

Methionme 

Tryptophane 

Phenylalanme 


Experiments, m which it was shown that casern 
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Fig 47 2 Chart on It^l shows satisfactorj growth of rat when 18 per cent of casern was present in the diet as 
the sole protein. With a smaller amount of casern— 9 per cent— much less rapid growth ensued That the insuffi 
aenc) of the smaller amount of casein is essentiall) due to its relative deficiencj in cj-stine is shown bj the marked 
acceleratmg influence upon growth brought about b> the addition of this ammo-aad to the food containing 9 
per cent of racwn and the prompt retardaton of growth which r«ulted from the withdrawal of cj’stine from the 
diet Chart on nthi shows the favorable effect upon growth of supplementing a protein (rein), incapable of main- 
tainmg floimaU when it is the sole protem furnished m the diet, with a more "perfect” protein (lactalbumm) 
The proportion of the lactalbumm used— 4.5 per cent — was of itself insuffiaent for full growth It evidently fur - 
nish^ the ammo-aad groups which were lacking m zem (After Mendel) 


when constitutmg the sole protein of the diet 
would not support growth unless fed in relatively 
large amounts or m smaller amounts and supple- 
mented b> cystine, led to the beUef that this 
am m o-aad was mdispensable The mistake was 
evudentlv the result of confusion with the other 
sulphur-containing ammo-aad, methionine The 
faflure of growth on the low casern diet was due 
to this protem’s madequate methiomne content, 
but this could be made good bj the addition of 
cj'stme. In other words, cj stme can substitute tn 
part for methiomne, c>-stme itself is not essential, 
for it can be completely replaced m the diet by 
methionme’ which can be converted to cj'stme in 
the body Proof of the denvation of cj-stine from 
methiomne was obtamed bj Tan er and Schmidt 
who fed animals methiomne contammg the radio- 


To make this poml clear we ma> use as fllustraboi 
me case of a tj^pe setter who has lost a number of die 
lor, sa> , the letter A. He can contmue to set tj-pe s 
long as to Eupplj of A letters lasts, but when this i 
exhausted ms work must cease though there is still 
large numwr of other letters His type-settmg i 
limited b> his supplj of A letters. ^ 


active isotopie of sulphur (5°) and later isolated 
isotopic c>'stuie from their tissues Q'stine is a 
constituent of plasma protem and unless it or 
methiomne is furnished in adequate amounts m 
the diet hj^poprotememia results Cj'stme is also 
an essential component of keratm, the protem of 
hair, feathers, nails, horn, etc. As mentioned on 
page 630, hemocj-steme with cholme can, through 
transmethvlation, substitute for methiomne Ar- 
ginttie (p 632) can be sjnthesiaed m the body 
but not in adequate amounts for normal growth. 
It IS therefore an essential constituent of the diet 
of joung animals Tyrosine can be formed from 
phenjlalamne In rats depnved of valine grave 
nutntional defects develop which have been the 
subject of studies of Epstem and Rose The am- 
mals become very sensitive to touch and show 
severe muscular incoordmation, (eg, staggermg 
gait and circus movements) together with loss of 
appetite, emaaation and eventuallj death 
The ammo-aad requirements for buildmg new 
tissue (growth) are more exacting than those for 
repair (maintenance), i e , for the mamtenance of 
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TABLE 61* 

The ammo acid coaienl of a niunber of proteins, grams per cent 


AiUNO AdD 

GELATIN 

CASEIN 

LACTAL- 

BUION 

EGG 

ALBUION 

I GLIADIN 

ZEIN 1 

EDESTIN 

Glyane 

25 

5 

1 

0 

4 

0 

4 

0 

0 

0 

0 

0 

0 

3 

8 

Alamne 

8 

7 

1 

8 

2 

4 

2 

2 

2 

0 

9 

8 

3 

6 

Valme 

0 

0 

7 

9 

3 

3 

2 

5 

! 3 

3 

1 

9 



Leucme-isoleuane 

7 

1 

9 

7 

14 

0 



6 

6 

25 

0 

20 

9 

Aspartic acid 

3 

4 

4 

1 

9 

3 



0 

8 

1 

8 

10 

2 

Glutamic acid 

5 

8 

21 

8 

12 

9 



43 

7 

31 

3 

19 

2 

Hydroxyglutamic aad 

0 

0 

10 

5 

10 

0 



2 

4 

2 

5 



Senne 

0 

4 

0 

5 

1 

8 



0 

1 

1 

0 

0 

3 

Prohne 

9 

5 

8 

0 

3 

8 



13 

2 

9 

0 

4 

1 

Hydroxj'prohne 

14 

1 

0 

2 : 







0 

0 

2 

0 

Phenylalamne 

1 

4 

3 

9 

1 

2 

5 

1 

2 

3 

7 

6 

3 

1 

TjTosme 

0 

01 

6 

5 

1 

9 

4 

0 

3 

1 

5 

9 

4 

5 

Cystme 

0 

17 

0 

3 

4 

0 

0 

9 

2 

4 

0 

8 

1 

0 

Argimne 

9 

1 

5 

2 

3 

0 

6 

0 

3 

2 

1 

8 

15 

8 

Histidine 

0 

9 

2 

6 

1 

5 

2 

3 

2 

1 

1 

2 

2 

1 

Lysine 

5 

9 

7 

6 

8 

4 

3 

8 

0 

6 

0 

0 

2 

2 

Tryptophane 

0 

0 

2 

2 

2 

7 

1 

3 

0 

8 

0 

17 

1 

5 

Total 

92 

4 

94 

8 

81 

9 

63 

2 

91 

8 

103 

4 

96 

6 


* Modified from Mitchell and Hamilton, “The Biochemistry of the Ammo Acids,” Am Chem Soc Mono- 
graph Senes No 48, p 191 


nitrogen equflibnum m the adult and the preven- 
tion of a loss of tv eight Some ammo-aads which 
are essential for the growing animal can be dis- 
pensed with m the adult Argmme, for example, is 
not required m the diet of the adult dog, and m 
the adult rat mtrogen equihbnum can be mam- 
tamed upion a diet lacLmg m this ammo-aad, but, 
as just mentioned, it is not synthesized rapidly 
enough to promote maximal growth Even of the 
ammo-aads essential for mamtenance the level m 
the diet need not be as high for mamtenance as 
for growth Adult man can be maintamed m 
mtrogen equilibnum upon rune ammo-aads, his- 
tidme bemg dispensable 

The utilization of a protem defiaent m one or 
other ammo-aad is limited by that defiaency 
For example, if edestm, which is poor m lysme, is 
the sole protem of the diet, the other ammo-aads 
of which it is composed are utilized only m certam 
proportions limited by the lysme content. A large 
part of the remamder is discarded Simflarly the 
utilization of casern is limited by its cystme plus 
methionmc content Now if lysme is added to the 
diet of which edestm is the sole protem, or cystme 
or methionme is added to the casern diet the other 
ammo-aads in these proteins can be utilized and 


built mto body tissue ’ Lysme is essential for 
mamtenance as well as for growth, but for the 
former, relatively small quantities are required 
Gliadm (of wheat), which contams less than 1 
per cent lysme, is madequate for growth even 
though fed m large quantities but is smtable as 
the sole source of protem m an adult Zem, on 
the other hand, which is entirely lacking m lysme 
and contams httle tiy^ptophane is madequate for 
either growth or mamtenance Serum albumm is 
defiaent m tryptophane and isoleucme, it will 
not promote growth m young rats and will scarcely 
mamtam body weight The protems of several 
common foods are given m table 62 

Most of the work relatmg to the mdispensabdity 
of the vanous ammo-aads has been earned out 
upon rats More recently, Holt and his colleagues 
have mvestigated this question m adult human 
subjects Their results, m general, accord with 
those of animal experiments Methionme, as the 
sole source of sulphur-contammg ammo-aads, was 
found to be capable of mamtammg mtrogen equi- 

* It follows that a protem of high biological value, 

I e , one which possesses an assortment of ammo-aads 
closel> resembling that m body protem, ne , one which 
when fed alone shows little wastage of mtrogen, will 
have httle supplementing effect. 











648 


METABOLISM AND NUTRITION 


Section VI 


TABLE 62* 


Character of proteins %n some common foods 


TOOD 

CTTTCT ENDS 07 



COIIPLETE OR INCOirPLITE 

UATEU/O^ 

PRESENT 


Almonds 

Eicelsm 

Complete 

Cheese ' 

Casern 

Complete (low m cystine) 

Lactalbumm 

Complete 


Glutebn 

Complete 

Corn 

Zein 

Incomplete (lacks lysine 

1 

and tryptophane, low 
m cystine) 


Eggs 1 

Ovalbumm 

Complete 

Ovovitelbn 

Complete 

Gelatin 

Gelatin 

Incomplete (lacks trypto 



pbane and tyrosine, 
only a trace of cystme, 
high in lysme) 

Lean meatj 

Albumin 

Myosin 

Complete 

Complete 

Milk 1 

Casern 

Complete (low in cystme) 

Lactalbumin 

Complete 

Navy beans 

Phaseobn 

Incomplete (low m 



cystine) 

Teas 

Legumm 

Incomplete (low m 



cystine) 

Soy beans < 

Glyanin 

Complete 

LegumeUn 

Incomplete 

IVheat 1 

Gbadin 

Incomplete (lacks lysine) 

Glutenin 

Complete 


* From M S Rose, Fonndahons of Nutrition 


libnum The nitrogen balance could not be main- 
tained upon a diet completely lacking m lysine, 
whereas histidine proved to be dispensable Others 
have found, however, that while mtrogen equihb- 
num can be mamtamed m men on a diet lackmg m 
histidine, loss of weight occurred The relation of 
argimne to human nutntion is somewhat ambigu- 
ous Holt and his colleagues found that nitrogen 
equilibrium could be mamtamed for ten days upon 
an argmine-defiaent diet The semmal flmd of the 
subjects showed a reduction m the number of 
spermatozoa When argmme w as added to the diet 
the number of sperm cells was soon restored to 
normal, but on an ordmary diet several weeks are 
required for this to occur These authors suggested 
that the degeneration of spermatozoa, which are 
very nch m argmme, furnished suffiaent amounts 
of this ammo aad to maintam mtrogen equflib- 
num for a short time, and conclude that m man 
It IS an mdispensable constituent of the diet 
Tryptophane was found to be mdispensable, the 


subjects developmg negative mtrogen balances 
withm a few days after havmg been placed upon a 
diet lacking m this ammo aad, nor could nitro- 
gen equHibnum be mamtamed when valine, threo- 
nine, leucine, isoleucine or phenylalanine was lack- 
mg from the diet Lysine and methionine were also 
found to be mdispensable, but as mentioned above, 
adults can be mamtamed m mtrogen equilibnum 
in the absence of histidme 
It seems that, generally speakmg, the several 
ammo-aads which have been found mdispensable 
for rats are also essential dietary constituents for 
other mammals, mdudmg man There are, how- 
ever, certam mmor speaes differences, the grow- 
mg mouse, for example, can dispense with argm- 
me m the diet, since, apparently, it can synthesize 
this ammo aad m greater amounts than can the 
rat Glyane which is required espeaally for the 
manufacture of collagenous tissue and of proto- 
poiphynn (ch 6) can be synthesized by the 
body and, therefore, is not an essential constitu- 
ent of the diet m mammals It is mdispensable, 
however, for the growth of chicks, though it can 
be replaced m this speaes by creatme The chick, 
also unlike the rat, has no abflity to synthesize 
argimne The essential or non-essential nature of 
a particular amino-aad, as well as the species 
differences, may possibly depend upon bacterial 
synthesis m the mtestme, the bacterial synthesis of 
ammo acids and even of protem is known to occur 
m the mtestinal tract of nimmants It has been 
found by Martm, for example, that rats fed a 
diet contaming all the essential ammo-aads and 
the known vitamins fail to grow if succmylsulfa- 
zole, a bactenostatic drug, is added to the food 
The most suitable proteins for growth are those 
of animal ongm and espeaally those which nature 
has provided for the nounshment of the growing 
animal, namely, 

lactalbumin (of milk) ovovitellin (of hen’s egg) 
ovalbumin (of hen’s egg) 

These support growth when given at a level of 
about 9 or 10 per cent m the diet Next m order 
of their biological value come, 

proteins of meat gluteliii (maize) 

glutenin (wheat) glyanin (soy bean) 

casein (mdk) 

These support growth if given in suffiaently high 
concentration m the diet Casern, for instance, 
IS reqmred to be given at a level of 18 per cent for 
growth and 10 to 12 per cent for maintenance A 
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Fig 47 3 Companson of grow th on diets contauung approxiniately the same percentage (4 5 per cent) of dif- 
ferent protems, namely, lactalbumin, edestm, casern, globulin (squash-seed) and glyanin (soy bean) (After 
Lusk ) 


companson of the value for growth of several 
protems, when given m the same percentage m 
the diet, is shoivn in figure 47 3 
The foUowmg vegetable proteins are mcapable 
of supporting growth but are suitable for mam- 
tenance 

ghadtn (wheat or rye) 
legumin (pea) 
legwndtn (soy bean) 
phaseohn (kidney bean) 
hordem (barley) 

The followmg are mcomplete proteins and are un- 
suitable for either growth or mamtenance 
zeiii 
geJaim 

The biological values of the protem mixtures m 
the vanous foods are shown m table 59, p 644, 
from which it is seen that the values are m de- 


scendmg order as follows eggs, milk, meats, whole 
wheat and potato, rolled oats, com, white flour 
and beans The nutritional value of ordmary meat 
vanes largely with the cut — a tough fibrous meat, 
1 e , one with a high proportion of collagen and 
elastm has a low coefficient of digestibility and a 
low biological value The biological value of some 
samples of very fibrous beef, for mstance, may be 
little higher than that of white flour 

THE SUPPLEMENTARY RELATIONS AMONG PROTEINS 

It does not necessarily follow that because a 
certam protem is madequate for growth or even 
for mamtenance that it is worthless in nutntion 
It IS evident from what has been said m the pre- 
ceding paragraphs that an incomplete protein can 
be utilized if its shortcommgs m one or more of 
the essential ammo-acids are made good by the 
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addition to the diet of some other protein, nch 
m the elements which the first one lacked Zein, 
for mstance, fed m any quantity, is inadequate for 
either growth or maintenance Lactalbumm at a 
level of less than 8 or 9 per cent is mcapable of 
promotmg normal growth Yet normal growth 
and nutntion are supported by a diet contaimng 
13 5 per cent zem and 4 5 per cent lactalbumm 
(fig 47^) The proportions of tryptophane and 
cystine and probably also of Ijsme are higher m 
lactalbumm than m body protem Therefore, the 
excess of these ammo-aads m lactalbumm, instead 
of bemg wasted, combmes mth the ammo-aads 
of zem (which otherwise would be discarded) to 
form tissue protem * 

In a similar manner the ammo-aads of gelatm are 
utilized if supplemented by a protem nch m trj-pto- 
phane and cysUne. Even two mcomplete proteins, if 
one contains an abundance of the armno-aads which 
the other lacks supplement one another So, the bio- 
logical value of two proteins given together maj be 
much greater than the sum of their values when fed 


alone. Protans which lack the same amino-aad (e g , 
casein and phascolm which are dcfiaent in cj-stine) 
cannot of course supplement one another The supple 
mentary relations of proteins is cndent m the chief 
natural foods these all contain two or more protans 
(see table 62) For example, in milk, the defiacncy of 
casein m tystine and methiomne is made good b> the 
relatively high percentage of these ammo aads in the 
other milk protans Also, though ghadin of wheat 
will not support growth, wheat itself will The Ij-sin 
poor ghadm is supplemented bj the other wheat pro- 
tem, glutemn, which is nch m lysine Maize contains, 
besides zem, the supplementar> protan glutehn 
These facts, obvoouslj , are of fundamental importance 
m dietetics, especially in the economy of agnail tural 
feedmg Cheaper foods can be fed and good nutntion 
promoted if due consideration be given to the supple 
mentary relations of their contained protans Gelatin 
nch m Ij-sme improves the nutntional value of wheat 
and oats, both relativelj poor m this amino-aad 
There is also a pronounced supplcmentarj relation 
between the protans of milk and those of oats and 
wheat 
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One dass of conjugated protems — the mtcUo- 
protems (p 623) — are compounds of sunple basic 
protems, protamines and histones, with nucleic 
acid The protem is m salt-liLe combmation with 
the acid but appears to be present m excess, when 
a nucleoprotem is hydrolyzed the protem is spht 
off leavmg nucleic aad 

Cell nudei contam nudeoprotem m relatively 
high concentration, and it was from pus cells 
obtamed from used bandages of surgical wards, 
and from the heads of salmon sperm, that this 
conjugated protem was originally isolated by 
Miescher 

There are two mam varieties of nudeic acid 
One IS known as thymus-nudeic acid, the other as 
yeast-nucleic acid The chemical name of the former 
IS d-2-desoxyribonucletc acid,^ and of the latter, 
rtbonucletc acid They are also referred to as animal 
nudeic acid and plant nucleic acid, respectively But 
thymus-nudeic aad is not, as was ongmally 
thought, confined to animal life, for it has been 
isolated from the nudei of plant cells — rye em- 
bryos and yeast, plant nudeic aad was found 
m the cytoplasm Nudeic aad is constituted of 
mononucleotides Each of the latter is m turn 
composed of (1) phosphoric acid, (2) a pentose 
and (3) a nitrogenous group — a purme, or a pynm- 

‘ Also called desoxynbose nucleic aad and deoxyribo- 
nucleic acid 


idme base A mononudeotide may, therefore, be 
represented thus 

phosphoric acid — pentose — purine, or pyrimidine 
hose 

Of the' mononudeotides m the nudeic aad mole- 
cule some contam a purme base, and others a 
pynmidme base 

The purmes are adenine (CjHsNs) and guanine 

In thymus-nudeic aad the pynmidmes are 
thymine (CtH8Nj02) and cytosine (CUtNjO) 

The sugar is d-2-desoxyribose (CtHioOj), a 2-de- 
soxypentose 

Plant nucleic aad differs from the latter vanety 
m that Its sugar is d-nbose (CjHioOs), and thjnnme 
is replaced by another pyrmnidme — uracil 
(C4H.N202) 

The nudeic acid molecule has been generally 
looked upon as a tetranudeotide, that is, as havmg 
four nudeotides Imked together But it now ap- 
pears that the molecule is much larger (500,000 
to 1,000,000 mol wt ) consistmg of a much greater 
number of nudeotides which are jomed through 
the phosphoric aad of one nudeotide with the 
hydroxyl of the pentose of another to form a cham- 
like structure It may, therefore, be termed a 
polynudeotide The formula of a tetranudeotide, 
as given by Levene, is shown below 


HO 

d-2-desoxynbose | Adenme 

0=P — 0 — CsHtO CbH^Nb = adenme nudeotide (or adenylic aad) 

HO 0 

I Thjmime 

0=P — 0 — CbHtO — CBH 6 N 2 O 2 = thymme nucleotide 


I 

HO 


0 

1 Cytosme 

0=P — 0 — CbHtO — C^H iNjO = cystosme nucleotide 


HO O 

I Guanme 

0=P — C 6 H 8 O 2 — CbH 4 NbO = guanme nudeotide 
I (or guanylic acid) 

HO 

d-2-desoxjmbononucIeic acid (thymus nucleic acid) tetranudeotide 
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Upon hydrolysis nudeic acid is split into its con- 
stituent nudeotides The punne nudeotides are 
termed adenylic acid and gtiauyltc acid, respec- 
tively The further action of hydrolytic agents 
splits ofi phosphoric acid from the nudeotides 
The residue (sugar punne or pynmidme) is then 
called a uudcoside The adenme-containing nudeo- 
side IS knorni as adenosine, the one containing 
guanine is called guanosine 

The Nucieic Acm Distreshtion in the Cells 

The chief nucleic aad of animal cells is desoxy- 
nbonudeic aad (abbrev DNA) , smaller amounts 
of ribonudeic aad (RNA) are also present, largely 
in the nudeolus DNA is found mamly m the 
chromosomes together noth small amounts of 
RNA The protem with which the nudeic aad is 
combined is usually a histone, hut is a protamme 
m sperm cells The Q’toplasm of the cells also 
contams both nudeic aads but RNA predomi- 
nates It appears from the nbonudease test’ that 
the RNA IS contamed mamly m mdusion bodies 
(e g , mitochondria) mthm the cytoplasm 
There is httle doubt that nudeic aads are 
dosely assoaated with the physiology of cells, and 
espeaally of the chromatm material of the nudeus 
during reproduction Durmg the different phases 
of mitosis changes m concentration and distribu- 
tion of the nudeic aads of the cells occur In the 
metaphase the DNA of the chromatm mcreases 
while the RNA of the cytoplasm dimmishes In 
meiosis (sperm cells) the concentration of DNA is 
doubled dunng the first division, but not m the 
second, an mcrease agam occurs m the later 
spermatid The nudac acids are beheved to play 
an essential role m the multipbcation of the genes 
A number of pathogemc viruses have been shown 
to be complex nudeoprotems Staphylococcus 
bactenophage also is most probably a nudeo- 
protem 


The End Proddcis or Purine and 
PyRnnniNE Metabolism; 


Nudeoprotem is spht by the digestive enzymes 
into protein and nudeic aad Speafic tissue en- 


*This test depends upon the fact that basophilr 
granules in the cy toplasm ate stained ted by pyronine 
a basic die, but fail to do so after incubation with ai 
aqueous soluUon of nbonudease A specific test (Feu] 
gen s) for DAA in cell nuclei consists in treating Ih 
tone tilth HCl and then immersmg it m fudisui 
reagent), in the pres 
purple color appears B> means of thes 
two tests DNd and RNA can be distinguished 


zymes known as desovynbonudease and nbonudease 
break the respective nudeic aad molecules mto 
smaller groups of nudeotides — ohgonudeotides and 
idranudeoitdes These enzymes are present m 
pancreas and other animal tissues, m yeast, and 
m certain bactena (see streptodomase, ch 12) 
The further changes which the molecule undergoes 
in the tissues are not clear, but nudeotidases and 
nudeosidases which break off phosphonc aad and 
sugar groups respectively have been desenbed 
Uric Acid (first isolated by Steele m 1776 from 
urmaiy calculi) This urmary constituent is the 
end product of purme metabolism m man (see 
scheme below), higher apes, buds and reptiles * 
Adenine is deammated by a spieafic tissue enzyme, 
adenase to form hypoxanlhine Hypioxanthine is 
then oxidized by the enzyme, hypoxauthine oxidase, 
to xanthine which m turn is oxidized, by means of 
xanthine oxidase, to unc aad The other purme, 
guanine, is converted by the deammative action of 
guanase to xanthine and by further oxidation to 
line and ‘ In mammals other than the primates, 
and m insects excepting the Diptera, from 80 to 
98 per cent of the unc aad is oxidized further by 
an enzyme uncase, to allantotn and carbon dioxide.' 
These animals w ould appear to possess an advan- 
tage oxer man, smee allantom is some 250 tunes 
more soluble than is unc aad The conversion of 
unc aad to allantom occurs in the liver (dog) 
Mann and his colleagues, for example, have shown 
that after hepatectomy unc aad accumulates in 
the blood, and when unc aad is lujected, from 70 
to 100 per cent can be recovered from the urme 
unchanged This is m marked contrast to the be- 
havior of the normal dog nhich excretes 98 to 100 
per cent as allantom Extracts of dogs’ hver are 
nch m uncase 

* In birds and reptiles unc aad is the end product 
of protein metabolism as well as of punne metabolism 
Arginase is absent from the liver of these forms 
According to Benedict from 60 to 70 per cent of the 
unnarj' nitrogen of these speaes is m the form of unc 
aad Thus, the end product of nitr og en metabolism dif- 
fers according to the ammal class Those ammals, birds 
and repDles m which the mam end product is unc acid, 
are called nricofdic (Gk. telos, end) , whereas, mammals 
which excrete nitrogen mamly as urea, are termed nreo- 
(dic 

‘ The production of unc aad may follow another 
course, namely, conversion of the nudeoside adenosine 
or guanosine, by deamination, to hypoianthosine or 
lanthosme, nhicb is then spht mto its pentose and 
punne groups, hypoxantbine or xanthme, respectively 
(see plan on p 653) 

' The spotted coach-dog (Dalmatian) oJdU enough 
IS an exception hke man and unlike other canine breeds 
it exaetes unc aad 
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Allantoin 


(man, ape, Dalmatian dog, birds, 
reptiles and dipterous insects) 


(mammals other Uian man, apes, 
and Dalmatian dog, non dipterous 
insects, certain maggots) 


Allantoic acid (some tclcost fish) 


Urea (most fishes, amphibia) 


ammonia and carbon dioxide (crustacca) 


In some classes of urcotclic animals (most fishes 
and amphibia) further degradation of unc acid 

’ Guanine is the end product of purine metabolism 
in the spider 


occurs, allantoin being converted to allantoic acid 
(catalysed by alantoicase), and then to urea In 
Crustacea, the latter is finally broken down to 
ammonia and carbon dioxide 
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The stages through which unc aad or allantoia 
IS derived from nucleic aad are shown m the 
scheme on page 653 

The chemical changes mvolved m the conversion 
of guanme and adenme to nnc aad or allantom ate 
mdicated in the formulae (page 655) 

Little IS known concerning the fate of the pyrim- 
idines in man In animals they are for the most 
part completely oxidized, the nitrogen being ex- 
creted mamly as urea The urme contains pyrmu- 
dines m msigmficant quantities 

The Synthesis of Pueines in the Bony 

There is no doubt that punne synthesis occurs in the 
young mammal, for, when upon a diet comprised exclu- 
sively of milk, which is almost purme-free, it excretes 
unc aad or allantom, and at the same time manufac- 
tures nucleic aad for the construction of cell nuclei 
That synthesis also occurs m the adult was shown by 
Benedict, who kept a Dalmatian dog upon a purme- 
free diet for nearly a year, during which time the animal 
excreted 100 grams of unc aad This had not appar- 
ently been denved from body tissue smce the ammal 
maintained a constant weight. In more recent studies 
with isotopically labelled mtrogen (N“)i punne syn 
thesis has been proved conclusively, after the admim- 
stratiou of ammo aads or ammonium salts containing 
N”* the isotope has been found m the nuclac aads of 
the ammal’s tissues Glycme has been demonstrated m 
the same way, to partiapate in the formation of the 
punne nng 

Histidine and argimne are thought to be important 
precursors of punnes Rats fed upon diets depnved of 
both these ammo aads cease to excrete allantom. 

The Production, Destruction and Exchietion 
OF Uric Acid 

In man, unc aad is formed m part from punnes 
taken m the food (fxogenotts unc acid) and m part 
from body punnes {endogenous unc acid) The 
latter are denved from the break-down of nudear 
material as well as from free mononudeotides, 
e g , adenyhc, inosmic and guanyhc aads, found 
m musde and glandular structures Musde and 
more especially glandular tissues, e.g , thymus, 
liver, bdney, pancreas, testes, etc., and legumi- 
nous vegetables are food nch m punnes 

Unc aad is formed from ammonia m the liver 
of the bird but little is known of the mtermediate 
stages of the synthesis As already mentioned 
(footnote, p 653) unc and is the end product of 
both ptotem and purme metabolism m buds and 
most reptiles, when ammomum salts containing 
are fed to buds, unc aad labelied with the 


isotope IS excreted Accordmg to Krebs and his 
associates hypoxanthme is first produced Just 
as m the dog no urea is fonoed after bepatectomy, 
so m buds, no unc aad is produced after removal 
of the liver, ammonia accumulates m the blood 
The site of unc aad production m man is unknown, 
but the liver, according to Jones, is the only tissue 
which contains xanthine oxidase, which suggests 
that unc aad production is, m part at least, a 
function of the human fiver The results of the 
mvestigations of Folm and associates indicate 
that from 30 to 70 per cent of the unc aad pro- 
duced by the human subject is destroyed, the 
remaindei appearmg m the unne The fiver is 
probably the site of uric aad destruction m man 
We have already seen that unc acid accumulates 
m the blood of the hepatectomized dog, which 
indicates that unc aad production occurs m extra- 
hepatic tissues and that the unc aad allantom 
conversion is a function of the liver Little infor- 
maPon is available concemmg the process whereby 
unc aad is destroyed m the human body, its end 
products are unknown, allantom is not one of 
them however, smce human urme contams insig- 
nificant amounts of this substance, and what little 
IS present is simply that taken preformed m the 
food Unc aad is exacted m the unne as the urates 
of sodium, potassium and ammonium, and m the 
free state Alta urme has been voided a aystal- 
hne deposit of urates and free unc aad appears 
The average daily output of unc aad, on an or- 
dmary diet, is from 0 5 to 1 gram Of this the 
endogenous imc aad amounts to from 0 3 to 0 4 
gram Muscular tissue most probably furnishes the 
precursors of endogenous unc aad, exercise causing 
a rise m the unc aad of the blood, and maeased 
exaebon m the unne. 

Protem (purme-free, eg, milk, eggs) and car- 
bohydrate foods accelerate the exaebon of unc 
aad, and lower its level in the blood ’ Food fat 
has the reverse effect — reduced exaebon and a 
raised level m the blood 

Small quantibes (15-45 mg daily) of punnes are ex- 
creted m the unne. These mdude adenine (but not 
guanine), hypoxanthme and xanthme, as well as the 
methyl punnes contained in beverages The latter are 
caffeine (1- 3 7 tn-methyl xanthme) of coffee, theo- 

’ The possibility has been suggested m the past that 
a muporhon of the unc aad formed m the human body 
IS dOTved, as the great part of it is m birds, from tie 
^tabohsm of protein. There is no reason to beheve, 
however, that a conversion of this nature occurs to any 
significant extent. 
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phyJltne ( 1 - 3 -dl-inetliyl-xaiitlune) of tea and llieobro- 
mtne (3 7 di methyl lanthme) of cocoa The methyl 
punnes undergo partial demethylation m the body and 
art excreted as mono- and di methyl punnes It appears 
that theobromine is exacted entirely vn this form and is 
not converted to unc aad Cafieme and theophylline 
on the other hand are converted m considerable 
amounts to unc aad and excreted as sucL Tbs is an 
important pomt to bear m mmd when considermg die 
tary restnctions for gouty subjects. 

Gout 

The unc aad content of normal blood (both 
free and bound with protem) averages about 3 mg 
(2 5 to 5 0 mg ) per 100 cc. In gout the concentra- 
tion of unc aad m blood is raised and may be as 
high as 10 mg per cent while its exaction m the 
urme is reduced The exaction of unc aad after a 
meal nch m nucleoprotem, as well as the endoge- 
nous unc aad exaction, that is, the exaction on a 
protem-free diet, are much less m the gouty than 
m the normal subject The diminished exaction 
of unc aad is, as a rule, particularly well marked 
just pnor to an acute attack of gout. There may 
be no rise, however, m the blood unc aad at this 
time A characteristic feature of gout is the forma- 
tion of deposits of the sodium salt of unc aad 
(sodium urate) in the form of crystals m the car- 
tflagmous tissues The deposits are found most 
commonly about the jomts of the great toe and 
fingers They also occur m the helix of the ear or 
the tarsal plates of the eyehds, m which situations 
they are known as topht Durmg the gouty attack 
the jomt becomes acutely inflamed and tender 
The adrenocorticotrophic hormone, or cortisone, 
maeases unc aad excretion and has been employed 
in the treatment of the disease 

There is no reason to believe that the kyperunctmta 
of gout IS the result of an mcreased production of unc 
aad m the body, nor is it due, apparently, to its di- 
mimsbed destruction It is quite evidently due to re- 
duced exaetion Nevertheless, the unc aad retention 
IS not due to renal failure m the wdinary sense of the 
term, and though gout and kidney disease are not m 
frequently assoaated, the bgh concentraUon of unc 
aad in the blood of gouty subjects is the forerunner 
of the kidney damage, rather than that the latter is 
the primary cause of unc aad retenUon Furthermore, 
a level of unc aad may be present as in nephntis 
and other condiuons without any sign of gout. These 
facts make it difficult to find a satisfactory explana- 
Uon for the bgh unc aad level m the blood m gout. 
Mmkonsb suggested that normally unc aad existed 
in blood m combination with a nucleoside wbch was 


decomposed by the kidney cells, the unc aad bong 
excreted In gout, it was supposed, tbs specific renal 
function was impaired Benedict and bs colleagues 
have obtained evidence m favor of such a view 
They '-Imm to have demonstrated the presence of 
two forms of unc acid m the blood of the ox and 
other animals, and b man Freshly drawn ox blood con- 
tains 0 5 mg per cent of unc aad Ten times this 
amount was obtamed when the blood had been allowed 
to stand, or had been boiled with hydrochlonc aad 
Tbs suggested that the unc aad was present largely m 
some stable, combined form wbch was decomposed by 
the action of an enxyme or by treatment with aad The 
combined form is present exclusively m the ery’thro- 
cytes It IS made up of a molecule each of unc aad and 
pentose — d nbose. 

The deposition of urates m the tissues is not simply 
the result of the saturation of the blood with unc aad 
The concentration of unc aad m the general arculation 
neva reaches the limit of its solubihty in blood In 
other conditions, e g , nephntis and leukemia, assoa- 
ated with a bgh blood unc aad, dejjosits do not occur 
some local factor apparently being necessary The proc 
ess is possibly m the nature of vicanous exaetion of 
unc aad into certain tissues (Benedict) whaein the 
unc aad, upon reaebng the saturation pomt, is de- 
posited as crystals of sodium urate 

It IS the usual practice to treat gout by ngid 
dietary prohibitions, e g , reduction m the intake 
of punne-contammg foods and fat, replacing them 
by carbohydrate and such punne-free protems as 
m milk and eggs w hich are believed to maease unc 
aad exaetion (p 654) Sabcylates, colchicum, as- 
pirm and cinchophen (atophan) which are used m 
the treatment of gout have been shown to maease 
unc aad exaction, and to lower the level of blood 
unc aad Alcohol appears to exert bttle eSect upion 
the latter though it is usually banned from the diet 
Coffee and tea, smee their methyl punnes are partly 
exacted as unc aad, are restneted 

Bauer and Klemperer have thrown doubt upon 
the benefit to be denved from an extremely austere 
diet in gout. They found that the curtailment of 
the purme mtake below that m an ordmary diet 
exerted no influence upon the course of the dis- 
ease Gouty attacks were not mduced by a high 
fat diet, nor were they prevented by a diet free 
from fats The only arbdes of diet which they 
consider desirable to restncA are those very nch 
in punnes, e g , sweetbreads, bver, kidney, ancJjo- 
vies, sardmes, etc. 

Other condthmis assoctaled with a high level of 
blood line and are 

(a) Leukemia and polycythemia The elevation 
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of the blood unc acid in these conditions is not 
ascoaated with s\'mptoms of gout Tiie high level 
of hlocnl unc acid is c\udcntl} due to increased 
production and not to failure in excretion In leu- 
Icmn, for example, the amount passed daih in 
the unne max be as much as 12 grams The in- 
creased uric acid production in this condition is 
probablx due to the disintegration of hod> tissue 


generally rather than, as has been supposed, to 
the destruction of white cells (b) Pucumoma (c) 
Nephritis In renal failure the uric acid is one of 
the first of the nitrogenous substances of the blood 
to show a nse (d) Lead poisoiiinp (e) Toxemias of 
pregnancx’ (f) In certain other conditions asso- 
ciated xxith a high non-protein nitrogen of the 
blood 
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CARBOHYDRATE METABOLISM 


Without doubt the carbohydrate substance most 
important m metabolism is glucose All organisms 
appear to be able to utilize glucose Glucose, some- 
times called dextrose because its solution rotates 
the plane of polarized light m a dextro-rotatory 
direction and often written d-glucose, dissolves m 
water to give an equilibrium mixture of a and 
^-glucose, approximately two thirds of the glucose 
bemg of the a form The formulae of these two 
isomers are wntten 


H — C — OH 

I 

H— C— OH 

I o 

HO — C — H “ Glucose 

1 

H— C— OH 

I Wd = -1-110“ 
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CHjOH 


HO— C— H 
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H— C— OH 
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HO — C— H 
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H— C— OH 
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H— C 


P Glucose 


Wd = -1-17 5” 


CHjOH 


(Eqmhbnum mixture) 
“ -t-52 5° 


It will be noted that a cyclic structure has been 
accorded the glucose molecule ^ In this case the 


rmg is composed of five carbon atoms and one 
oxygen atom, sometimes referred to as an amylene 
oxidic rmg a and /9 isomers of glucose may also 
possess a rmg composed of four carbon atoms and 
one oxygen atom This is the so-called -y-glucose 
Such a nng is a butylene oxidic rmg These forms 


ties^f Y ** characteristic reducmg pi 

^ of glucose It IS presumed that m solution 
“i°unt of the open cham aide 
form m eqmhbnum with the cychc forms 


of glucose are very reactive, that is, unstable 
They have not been isolated It may be piomted 
out, as an example of their reactivity, that they 
reduce Fehling’s solution m the cold Because of 
this marked reactivity it has been postulated that 
such compounds must be the first mtermedianes 
m glucose metabolism But there is no conclusive 
evidence for such a change, and all theones of 
glucose metabolism mvolvmg the formation of a 
“reacbve” form of glucose have very httle factual 
basis Glycogen, or ammal starch, is a polvsac- 
chande composed of glucose units and so is wntten 
(CtHmOi)* [according to Haworth, x = 12 In 
hver glycogen formed from galactose x may equal 
18 (Bell)] Glycogen is widely distributed m the 
ammal body, but the bulk occurs m the muscles 
and the liver Glycogen may be isolated from tissue 
by hot water extraction, or more readily and com- 
pletely by hot alkah It is worthy of note that 
whereas polysacchandes are very stable m alkalme 
solution, monosacchandes (glucose, fructose, galac- 
tose, etc.) are unstable The reverse behavior is 
exhibited m aad solution The glycogens, as Con 
has shown, are a senes of branched polysacchandes 
diffenng mainly m the degree of branchmg and the 
length of the so-called inner and outer chains 
Step-wise degradation by the action of phos- 
phorylase and amylo-1 ,6 glucosidase and synthe- 
sis by phosphorylase and the branching enzyme of 
hver and muscle has revealed the structure 
Glucose occurs m the body m combination with 
other substances, such as salts of glucose phos- 
phonc acids, and m the lactatmg animal m com- 
bmation wnth galactose as lactose, which is a- and 
p glucose p galactoside 

Galactose (open cham form) 

CHO 

I 

H— C— OH 
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HO — C — H 
HO — C— H 
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The slight difference in chemical configuration 
between glucose and galactose should be noted 
Carbohjdratcs occur as substituent groupings in 
certain proteins Such proteins maj be extracted 
from tissues paying due regard to their solubility 
properties From such extracted proteins there 
has been isolated glucose (from gl> coprotcins) 
glucosamine, mannose (from certain blood pro- 
teins) and\anouspcntoses, that is 5 carbon sugars 
possessing the general formula (CiHioO*) in nucleic 
acid which is combined vith certain proteins to 
give the so-called nudeoproteins (ch 49) It may 
be pointed out that pentoses also occur in com- 
bined form as nucleotides, and that verj rarely 
cases of human pentosuria arc encountered 

Carboh> drates also occur linked with fattv sub- 
stances Thus the cercbrosides contain within their 
molecule galactose units The galactose is present 
in the normal or amylene oxidic nng form Ccrc- 
brosides may be extracted wnth the usual fat sol- 
vents The galactose may be split off from such 
extracted substances by aad hydrolysis Glucose 
may also be present in cercbrosides (p 689) 

Methods of Estimation 

Glucose The simple sugars have three properties 
which permit their identification and estimation (1) 
their ability to reduce the salts of heav y metals in alka- 
line solution, (2) their optical activity, (3) fermentation 
b> jeast and by vanous microorganisms The methods 
depending on the reduction of the salts of heavy metals 


have been of great value in physiological work but smcc 
other compounds present in the body also possess this 
property it is necessary' to prove that the reduction is 
due to glucose This is accomplished by utilizing the 
third property mentioned above, i c , by fermenting the 
glucose with yeast or with certain microbrganisms The 
optical activity of the carbohydrates is an invaluable 
property when they' are present in solutions uncontam- 
inatcd by vanous other optically active substances 
which are present in physiological fluids 

Glycogen Glycogen is very resistant to alkahne hy- 
drolysis, but, as Claude Bernard discovered, readily 
yields reducing sugar on aad hydrolysis PflOger boiled 
glycogen for several weeks in strong alkali vnthout de- 
stroying iL Advantage is taken of this property to free 
glycogen of contaminating substances After alkahne 
hy drolysis of the tissue the gly cogen is preapitated from 
solution by alcohol This matenal is then broken down 
by aad hydrolysis to glucose, which is stable in aad 
solution The sugar is then estimated as described above 
and the amount of glycogen calculated from the result 
The hislochemists using the most effective "vital” 
staining procedures will probably soon be able to tell 
us the approximate amount of particulate glycogen in 
the hving cell and perhaps also of the soluble form 
which IS, of course, one step nearer the metabolic 
pathway 

Lactic acid In muscle, glvcogen is broken down to 
lactic aad during muscular exercise and in the recovery 
from cxcrosc part of it is resynthesized to gly cogen The 
lactic aad is estimated by oxidation to acetaldehyde 
and the latter is determined by' distilling it into sodium 
bisulphite with which it forms a double-compound Re- 
sidual unbound bisulphite is titrated with iodine. 


Approxiuate Distribdtiov of Carbohydrates 


Glucose 
Gly cogen 
Lactic aad 


Ltzrr 
per cent 

0 06- 0 15 
0 2 -10 0 
0 01 


Uuicle 
per cent 

0 02-0 04 
0 2-18 
0 01 


Blood 
per cent 

0 08-0 11 
trace 
0 01 


Human liver is about 3 per cent, muscle 50 per 
cent and blood 7 per cent of body w eight (Brody 
and Kibler) Glucose and lactic acid are found in 
the other soft tissues and some of these contain 
small amounts of glycogen The glycogen content 
of kidney and of heart muscle has been extensively 
studied under v'arious physiological and pathologi- 
cal conditions 


Absorption of Sugar 

The monosaccharides formed during digestion 
are rapidly absorbed from the small intestine In 
the rat, galactose disappears from the intestine 
most rapidly, glucose a little more slowly and fruc- 
tose much more so There is, therefore, a selective 
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actioii 01 tie inteJtmel cells m the absorptioa of 
sugars (Con) Evidence is accumulating that the 
abso-ptoa of sugar mai proceed agamst a concen- 
tration gradient, ne. vhen tne concentraboa is 
lo--er m the lumen of the small mtestme than in 
the yood There is an increase m the amount of 
estenned pho^hate m the mtestmal mucosa dur- 
mg the absorptioa of both glucose and fructose 
but th = phospioijlation mav be related to metab- 
olism rather than to absorption It has, hoorever, 
been suggested fay Lundsgaard that the relativelj 
hiuh level oi estenned phosphate m the mtestmal 
mucosa durmg the absorption of fructose maj be 
due to slo"^ dephosphonlation and thns account 
for the veil hnoTH delay m the rate oi absorption 
O' thi= sugar 

The slo'’ abso-ptioa of glucose from the sm a l l 
mtestme alter hvpophvsectomy or adrenalectomi 
nmi be a part oi the p ctnre oi manition rather 
than a result oi the loss of a specific adrenal phos- 
phorvlatmg lactor, as has been suggested The 
lact that the administratioa of sodium salts re- 
sto'es the rate of gluco:^ absorption m adrenalec- 
tomized animals (Deuel) is m favor of the non- 
specific effect 

Glucose is not absorbed m appreciable amounts 
irom the stomaca until high concentratioas are 
reached, and onlv slonlj from the large bomel 

Tez Faie o? Digested oe D > ' jk ox ed Glecose 

There is good evidence that no other mono- 
sacchande is as effective m the hveiless animal as 
glucote Tms finding suggests, and there is mdeed 
gocd evidence, tnat the other monosacchandes are 
normaHv changed to glucose in the liver Fructose 
IS a better glvcogen former than ^ucose but galac- 
tose IS much mienor m this respecL IMien glucose is 
ahsoibed or is mjecded some o: it can be acxonnted 
for by the increase m liver glj cogen, some is con- 
verted to mnsde glycogem Tie concentration of 
^ucose m the soft tissues is temporarilj raised. The 
use 01 isotopes has rei ealed a rap d and eitensi\-e 
coii\e'Hon 01 glucose to fat (Stetten) and a more 
ddaved mcrease m osdation (Wick and Drur>) 
(see page 671) The^e procfcses, but not the precise 
time relatioaship, had been ivell established pre- 

VlOtblj 

The Foeuatiov or Geecose k the Body 

Glucose is appareatli formed m large amounts 
oh\ m the Irver When this organ is remo\ed 
(Mann and Magath) hj-poglj cemia soon appears 


and suear must be provided if the animal is to 
suivn e more than a fe-v hours Sugar is made from 
protem in the Iner and endence obtained on 
phlondamued animals indicates that some of the 
ammo aads, gli one, alanme, cj'stme, aspartic and 
^utamicaads maj neld glucose m the theoretical 
amounts (Lusk) It is well established that plants 
lorm sugar from lat. There are a ceitam number of 
repiorts of respirators ciuotients belo*' 0 7 which 
disturb those who beheie m the umtanan signin- 
cance of the quotient, but this ratio should not be 
used as a weapxm against itseli It has been estab- 
lished that an appreciable amount of sugar is 
formed m the kidne\ (Bergman and Drun , Rein- 
ecLe), but this appears to be a small fraction of 
that suppled bj the Iiimr 

T! c Corrrron IfdaboJic Pa'I 

The recent discoi'en of the nature of the 
acti\e “2 -carbon” fragment, which has long been 
postulated as being an impiortant mtennediate m 
the metabolism of fattj aads, mdicates pathwa}^ 
b\ which the coniers’on of carbohjdrate to fat 
(or the reierse change) occurs The labile acct>l 
groups found m aceti 1-coenzvme A which arises 
m the omdation of p}Tu\-ate or from tie osidatiOD 
of fattj aads, appears to be identical It is not 
Eurpnsmg, the-efore, m mew of this common path 
way m the metabolism of carbobj drate and fat to 
note that the old contrer, ersj as to whether or not 
coniersion of fattj aad mto glj cogen can occur 
has been settled m the afionnatiie bj the use of 
isotopes The small amount of isotopes mcorpo- 
rated mto glj cogen agree, howei er, with the mew 
that fat IS not quantitatii ely an important pre- 
cursor of glj cogen or glucose. Smee certam ammo- 
aads form sugar it is hem min g increasmgli dear 
that the i-anous metabohe materials share a com- 
mon pathwai and that acetv l-coenzyme A promdes 
a link which joins them (see Fat Metabolism) 

FoRiiATiON AXD Beeaetmdwv oe Glycogex aot 
THE OODATION* OF SeGAF 

Great adi’ances m our knowledge of the most 
fundamental aspects of carbohj drate metabolism 
ha\e been made m recent j ears Most of the steps 
in the lormation and breakdown of glj cogen and 
the omdation of sugar ha\e been re\ ealed bi the 
work oi Harden, Young, Embden, ^fej erhof, W ar- 
burg, Oin, Lohmann, Peters and numerous other 
investigators ilanj of the indimdual steps are 
not obser\ ed in the mtact mil smee the intennedi- 


I 
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ate products which have been identified “in vitro” 
do not accumulate There are, for example, at 
least twehe enzjTnatic reactions mvolved m the 
anaerobic conversions of glycogen to lactic aad 
Practicall} all of these have been showm to be 
reversible but since the fimal product of one reac- 
tion IS immediately removed by the follownng step 
the process proceeds in one direction The phos- 
phoiy’lation of gl> cogen and of glucose has been 
proved to be the introduction to a long senes of 
changes by which these products are transformed 
through vanous phosphate esters to pyruvnc or 
lactic acid Glycogen after phosphorjdation breaks 
dowm to glucose-l-phosphate This (Con ester) is 
conv erted to glucose-6-phosphate which is also the 
first step in the oxidation of glucose 
The work of Con and Con in which the enz 3 Tne 
phosphorjlase, which catalyzes the reversible reac- 
tion glycogen (or starch) -f morganic phosphate 
glucose-l-phosphate, was isolated and purified, 
IS of great interest This enzjme is wndely dis- 
tnbuted in animal tissues and is responsible for the 
first stage in the breakdowm of glycogen It also 
affects the sjmthesis of a polysacchandc indis- 
tinguishable from gl> cogen Some glycogen must be 
present to "pnme” this latter reaction and adenylic 
aad IS an essential constituent of the mixture for 
activit> in either direction It is now well estab- 
lished that this transfer of phosphate groups is of 
paramount importance in the mechanism b}' which 
celk derive energ> from the breakdown of food 
materials Muscle gl>cogcn breaks dowm to CO- 
and HiO under physiological conditions The steps 
from glycogen to pjTUVic aad can occur anaerobi- 
cally but from pyruvic acid on, an adequate oxj^gen 
supply IS necessary A\T]en there is a relative lack 
of oxjgen lactic acid is formed Pyruvic and lactic 
acids arc interconvertible in the body This lactic 
aad may diffuse out into the blood stream and it 
IS then converted in the hver to glycogen 
This part of the cycle is apparently not brought 
into play under orduiary circumstances but is 
mvolved in muscular exerase or under conditions 
of anoxia 

>Blood 

Liver Gl> cogen Muscle Glycogen 

Blood Lactic Aad 

The Cori CiCle 

Glycogcn-contaming tissues, with the exception 




of the liver, exhibit the same pattern of breakdown 
of this polysaccharide as has been described m 
muscle In the hver, glycogen does not normally 
break down to COj and HjO or to lactic acid but 
to dextrose This is probably due to the fact that 
the hver contains a very active phosphatase w'hich 
converts the glucose-l-phosphate and the glucose- 
6-phosphate to glucose and thus removes these 
esters from the medium 

Under certam conditions, tn vitro, glycenc alde- 
hyde phosphate and dihydroxyacetone phosphate 
can be isolated from the breakdown products of 
muscle glycogen In the diabetic dog these sub- 
stances, and also pyruvic acid, form “extra sugar”, 
but so does methyl glyoxal which is not a part of 
the accepted schemes 

The Regulation of Blood Sugar 

The blood sugar level represents the resultant 
of oxidation, storage and excretion on the one hand 
and formation and absorption on the other This 
may be represented graphically 

The relative constancy of the blood sugar which 
is an equilibrium muxture of a and /9 glucose m the 
normal fastmg anunal is made more remarkable 
by the fact that the production, storage, and utili- 
zation of sugar are affected by a great number of 
chemical and nervous factors 

When sugar is not bemg absorbed from the 
mtestmal tract it must be made m the liver or 
kidney from non-carbohydrate sources or liberated 
by the breakdown of glycogen The liver glycogen 
is the emergency supplv which is available while 
the process of gluconeogenesis is gathenng speed 
In the average man approximately 100 gm of 
glycogen are present m the liver and this would 
only supply the demands for sugar for some five 
hours if the gluconeogenesis were to cease The rate 
of glycogen breakdowm is affected by adrenaline 
which IS liberated in emergenaes (see also glu- 
cagon) and the rate of gluconeogenesis by the 
mtemal secretions of the anterior pituitary gland, 
the adrenal cortex, the th)Toid and the pancreas, 
as wall be discussed later An important part of 
this homeostatic mechanism for the regulation of 
blood sugar appears to be the level of blood sugar 
itself (Soskm) Under experimental conditions m 
which variation in the rate of secretion of msulm 
is impossible, i e m the depancreatized dog given 
msulm at a constant rate, indirect evidence mdi- 
cates that the admmistration of dextrose decreases 
the rate of output of sugar by the liver In the 
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Add System 
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(Cytochrome System ^ Molecular 
and Coenzymes) Oxygen 


COt + HsO 

(Other mtermediate steps m this process shown m ch 52) 


intact animal the pancreatic mechanism is also 
mvolved The insulm content of the blood prob- 
ably determmes at what level of blood sugar 
gluconeogenesis m the hver will be mhibited In 
the absence of msuhn only extremely high levels 
of blood sugar exert a protein spanng action 


Hypeeglycesoa 

An mcrease m the blood sugar beyond the nor- 
mal range constitutes a hyperglj cemia This may 
be a protective phenomenon With the exception of 
msulm a nse m blood sugar provides the greatest 

/yxm //ver g/ycogen 
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single stimulus for the formation of glycogen and 
the utilization of glucose 

Prolonged hj’perglycemia maj be present when 
either or both of the following processes are oper- 
ating (1) diminished utilization of glucose, (2) over- 
production and discharge of sugar from the liver 
Disturbances m endocrme funcbon are the mam 
causes and the mecbamsm of these changes mil be 
discussed later 

Transient hj^ierglycemia may be due to either 
physiological or pathological processes Alimentary 
hj-pergljcemia is a physiological process and its 
height depends on the amount and nature of the 
carbohydrate in the meal Adrenaline hypergly- 
cemia IS a part of the physiological response to an 
emergency' Nerve impulses acting on the liver, 
changes m hydrogen-ion concentration of liver cells 
due to asphyToa or other causes, may produce a 
transient nse in blood sugar Toxic products of m- 
fection acting on the liver to mcrease gluconeogene- 
sis or on tissues m general to dimmish utilization of 
sugar may' produce a hy'perglyccmia of short or long 
duration The physiological role of glucagon is 
being actively studied 

Glucosuna 

The occurrence of glucose m the urine is the re- 
sult of hyperglycemia except when the renal thresh- 
old to glucose is lowered (phlondzin diabetes m ani- 
mals, renal diabetes m man) The follomng list of 
the methods of causmg experimental glucosuna is 
slightly modified from Ingle 

1 Pancreatic (msulm) insufiicicncy 

Pancreatectomy — Von Menng and Mm- 
kowski 

Alloxan — ^Dunn, Sheehan and McLetchie 

Subtotal pancreatectomy' and high calonc 
mtake — ^Allen 

Withdrawal of msulm followmg its pro- 
longed mjection m the force-fed normal 
rat — Ingle et al 

2 Hormonal 

Crude antenor pitmtary extract or purified 
growth hormone — ^Houssay' and Biasotti, 
Evans, Young, Campbell, Anderson 

Adrenal C-ll-oxy'genated steroids — ^Long, 
Katzm and Fiy, Ingle 

Estrogens — ^Dolm, Joseph and Gaimt, 
Ingle 

Thyroid — Houssay 

3 Dietary 

Starvation and subsequent feeding — 
Lehmann 


Overfeed mg — ^Hofmeister 

Sudden shift from high fat to high carbo- 
hy drate diet 

4 Glycogenolysis 

Piqure — ^Bernard 

Emotion — Cannon, Shohl and Wnght 

Epinephrme, glucagon, drugs, toxms, 
trauma 

5 Renal 

Phloridzm — Von Menng 

Pancreatic Diabetes 
Removal of the pancreas 

When the pancreas is completely removed from 
a dog or cat, a charactenstic syndrome rapidly de- 
velops (Mermg and Mmkowski, 1889) When a diet 
mdudmg the known essentials is provided, the am- 
mals may live mdefinitely if adequate amounts of 
msulm are administered The animals recover 
rapidly from the operation and appear normal, but 
the diabetic state quickly supervenes when msulm 
is discontmued The sugar content of ^e blood be- 
gms to nse withm a very' short time, dependmg on 
the size of the last dose of msulm, and mcreases 
from the normal level of 0 08-0 11 per cent to 020- 
0*40 or higher within Iwenty-four hours The urme 
gives a positive Benedict’s qualitative test for sugar 
when the blood sugar rises above approximately 
0 16 per cent This pomt, the so-called renal thresh- 
old, IS the level of blood sugar above which large 
amounts of sugar are excreted m the urme In 
some animals the “threshold” nses when the dia- 
betic state IS allowed to persist (There is some 
glucose m normal unne and small amounts of other 
sugars ) The excretion of mtrogen is mcreased and 
this may be taken to mdicate protem breakdown 
or decreased protem formation The ratio of glucose 
to mtrogen excreted m phlondzm poisonmg is 3 6 1 
bub this ratio is not observed m depancreatized 
dogs and mdeed that obtamed is so vanable that 
little significance can be attached to it The ratio 
IS low m animals on a high protem diet and there 
is endence that the addition of fat may mcrease 
it somewhat It is estabhshed that glycerol may 
be converted to sugar In the fastmg diabetic the 
blood sugarand sugar excretion are mamtamed at 
high levels The sugar is apparently iormed from 
body protem m the hver smee the blood sugar of 
the diabetic falls rapidly after hepatectomy The 
ammo- aad contents of the blood and urme are 
mcreased The loss of protem contributes to the 
decrease m body weight 
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The disturbed metabolism of fat m the depan- 
creatized aoimni is indicated by the accumulation 
of the ketone bodies m the blood and by the excre- 
tion of excessive amounts m the unne The ketosis 
m a fat dog is greater than m a lean, but this speaes 
IS characterized by its efiSaency m metabolizing 
fats, without ketosis The loss of body fat is rapid 
but the ketosis may be so severe, even m this 
speaes, that the animal dies m coma before the 
fat reserves are depleted 

p hydroxy-butync and aceto-acetic aads and 
others denved from tissue breakdown appropriate 
base and thus when the avadable reserve of base is 
depleted may produce an aadosis In aadosis the 
respiratory center is stunulated and “air hunger” 
and coma are produced The mechanism of coma 
production in diabetes is not completely known 
Some observers believe that aceto acetic aad is 
particularly toxic. This aad is oxidized m the 
bladder and lungs to form acetone, which is ex- 
creted in the unne and expued air 
The neutral fat content of the blood mcreases, 
due probably to the mcreased rate of mobflization 
of depfit fat and there is also a rise m cholesterol 
esters and the phosphohpid 
WTule there is proof that the depancreatized dog 
can still bum sugar— all the cntena of sugar com- 
bustion in the normal have been satisfied — it is 
not permissible to conclude that there is not mter- 
ference with this process The rapid sugar utiliza- 
tion m the hepatectomized diabetic animal and the 
production of a diabeUc condition by the adminis- 
tration of cortisone, which apparently acts, m 
part, by stimulatmg the liver to produce more 
glucose, tend, however, to emphasize over-produc- 
tion rather than under-utilization On the other 
hand the antenor pituitary and the adrenal cortex 
contam substances which inhibit the utilization of 
glucose. Many of the studies on this controversial 
problem have been made on restmg or highly ab- 
normal preparations The evidence which is now 
accumulatmg from studies of exercismg animals 
mdicates that both overproduction of sugar from 
protem and dimmished utilization play a part m 
the creation of the diabetic state The latter media- 
nism has certauilj gamed much support m recent 
years 

The respiratoiy quotient of the depanaeatized 
animal not receivmg msulm assumes the low level 
0 69-0 73 and is not usually raised when sugar is 
given Under certam conditions, m animals which 
have received a high protem diet and msulm, for a 
time the quoUent may be higher (Soskml The 


charactenstic low quotient may indicate combus- 
tion of fat but if any process, such as conversion 
of fat to sugar which gives a very low quotient, 
should be takmg place the ratio might mdicate 
the resultant between sugar combustion, fat com- 
bustion, and the conversion In bncf, since more 
than one mterpretation of a quotient is possible 
great caution must be obscn'cd m draw mg con- 
clusions with regard to its significance 111100 the 
liver IS removed from a depancreatized dog the 
quotient rises, mdicatmg either that rclativcl) 
more sugar is bcmg burned or that conversions 
givmg a low quotient are taking place to a smaller 
extent 

The glycogen content of the muscles of a de- 
pancreatized animal may be reduced below the 
normal level, but apprcaable amounts remam 
There is no dimmution of heart musde glycogen 
and mdeed convinong evidence of an increase has 
been obtamed Liver glycogen falls to very low 
lei-els A slight mcrcase m both muscle and li\er 
glycogen can be produced by ginng large amounts 
of sugar wnthout exogenous msulm This might be 
due to small amounts of residual msulm which 
would now appear to persist, under certam condi- 
tions, for rather long periods 
While the glucose utilization of the normal heart 
is low, that of the diabetic anunal is even less when 
the blood sugar concentrations arc the same Lac- 
tate, however, is used almost as well by the dia- 
betic as by the normal heart (Lovatt Evans) 
These findmgs elunmate the necessity of supposing 
that the diabetic heart depends for its energy 
entirely on protem and fat The rate of usage of 
glucose but not of lactate by the diabetic heart is 
mcreased when msulm is supplied 
The exmetion of phosphorus is mcreased m the 
depancreatized anunal The admmistration of 
sugar or adrenaline does not cause the prompt fall 
m the morgamc phosphate of the blood which is 
observed m normal anunals These substances, 
therefore, produce their effects by raismg blood 
sugar which m turn calls forth msulm Adrenaline 
and msulm thus affect blood morgamc phosphate 
similarly , but msulm is effective m the absence of 
the adrenal glands, i e the action is m both cases 
due to the pancreatic hormone 
The diabetic animal is very susceptible to infec- 
tions but It is not established that this is due to the 
raised sugar content of the tissues Some diabetic 
patients have a decreased abihty to form anti- 
bodies This defect appears to be more closely 
rdated to bypoprotememia than to hyper^ycemia 
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Pathological conditions are observed with con- 
siderable frequency m the eyes of diabetic anunals 
The liver rapidly undergoes extensive fatty degen- 
eration and there may be an accumulation of large 
amounts of neutral fat 

WTiile there is considerable vanation m the 
length of life of the depancreatized dog or cat, 
most individuals fed on a mixed diet do not live 
for more than tv o or three weeks without insulm 
Under certam conditions dogs may survive for 
seven weeks It is nov established, however, that 
when the antenor pituitary is also removed the 
animal (dog) maj' bve for nme months, at least, 
and exhibit only a mild form of diabetes Severe 
diabetes produced under these conditions by ad- 
ministration of the diabetogenic substances of the 
antenor pituitary is alleviated by msulm 

The Aothhabetic Hormone — Insulin 

The name insultne was suggested by de Meyer 
m 1909 for the hjqiothetical mtemal secretion of 
the pancreas the search for which had been stimu- 
lated by von Mermg’s and Mmkowski’s findings 
(1889) \\'bile other workers, among whom H6don, 
Zuelzer, and Scott may be mentioned, obtained 
very suggestive results, which m some cases were 
probably due to the presence of msulm. Banting 
and Best workmg m Macleod’s laboratory (1922) 
were the first to obtam a preparation con taming 
the antidiabetic hormone m a form which consist- 
ently alleviated all signs of diabetes in completely 
depancreatized dogs (fig 49 1) 

SOURCE OF INSULIN 

While it is reasonable to suppose that small 
amounts of msulm are present m tissues other than 
the pancreas, methods are not yet available for 
their estimation Blood provides an exception to 
this generalization but the active substance is 
detected by the administration of the whole blood 
and not as yet by extraction of the msulm from 
the tissue In the mammalian orgamsm the pan- 
creas appears to be the only organ to manufacture 
insulm or to store it m more than mmute amounts 

The islet cells of the pancreas are of four types 
— a, 9, y and 5 (fig 49^) The a and /S types contam 
granules The y are non-granular The 5 cells have 
been seen only m human pancreas (Bloom) and 
are not well defined In dog pancreas the number 
of cells per islet vanes greatly, as do the relative 
numbers of the vanous types of cells One study 
gves the average number per islet as 30 and the 
average ratio of o’ to 8 cells as 20 75 The islet 


volume may be about one one-hundredth of the 
pancreas The 8 cells occupy the penphery of the 
islets and are smaller than the others It is these 
cells which are considered to be producers of the 
antidiabetic hormone, mdeed, the granules of these 
cells may consist, m part, of this substance Epi- 
thelial cells of the small ducts are considered to be 
the “mother cells” of the islet and acmar cells 
New islet cells may, therefore, be produced from 
them 

The mam pomts of evidence which mdicate that 
the hormone is produced m the islet cells are as 
follows 1 Histologically, the islets are glandular 
structures, the obvious outlet for the secretion of 
which IS through the blood stream 2 There are 
relatively large amounts of the hormone m the 
prmapal islets of teleosteal fishes, m which few 
enzyme-producmg cells are found 3 The active 
substance is found m degenerated pancreas m 
which the loss of acmous tissue has proceeded more 
rapidly than that of the islet cells Ligation of the 
pancreatic ducts eventually produces a decrease 
m the msulm content of the pancreas, but mod- 
erate amounts of insulm may stfll be extracted 
when very few enzyme-producmg cells remam 
4 WTien most of the pancreas, approximately rune- 
tenths, IS removed from a dog, characteristic 
lesions (glycogen mfiltration) are found m the 
8 cells of the remnant. These changes can be 
accelerated by a high carbohydrate diet, and pre- 
vented or elimmated by administration of msulm 
or by fastmg 5 The clmical condition known as 
hypermsulmism occurs when the pancreas liber- 
ates abnormally large amounts of antidiabetic 
hormone In many of the cases there are defimte 
tumors of the islet cells After operative removal 
of these masses of islet cells the blood sugar is 
mamtamed at higher levels 6 Metastases m other 
tissues ansmg from carcmoma of the islet cells 
have been shown to contam msulm 7 The mjec- 
tion of antenor pitmtary extracts leads to destruc- 
tive changes m the islet cells, chiefly m the 8 cells, 
while there is httle or no effect on the a cells 8 
Alloxan and other chemical substances destroy the 
cells of the islands of Langerhans, leavmg the 
other cells essentially mtact The pancreases from 
a number of dogs treated with diabetogemc mate- 
nals have been assayed for then msulm content, 
and the values obtamed were roughly proportional 
to the concentration of granules m the 8 cells as 
determined by histological studies of these tissues 
Good agreement between the amount of extract- 
able msulm and the size and number of granules 
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m the cells of human pancreas has also been 
obtained 


CHElnSTEY OF IKStlllN 


Insulin was first isolated m crystallme form by 
J J Abel in 1926 In 1934, D A Scott showed 
that It could be readily crystallized as the zinc salt 
and that Abel’s crystals contained zmc. Nickel, 
calcium and cobalt also aid m effectmg crystalliza- 
tion of insulm preparations There is about 0 S per 
cent of metal m the crystals The “salts" of the 
insulm protem may appear m \anous forms— the 
zmc compound usually as twm plate-like rhombo- 
hedra Chemical analysis by Brand and by the 
Cambridge workers under the leadership of A C 
Chibnall mdicates that the insulm molecule is buUt 


up entirely or almost entirely of ammo ac 
Insulm IS ncher m the ammo aads leucine, ( 
tamic aad, and cystme than most other prote 
methionme, tij-ptophane and hydroxyprol 
which are common m many proteins, are abs 
from the insulm molecule 
The mamnum molecular weight of insuhi 
48,000, pH 7 0-7 5, protem concentration 0 4- 
^ However, when more dilute solution 
the hormone are used below pH 4 or above 7 5 
msulm molecule dissociates mto subimits havit 
molecular weight of about 12,000 (Gutfreui 


This IS probably the physiological form of msuhn 
although the physical chemists are actively de- 
batmg the possibihty of a smaller unit 
WTien insulm is oxidized w ith pcrformic aad the 
molecule is split mto its separate polypeptide 
chams Two fractions can be isolated A, an aadic 
fraction contammg no basic ammo aads and B, 
a basic fraction These two physiologically tnadne 
components are normally linked together by the 
S — S — bridges of cystme and perhaps by other 
as yet unknown bonds This work of Sanger’s led 
to the conclusion that the 12,000 molecular w aght 
msulm IS composed of two identical A chams and 
two identical B chams Sanger made a great con- 
tribution by mtroducmg the use of piartial hydrol- 
ysis of dmitrophenyl denvati\es of the fractions 
to determme the sequence of the ammo aad com- 
ponents. He had available the mvaluable tool of 
paper chromatography of Martin and Synge and 
the newer knowledge of the chemical linkages at- 
tached by specific enzyme systems, such as pepsm, 
trypsm and chymotrypsm The exact sequence of 
all the ammo aads m the two chains of msulm is 
now known but we are still far removed from the 
knowledge of how the chams are formed and 
jomed together m the beta cells of the islets 
When a dilute aadic solution of msulm contain- 
ing a small amount of salt is heated, a flocculant 

\ 
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(b) 

Fig 49 2 

(a) Normal dog islet cells 

(b) Islet from dog made diabetic with extract of anterior pituitary gland 


precipitate forms In experiments m which shghtly 
different conditions were used, Waugh has shown 
that the insulm can be modified to yield fibrils 
The rate of fibril formation mcreases with increas- 
ing hydrogen ion, salt and protem concentration, 
and with temperature In fibril formation two 
reactions are mvolved First the formation of active 
centers, and second the elongation of these mto 
fibrils These fibrils have httle or no antidiabetic 
activity but can be converted mto active msuhn, 


as can the so-called heat preapitate of msuhn, by 
changing the reaction to the alkahne side Seedmg 
an insulm solution with fibrils may brmg about a 
complete conversion of the active insulin mto 
mactive fibrils 

Shghtly acidified msuhn has been kept for long 
penods, but m dilute alkali msulm is relatively 
unstable Vanous attempts have been made to 
ascertam if there is m the molecule a specific group- 
mg of certam of the ammo aads which is really 
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Zinc Insulin Crystals 



responsible for its hormonal activity It may 
concluded that the physiological acUvity of insi 
may be sbghtly and sometimes reversibly 
crewed by certam mmor chemical changes m 
molecule, whereas appreaable chemical alterat 
gives a considerable dnmnution or complete 

gested, such as the action of sulfhydryl groupir 
as m ^utathione, which may reduce the cyst 
disulfide hnUge, a change which is known^to 
accompamed by inactivation 

STANDAEniZATION OF INSULIN 

Zinc insuhn crystals from all sources so far 
ammed (man, cattle, hog, sheep, b.so“ 

preparation of zmc insuhn crystals is defined 


containing 24 5 units per milligram There arc two 
well established methods of assaying the potency 
of an msuhn preparation The lowenng of blood 
sugar m fasting rabbits and the production of 
coninilsions in fastmg mice are both satisfactory 
effects of insulin for the companson of unknown 
and standard products This new, third, inter- 
national j ardstick of msulm is free of glucagon 


LIBERATION OF INSULIN 

The arrangement of the capillary loops about 
the islet cells and the reported scarcity of lymph 
channels pro\ ide morphological evidence in favor 
of the capillary blood stream as the pathway by 
which msulm reaches the systemic arculation 
It IS important to remember that msulm passes 
first to the liver, but there is no proof that this 
tissue takes advantage of this favorable arrange- 
ment. 

MTifle there are many pieces of e.\perimental 
evidence which support the conclusion that the 
level of blood sugar is an unportant factor m the 
regulation of msulm liberation, the possibflity that 
a decrease m the rate of discharge of sugar from 
the liver may also be produced when the blood 
sugar IS raised, is frequenUy overlooked This 
latter effect is apparently produced by a direct 
action on liver cells The mjection of small amounts 
of glucose mto the artery supply mg a pancreas 
grafted mto the neck of a depancrcatized dog or 
mto the pancreatic artery m a decerebrate cat 
causes a prompt lowenng of blood sugar In this 
latter case the effect was not obtained when the 
^lemc or portal vem was used The production of 
hyperglycemia, glycogen infiltraUon of the beta 
cells of the islets and permanent diabetes by the 
mtopentoneal admmistration of glucose (Lukens 
and Dohan) strongly suggests an overstimulation 
of pancreatic islets by the raised blood sugar level 
^derson and Long have demonstrated an output 
of msiffm from perfused rat pancreas when dextrose 
was added to the perfusion fluid and Lukens and 
^ group have obtamed similar results m the dog 
The results of experiments with denerv'ated pan- 
cr^tic grafts mdicate that the nervous control is 
not essential The nerve impulses which affect the 
Kiel cells are apparently conducted m part, at least, 
by the vagus Vagus fibres have been traced to the 
islet celk and non-medullated branches are said to 
pierce them The results of stimulatmg the vagus 
VMrrf to be clear cut „d the p.^y L 
traced by one group of mvestigators to the hypo- 
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thalamic region, but other workers have as yet 
been unable to confirm these findmgs There may, 
of course, be a constant hberation of a small 
amount of insuhn 

Information on the factors controUmg the secre- 
tion of msulm has accumulated very slowly The 
finding of Houssay, Fogha and then collaborators 
that two or three pancreases from normal dogs, 
when mtroduced m senes mto the carotid-jugular 
cnculation of a depancreatized dog, produce no 
more effect than one pancreas, is strongly mdica- 
tive of a chemical control of msulm liberation 
These workers have studied the rate of liberation 
of msulm from the pancreas of hypophysectomized 
dogs, and of dogs made transiently or permanently 
diabetic by antenor pitmtary extracts The find- 
mgs m general conform to those obtamed by 
studymg the msulm content of pancreas m relation 
to the state of carbohydrate metabolism of the 
animal (p 676) Neither of these methods yields 
information as valuable as that which will be ob- 
tamed when the ms ulm content of blood, and the 
rate of pancreatic blood flow can be accurately 
determined m mtact unanesthetized animals 

INStrUN IN BLOOD 

As a result of the work of GeUhom, Anderson, 
Bomstem, Groen and their collaborators, methods 
for estunatmg the amount of msulm m blood are 
now available These depend on the blood sugar 
response of hypophysectomized, adrenalectomized, 
alloxan-diabetic rats or mice or on the mcrease m 
sugar uptake of segments of isolated rat’s dia- 
phragm While few laboratones have the necessary 
procedures readily available some mterestmg re- 
sults have been obtamed The value for normal 
human blood is ^proximately 4 X 10~* mg per 
cc , 1 e microgram per cc Some msulm can 
be detected m the blood of most matunty-onset 
diabetics but none m the blood of growth-onset, 
1 e childhood, diabetics (Lawrence and Bomstem) 
These findmgs are m accord with WrenshaU’s 
reports on extractable msulm from the pancreas 
m these two groups of diabetics In the few cases 
of hypennsulmism studied a raised level of blood 
msulm has been found 

GENEHAL EFFECTS OF INStlUN ON THE DIABETIC 
ORGANISM 

It IS well established that msulm restores to the 
depancreatized animal its abffity to utilize sugars 
and fats m a normal maimer The excessive break- 


down of protem is prevented The ketosis rapidly 
disappears Glycogen is deposited m large amounts 
m the hver Muscle glycogen may be mcreased 
The respiratory quotient rises when sugar is made 
avaflable, or m fact when msulm alone is admmis- 
tered Animals recover their abflity to deal with 
infective agents In bnef, a well-treated depan- 
creatized animal is difficult to distmguish from a 
normal one There has been the difficulty, of course, 
that m the animal without a pancreas relatively 
large amounts of msulm are made available (by 
subcutaneous or mtravenous mjection) while m 
the mtact animal small or large amounts are pre- 
sumably liberated from the pancreas as the need 
anses Adult depancreatized dogs on an adequate 
diet mcludmg the enzymes of the external secre- 
tion of pancreas have been mamtamed m good 
condition for more than six years (Macleod, 
H6don, Bliss, Fisher, Wrenshall) 

THE MECHANISM OF ACTION OF INStJUN 

In both the diabetic and the normal animal the 
level of blood sugar is lowered by the admmistra- 
tion of msulm The sugar is not used m the blood 
itself but its rate of passage out mto the tissues is 
accelerated 

Glycogen Storage Small amounts of glycogen 
may be deposited m the muscles and hver of the 
depancreatized dog when no msulm is given but 
the administration of msulm produces a dramatic 
mcrease m the rate of deposition m both these 
tissues Stetten’s work usmg deuterium as a tracer, 
mdicates that the diabetic organism makes its 
hver glycogen from three carbon compounds (lactic 
aad) while the normal or msulm treated animal 
uses largely the six carbon compound (dextrose) 
In the normal animal one of the most clear cut 
effects of msulm is the mcrease m the rate of glyco- 
gen deposition m the muscle It is obvious that 
msulm also promotes glycogen storage m the hver 
of the normal animal and this situation should not 
be confused with the results of addmg more msulm 
to an already normal supply In the normal adult 
animal there may be an actual loss of glycogen from 
the hver when extra msulm is admmistered This 
may be due to the accelerated glycogen deposition 
m muscle, a process which has a high pnority m 
the disposition of sugar, to the presence of glucagon 
m the msulm used, or to the mcreased rate at which 
fat is formed and sugar oxidized These latter 
processes would decrease the amount of sugar 
available for storage as glycogen m the hver The 
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h\er slice is not a good preparation for the study 
of gl} cogen formation 

The action of insulin can be well demonstrated 
in eviscerated and in isolated perfused prepara- 
tions such as the hind limbs of the cat or dog 
Dextrose must be supphed Verj great use has 
been made of the findmg b} GemmiU m 1940 that 
the rat diaphragm in tniro tales up more sugar 
and forms more glj cogen when msulm is added 
As little as 0 1 unit of msulm per kilo mil double 
the diaphragmatic gl> cogen m the fastmg adreno- 
demedullated rat Nelson (1944) demonstrated the 
mhibitmg effect of a pnor injection at anterior 
pituitarj extract The isolated rat diaphragm does 
not resjwnd to msulm mth an mcreased use of 
oxygen but the skeletal muscle from the same 
speaes does 

There is an mcrease m the glycogen of heart 
after removal of msulm from the body (CruicL- 
shank.) The renal tubules exhibit a deposition m 
the diabetic state which may be related to the 
increase m sugar which they are attemptmg to 
reabsorb The beta cells m the islands of the 
pancreas show glj cogen infiltration (Duff and 
Toreson) m the diabetic organism This used to 
be termed hjdropic degeneration 
On Fat Metabousu In the depanaeatized 
animal msulm decreases the hpemia and choles- 
tcrolemia and prevents the deposition of the large 
amounts of excess fat which accumulate m the 
hver m the untreated animal The level of the 
ketone bodies m the blood is restored to normal 
The fact that msulm mcreases the formation of 
fat has been obvnous ever smee the first emaciated 
dog or diabetic patient demonstrated a fine pad 
of adipose tissue, made as a result of treatment 
with the hormone This effect was not perceptible 
m short term experiments without the aid of 
tracers and the disappearance of sugar was usually 
attributed to oxidation or perhaps m part to de- 
acased gluconeogenesis Usmg the tedmique of 
isotopic tracers, Stetten has calculated that m the 
well nourished rat only about 3% of the glucose 
ingested each da> is conveded to gl> cogen, while 
30% IS used to make fattj acids In the absence of 
msulm the diabetic anrnial exhibits a much lower 
level of hpogenesis, as well as of gl> cogenesis 
In 1948 Bloch and Kramer were the first to 
demonstrate an m otlro effect of msulm on fat 
formation Liver slices meubated m the presence 
of p>Nuvate and labelled acetate showed mcor- 
poration of the label mto fatt> aads and this 


process was enhanced by prior admmistration of 
msulm This work has been strongly supported 
and extended by Gunn vvith Brady and Lukens 
and by Chaikoff and his group Thus we learn 
that msulm has vndespread effects on fat forma- 
tion and mobihxation It promotes hpogenesis from 
glucose and acetate m the hver and m many 
extrahepatic tissues It prevents the loss of depot 
fat and the accumulation of fatty deposits m the 
hver It suppresses ketosis by mhibitmg the forma- 
tion of ketone bodies It is probable that these 
different effects of msulm are closely mterrelated 
and that they are all linked with its action on the 
oxidation of glucose, i e hpogenesis is dependent 
on glycolysis 

On Protein Metaboeisst The early work on 
msuha ut Toronto demonstrated that msuhn re- 
duced the elevmted nitrogen excretion character- 
istic of the diabetic state In 1926 Janney and 
Shapiro noted a fall m blood urea and N P N of 
normal human subjects given msuhn and other 
mvestigators found a fall m blood ammo aads m 
animals and man In a classical study Mirsky 
showed that msulm decreased the rate of protem 
catabolism m the nephrectomized dog Chaikoff 
and Forker m extension of F N Allan’s ongmal 
findings established a Imear relation between 
msulm dose and mtrogen retention m depancre- 
atizcd dogs The evidence obtamed by Forker, 
by Lotspeich, and by Smex, MacMuUen and 
Hastmgs mdicates that msulm encourages the 
mcorporation of labelled ammo aads mto protem 
Krahl has recently reported the mcorporation of 
C“ labelled glyane mto glutathione and mto 
protem m hver shces This process is greatly re- 
duced m diabetes but is restored to normal by 
msulm The evidence suggests that msuhn stimu- 
lates peptide sjmthesis rather than mhibitmg 
breakdown and that this anabohe effect on protem 
metabolism is mterrelated, pierhaps dependent on, 
the effect of the hormone on sugar metabolism 

The bterature records that Mirsky, Young, 
Gaebler, Lotspeich, Frame and Russell, and 
Lukens m distmct mvestigations have agreed that 
the presence of msuhn is essential for the protein 
anabohe effect of the pituitary growth hormone, 
somatotropm There is a great deal of mdirect, 
but no direct, evudence that an mcreased secretion 
of msulm occurs m resjionse to somatotropm m 
normal ammals Somatotropm bns no anabohe 
effects m the complete absence of msulm but 
recent work has shown that msulm can stimulate 
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growth, I e nitrogen retention, bone growth, fat 
formation, etc , m the complete absence of somato- 
tropin (Salter and Best) 

On Oxidation of Sugar The mterpretation of 
most of the early work on this subject was confused 
by the lack of a suitably labelled dextrose In 1949 
ViUee and Hastmgs found that insuhn mcreased 
the oxidation of glucose as judged by the rate of 
appearance of the carbon label in the CO 2 formed 
by the isolated rat diaphragm Similar results 
have been secured by Sacks and Smex who found 
that insuhn mcreased the turnover of isotopic 
phosphorus m vanous phosphorus compounds, the 
deposition of labelled glucose as glycogen, and 
the oxidation of glucose Feller, Chaikoff et al , 
usmg glucose have established that the rate of 
utilization was reduced to half the normal value 
m dogs by removal of msuhn and restored com- 
pletely by givmg the hormone Usmg labelled 
glucose m eviscerated rabbits Wick, Drury, Ban- 
croft, and MacKay were able to distmguish be- 
tween the glucose oxidized and the total amount 
which disappeared When msuhn was given there 
was a delayed, but large, mcrease m the labelled 
carbon of the expired air and therefore m the 
amount of glucose oxidized The rest of the labelled 
carbon was found m glycogen, fatty aads, pro- 
teins, and m non-glucose water-soluble compounds 
Insuhn did not affect the rate of acetate 

On Cell Permeability The suggestion that a 
key pomt in the action of msuhn may be on the 
permeabihty of cells to glucose has been revived 
and strongly supported by Levme and his col- 
leagues This view has been supported by Drury 
and Wick who interpret their evidence to mdicate 
that msuhn is not an oxidative catalyst and by 
Mirsky, who finds that entry mto cells does not 
depend on the molecular configuration of the 
sugar as previous authors had suggested It may 
be, therefore, that the prmcipal site of msulm 
action IS on the cell membrane, 1 e it merely ac- 
celerates the transfer of glucose mto the cell and 
its subsequent fate depends on the state of the 
cell The mechanism of the production of this 
apparent change m permeabihty — enzymatic or 
otherwise — wiU undoubtedly now receive great 
attention 

The Combination of Insulin with Tissues 
Stadie and his colleagues have obtamed evidence 
to support their workmg hypothesis that msuhn 
and other hormones must form a rather firm 
chermcal compound with the mtact cells on which 


they act Isolated rat diaphragm dipped for a few 
seconds m a solution of msuhn fixes insuhn which 
reveals itself by mcreased utilization of sugar by 
the tissue Diabetic tissue has a decreased abihty 
to bmd msuhn Growth hormone and cortisone 
inhibit this combmation of msuhn with muscle 
cells Insuhn mjected mto the livmg animal and 
much much higher concentrations m the fluid 
bathmg the diaphragm tn mlro lead to the bmdmg 
of about the same effective amounts of ins ulin 
Mammaiy and adipose tissue also bmd msuhn and 
this IS perhaps a general phenomenon 
Insulin as a Growth Hormone The vanous 
anabohc effects of msulm show that it possesses 
some of the characteristics of a growth hormone 
True growth, mcludmg lengthenmg of the epi- 
physeal discs, can be ehated m completely hypo- 
physectomized animals by giving gradually m- 
creasmg amounts of slow actmg msuhn (Salter and 
Best) While it had been known *hat young hypo- 
physectomized animals may grow for a time after 
removal of the pituitary (Selye and Colhp), and 
while it had been suggested that growth hormone 
hberates msulm (Young), proof that hypophysec- 
tomized rats, which had m some cases not grown 
for months, could be made to resume growth by 
msulm had not been previously secured 
On Phosphate and Potassium Insuhn pro- 
duces a dramatic fall m the morgamc phosphate 
of blood plasma (Harrop) Ingestion of glucose or 
mjection of adrenalme has the same effect but not 
m the absence of the pancreas Levme, Loube and 
Weisberg (1949) have shown that the mtravenous 
admmistration of fructose to untreated depan- 
creatized dogs consistently produces a fall m 
blood morgamc phosphate The change m phos- 
phate IS apparently a consequence of the rapid 
entry of hexoses mto cells Insuhn is necessary 
for the entry of glucose but not of fructose After 
msulm there may be a nse m the heiose mono- 
phosphate of muscle This is an mdirect effect 
apparently due to adrenalme hberation and a 
stimulation by it of phosphorylase action on 
glycogen and the formation of the first breakdown 
product, glucose-l-phosphate Insulm does not sig- 
nificantly change the amount of adenosme tnphos- 
phate, phosphocreatme, or morgamc phosphate m 
muscle There may be a nse m the ATP fraction 
of hver The rate of turnover or regeneration of 
these phosphate compounds is mcreased by msulm 
and this is probably an mdex of the mcreased rate 
of phosphorylation of sugar which is, as we have 
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seen, an indispensable preliminary step m its 
metabolism The free energy for this change is 
made available by the conversion of adenosme 
triphosphate to adenosme diphosphate plus a high 
energj’’ phosphate groupmg This phosphorylation 
of glucose then permits glucose to make available 
the free energy which it possesses New molecules 
of A T T are provided as a result of subsequent 
steps m the anaerobic breakdown of glucose 
There is evidence, as n e have seen, that i ns ul in 
may affect at least fiiree of the enz>'me systems 
mvolved m the metabolism of glucose No further 
discussion wfll be attempted here on the action of 
insuhn m stimulatmg glycogen s>’nthesis (phos- 
phorylase) or its possible effects m the atnc (tn- 
carboxyhc) aad tyde except to stress that insuhn 
defimtely affects the utilization of acetate and 
pyruvate, i e. steps distal to the hexokmase reac- 
tion 

There is a great deal of evidence, obtamed 
largely m C F Con’s laboratorj', that insulin 
stimulates the activity of hexokmase — the essen- 
tially irreversible first stage m glucose utilization. 
Growth hormone and cortisone inhibit this enzyme 
Maximal activity as judged by the glucose uptake 
of isolated rat diaphragm is obtamed when the 
pitmtary and adrenal glands are absent and insuhn 
is present m excess In the diaphragms of anunals 
m which only the insuhn-produang cells have 
been destroyed a nunimal rate of activity is ob- 
served The hormonal control of hexokmase m 
tissues other than the diaphragm awaits further 
mvestigation 

Bomstem and Park m Con’s laboratory have 
found that serum from alloxan-diabetic rats m- 
hibits the uptake of glucose m vtlro by the dia- 
phragm of normal fasted rats Removal of either 
the adrenals or pituitary from the diabetic rat 
ehrmnates this inhibitory effect of its serum, and 
the mjecbon of both growth hormone and cortisone 
restores the effect These findmgs, therefore, sug- 
gest that the insuhn-reveisible inhibitor of glucose 
uptake IS formed as the product of jomt pituitary 
and adrenal activity Studies will undoubtedly 
soon be made on the sera of diabetic patients 
Vanous changes m the concentration of the 
metallic consUtuents of the blood have been 
reported after msuhn mjection These, and partic- 
ularly that m the concentration of potassium, sug- 
gest a fundamental relationship between electro- 
lyte and carboh>drate metabolism The decrease 


m blood sugar produced by msulm is accompanied 
by a sunultaneous fall in potassium 

It IS now well established that the admmistra- 
tion of msulm lowers the msulm content of the 
pancreas m fastmg or fed animals Furthermore it 
protects the islet cells agamst the degenerative 
changes which occur after the removal of a large 
part of the pancreas Simflarly the degenerative 
changes m the islets and the loss of msulm content 
produced by the admmistration of the diabeto 
gemc substance of the antenor pituitary gland are 
prevented if msulm is supplied If, after the dia- 
betic state has been produced m partially depan- 
creatized cats by administration of diabetogenic 
preparations, msulm is given m adequate amounts, 
the diabetes may disappear Thus msulm under 
these experimental conditions can both prewnt 
and cure diabetes (Haist, Campbell and Best, 
Lukens and Dohan) 

INTERFERENCE WITH TIIE ACnON OF IN'SCLIV 

Other hormones There are five internal secre- 
tions the action of which may be considered to be 
antagonistic to that of msulm There is no evi- 
dence of any chemical mteraction of these hor- 
mones with the antidiabctic substance 

Ensymes Insulm is destroyed by pepsm-HG 
and by the activated proteoljlic pancreatic en- 
zyme, chymotrypsin Crystalline trypsm does not 
destroy msuhn I A Mirsky and his colleagues 
have shown that the hver and to a lesser extent 
other tissues contain a factor nhich is capable of 
mactivatmg msulm and a second one which in- 
hibits this action These factors are referred to as 
insuhnase and msuhnase-inhibitor Their phj’sio- 
logical significance is not established but their 
presence suggests the possibility that an increased 
rate of destruction of msulm as w ell as a decreased 
formation must be considered Pancreas mav be 
meubated asepticallj at neutral or acid reaction 
without loss of the antidiabetic substance 

Rcaciton of tissues Smee insulm acts on the cells 
of the hver and muscles, factors which influence 
these tissues, acidosis for example, maj modify 
msulm action Furthermore, since the hver is so 
largely responsible for the regulation of blood 
sugar, influences affectmg this organ may cause a 
change m sugar content quite apart from the action 
of msulm A change m the aad-base equilibnum 
of the body toward the aad side renders mjected 
msulm less effective, a change toward the alkalme 
makes msulm more effective 
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Products of infection The toxic products elabo- 
rated by many microorganisms may interfere with 
the action of insulin There is experimental evi- 
dence (1) that the insulin content of pancreas is 
decreased in certain severe infections but this docs 
not necessarily indicate a decreased rate of libera- 
tion of the hormone, (2) that the suprarenal and 
thj roid glands are stimulated to release more of 
their internal secretions,^ (3) that the sj'nthcsis 
of glvcogen from lactic acid in the liver is inhibited 
and (4) it now appears that normally liver glycogen 
IS changed to glucose b^ glucose-6 phosphatase 
Amylase, winch splits gh cogen to dcxtnns, maltose 
and finally to glucose, docs not have access to the 
liver cells ^\^lcn certain toxins arc administered, 
however, amjlasc activity can be demonstrated 
and this abnormal route of glycogen breakdown 
provides another mechanism by w hich the products 
of infection make the organism resistant to the 
action of insulin Insulin has no effect on the 
activity of am>laso Certain toxins mav act on one 
or more of these mechanisms but investigation of 
this field is still in the preliminary' stages 

Anesthetics All anesthetics interfere somewhat 
w ilh the action of insulin More or less asphj'xia is 
produced by all general anesthetics In asphj'xia 
(1) adrenaline is liberated and (2) aad products 
tend to accumulate Chlonlosc and amytal cause 
the least disturbance of carbohydrate metabolism 

SUBSTITUTES TOR INSULIN 

Insulin therapy' has two obvious disadvantages 
(1) the transient effect and (2) the necessity' for 
parenteral injection of the active material The 
most important of the suggested substitutes is syn- 
thalin (decamethy'lencdiguanidine) This substance 
docs not increase deposition of glyxogen and the 
effect on hepatic glu con oogenesis is accomplished 
in a highly unphysiological manner Extensive 
deposits of fat produced in diabetic dogs by fat 
feeding as w'cll as by many' chemical compounds 
other than synthalin interfere with sugar forma- 
tion It is preferable that the human diabetic 
organism should excrete some of the sugar made 
by a relatively healthy' liver rather than to be made 
"sugar free” by damaging liver tissue so that less 
glucose IS formed 

’ The first effects of the products of infection may be 
to excite lucr tissue to increased gluconeogencsis and 
discharge of glucose I^ter the li\ cr cells may be dam 
aged so that less glucose is produced 


INSULIN REQUIREMENT AND ADMINISTRATION 

Interesting studies have been made of the insulm 
requirements of depancreatized dogs under differ- 
ent conditions Thus the blood sugar has been kept 
at a normal level by sunultancous and continuous 
intravenous injection of msulin and dextrose solu- 
tions The insulin required was between 0 06 and 
0 4 units per kilogram per hour, while the corre- 
sponding requirement of dextrose was 0 2 and 0 6 
gm per kilogram per hour The higher values for 
insulin and dextrose w'erc those required by unan- 
csthctizcd dogs, the others by anesthetized dogs 
In another study' the amount of insulin necessary 
to keep the blood sugar at a normal x'alue in depan- 
creatized dogs under basal conditions was between 
0 005 and 0 035 units per kilogram per hour, with 
an ax'erage x'alue of 0 017 units per kilogram per 
hour The duration of action of insulin is not pro- 
portional to the size of the dose injected but is a 
simple function of the logarithm of the dose, i e , 
insulin IS inactivated in the body at a rate propor- 
tional to the amount in the body at the time Thus 
if 1 unit lasts four hours, 10 units would last eight 
hours It is established that the completely depan- 
creatized human subject mav require less insulin 
than many “spontaneous” diabetics Similarly, 
the alloxan-diabetic dog may' require more insulin 
than the depancreatized There are three obx'ious 
possibilities to be advanced in explanation (1) 
The absorption of food is reduced by removal of 
the pancreas Comparisons should be made on the 
same levels of nutrition (2) The alpha cells of the 
pancreas elaborate an antagonist of insulin, gluca- 
gon (3) The alloxan or the meta-pituitary' diabetic 
may and frequently' docs hax'e some pancreatic 
msulin available Tins may be liberated more 
physiologically than exogenous insulin and thus 
help to maintain tlie organism in a condition 
whicli creates a demand for more insulin 

Insulin may be administered cffcctivclv by the 
subcutaneous or intravenous route Some absorp- 
tion may be obtained by inunction or by' applica- 
tion to the sublingual or other mucous surfaces 
Rectal administration is ineffective Studies con- 
tinue to be made on the problem of the oral admm- 
istration of msulin Efforts have been made to 
combine it with various materials, dyes, phenolic 
substances, tannic acid etc which might protect 
the protein molecule from destruction by the 
intestinal enzymes The difficulties involved are 
obvious, and it is therefore not surprising that. 
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while some success has attended these efforts m the 
laboratory, no satisfactory apphcation to the treat- 
ment of diabetic patients has yet been made. 

modhted insttlin 

One of the most obvious difficulties m the use of 
regular tnculin m r-lmiral diabetes is its transient 
and sometimes too violent action This difficulty 
has been much more frequently encountered smce 
the highly purified preparations of msulm have 
been made available The cruder products were 
absorbed more slowly While a great many at- 
tempts have been made to slow and prolong the 
action of msulm, the first important success has 
been obtamcd by Hagedom, Jensen, Kranip and 
Wodstrup These mvestigators have shown that 
a compound of msulm with any one of several 
protammes exerts a slower and more prolonged 
anti-diabetic effect than regular msulm This has 
been shown by imcroscopic observation (Beecher 
and Krogh) to be due to the much slower absorp- 
tion of the msulm combined with protamme than 
IS the case with the regular preparations of this 
substance 

Completely depancreaUzed dogs may be mam- 
tamed sugar free, while receivmg a very liberal diet, 
on one dose of protamme msulm daily without the 
development of any hypoglycemic reactions (Kerr 
and Best) 

Scott and Fisher demonstrated that protamme 
msuhn is greatly unproved by the addition of a 
small amount of zmc The resultmg product, 
protamme zmc msuhn, exerts a more prolonged 
hypoglj cemic action and forms a much more stable 
suspension than protamme in»nilin 
Vanous other forms of modified insulin have 
been prepared and tested clmically Histone msulm 
and globm msuhn are examples Protamme zmc 
msulm has been prepared m ciystallme form 
(Hagedom) and free msuhn is stable when added 
to this compound. Zmc msulm preparations, with- 
out protamme, exertmg a prolonged action, have 
recently been made available by Hallas-Mdller 
et al 

Hytoglycemia 

Under certam exceptional cucumstances hypo- 
gl> cemia ma> be produced by excessive utilization 
of glucose (prolonged very violent muscular exer- 
cise) but mterference with the formation of sugar 
m the luer is largely responsible for most types 
The three mam factors which dimmish sugar pro- 


duction may be classified as follows (1) abnor- 
mabty of bver cells, (2) the mhibitmg action of 
insulin on gluconeogenesis m the liver, and (3) 
the decreased hepatic gluconeogenesis resultmg 
from d imin ished output of the antenor pitmtary, 
thyroid, or cortical and medullary adrenal secre- 
tions Under the first headmg a great variety of 
experimental and climcal conditions may be listed 
— for example — phosphorus or hydrazme poison- 
mg, yellow fever, acute yellow atrophy, and the 
bactenal infections When the normal liver is com- 
pletely removed, profound hypoglycemu occurs 
promptly Approximately 80 per cent of the normal 
bver must be removed before hypoglyxemia is pro- 
duced Under the second headmg we may consider 
hypenttsuhntstn This term should be reserved for 
conditions m which it is estabbshed that there is 
liberation of excessive amounts of msuhn from the 
pancreas This has been the case m numerous m- 
stances m which the removal of a tumor of islet 
cells has corrected the hypoglycemia Correction 
of the condition by removal of a large part of the 
pancreas does not prove that the cause was libera- 
tion of abnormal amounts of msubn smce decreas- 
mg the amount of msubn may merely compensate 
for the first abnormabty The relative importance 
of the three glands of mtemal secretion listed under 
the third headmg may vary m different speaes 
Removal of the thyroid mcreases the sensitivity 
of an animal to msubn and the same is true of the 
adrenal medulla, but hypoglycemia is not pro- 
duced WTien the anterior pituitary is extirpated, 
however, there may be profound hypoglycemia 
and this findmg suggests that diminis hed secretion 
of the diabetogemc substance may be an impor- 
tant factor m certam cbnical cases m which the 
hver and pancreas appear perfectly normal In 
some speaes removal of the whole adrenal gland 
causes hypoglycemia and this is, at least partially, 
corrected by the administration of cortical extract. 
Chmcally certam cases of Simmond’s disease (di- 
mmished antenor pituitary seaebon) and of Addi- 
son’s disease (mvolvement of adrenal cortex) may 
exhibit hypoglycemia (See table 63 ) 

SIGNS AND SYMPTOMS 

The signs of hypoglycemia were first adequately 
described by Mann and his collaborators The low 
blood sugars were produced m dogs by removal of 
the bver The descnpbon of this condibon enabled 
the Toronto mvesbgators to recognize that the 
effects of large doses of msulm were the same as 
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TABLE 63 


Spontaneous hypoglycemia or dysinsultntsm 


^pcrintvttnurt * 
(Hyptractivitj or 
tumor of islands of 
Lanjerhans) 

Inler/erenee inth 
sluconto[enesis to 
liter 

nypofunchon oj an 
tenor pituitary, 
adrenals or thyrend 

In experimental 

In experimental 

In experimental 

animals 

j animals 

animals 

Hypertrophy 

Hcpatec- 

Remotal of 

after duct h- 

tomy 

pituitary 

gauon? 

Interference 

(antenor 

Hypertrophy' 

with arte- 

lobe) 

after antenor 

nal blood 

Removal of 

pituitary ex- 

flow 

adrenals 

tracts? 

Poisomng 

Remot'al of 

No tumors care- 

Phosphorus 

thyToid 

fully' studied 

Chloro- 

Hypogly- 


form 

cemia or (m- 


Hydrazine 

creased sus- 


Symthalin, 

ccpUbihty 


etc. 

Deposition of 
t fat 

to insulin) 

Clinical observa- 

1 Cltnical observa- 

Clinical observa- 

tions 

tions 

iions 

Cases of hyper- 

HcpatiUs 

Hypogly- 

plasia and hy - 

Caranomata 

ccmiamso- 

pertrophy 

Yellow fever 

called pitu- 

Cases of tumor 

Acute yellow 

Italy ca- 


atrophy 

chexiaor 


Poisoning 

Simmond’s 


Phosphorus 

disease 


Carbon tet- 

Hypogly- 


rachlo- 

ccmia in Ad- 


nde 

dison’s dis- 


Benzol 

ease (some 


Chloro- 

cases) 


form 

Increased sus- 


Synthabn, 

ceptibihty 


etc. 

to insulm 


Surgical m- 

after thy'- 


tcrference 
with blood 
flow 

roidcctomy 


There may also be excessive ubhzation of sugar by 
muscles — dogs m tread imll, marathon ruimers, etc 
* The term “hypcrmsuhmsm” was mtroduced by 
Seale Harris m 1924 to describe cases exhibiting signs 
of hypoglycemia The first report of a tumor of the islet 
cells which m this case had secondary growths m the 
hver was made by Wilder, Allan, Power and Robertson 
in 1927 Many cases of tumor have now been studied A 
histological section from the first tumor successfully 
removed is shown m fig 49 4 



Fig 49 4 Photomicrograph of adenoma of pancreatic 
islets assoaated ■mlh clmical hj^poglycemia This tumor 
illustrated a as the first to be surgically remov ed Hema- 
toxjlin and cosin stain XKHK) From Howland, G, 
Campbell, W R , Maltby, E J , and Robinson, W L , 
J A M A , PJ 674-79, 1929 

those due to hypoglycemia produced by other 
means The signs and sjnnptoms vary m the dif- 
ferent species The first signs m the rabbit are 
hjT>erexcitability and desme for food The excita- 
bflity becomes greater, and mild and then severe 
convulsions are exhibited The head is retracted 
and the huid Itmbs extended in the intervals be- 
tween convulsive seizures Coma is frequent The 
animals may exhibit ngor mortis immediately 
after death The signs m dogs are quite sunilar 
Mice, m some mstances, may become comatose 
without exhibitmg convulsions Cold blooded am- 
mals do not show any signs until many hours or 
even days after insulm mjections’ The signs and 
symptoms in man have been extensively studied 
m the laboratory and chnic The uiitial symptoms 
may be hunger or a feelmg of nervousness — a sense 
of impendmg danger A little later there may be 
profuse perspiration, alternate pallor and flushmg 
of the face, vertigo and diplopia The blood sugar 
at this stage is 0 06-0 04 per cent but the level 
vanes greatly m different individuals Most hypo- 
glycemic reactions proceed no further than this 
In very severe cases there may be dehnum, con- 
vulsions, and death The true blood sugar may 
decrease until only non-sugar-reduemg power re- 
mams 

Sakel’s insulm-shock treatment for schizophrenia 
has focussed attention on the metabolism of brain 
and the effects of prolonged hypoglycemia Bram 
tissue utilizes carbohydrate almost exclusively 
Hypoglycemia mterferes with the supply and pro- 

* Similar prolonged delay may be observed in mam- 
mals after injection of huge doses of insuhn 
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duces much the same condition as Oi deficiency 
The electncal acbvity of the cerebral cortex is de- 
pressed m hypoglycemia and restored to normal 
by the admmistration of glucose The reduction 
m the oxidative metabolism of brain is undoubt- 
edly responsible for this and other changes 

Cerebral damage, which may be permanent, has 
been observed m both annuals and man as a result 
of prolonged hypoglycemia 

AI-IXVIATION GS HYPOGLYCEMIA 

The intravenous administration of glucose is the 
most effective method of alleviatmg hypoglycemia, 
The prompt recovery of almost monbund animals 
provides one of physiology’s most fasanatmg dem- 
onstrations Mannose is almost as useful as glucose, 
and fructose also occupies a preferential position 
Galactose and maltose have a slight but transient 
effect Sucrose,^ lactose and pentoses are not effec- 
tive Glycogen and glycerol have been shown to 
exert some beneficial action The effect of these 
substances m hypoglycemia is probably largely 
dependent on the rapidity with which they are 
transformed into glucose m the liver Fructose 
may be converted slowly to glucose m muscle but 
there is a possibility that it may be burned directly 
(Gnflnths and Waters) It is generally assumed that 
the only sugar directly oxidized m the musde, 
where a large part of the total oxygen use takes 
place, IS d glucose The usefulness of the other car- 
bohydrates would therefore depend on the ease of 
their conversion mto this sugar Adrenaline and 
pituitnn may be used to alleviate hj^ioglycemia 
but glucose IS much more efficaaous and safe 
Liberation of adrenalme is, however, one of the 
physiological mechanisms by which hypoglycemia 
IS corrected Intense anger, such as that which 
might well be experienced by a diabetic whose 
hypoglycemia was mistaken for alcoholic mtoxi- 
cation (Duncan) may correct hypoglycemia 
through liberation of adrenalme 


The Insulin Content op the Pancreas under 
Deeterent Conditions 


The msuhn content of the pancreas has been 
determmed m vanous animal species The insulm 
IS extracted from mmced pancreases with an aad 
aqueous alcohol solution Certam contammatmg 
material is removed and the active material is 


Blucose are, of course 
^ statement refers to the results o 

intravenous mjections u 


precipitated This is then redissolved and esti- 
mated by the mouse method of assay In the dog 
the msulm content of the free splenic end of the 
pancreas is greatest, that of the attached duodenal 
portion has an intermediate value, while that of 
the free duodenal end is lowest, the values being 
about 4, 3, and 2 units per gram, respectively In 
partially depancreatized dogs, provided sulBaent 
pancreas is left to prevent the onset of diabetes, the 
msulm content docs not differ from that of the 
corresponding part in a normal dog, nor are any 
degenerative changes in the p cells noted If dia- 
betes supervenes, hydropic degeneration of these 
cells is observed, and the msulm content of the 
remnant of pancreas falls to extremely low values 
The daily mjection into dogs of diabetogenic ex- 
tracts from the anterior lobe of the pituitary gland 
produces a prompt and profound decrease m the 
insulm content of the pancreas (m seven days to 0 2 
units per gram) If the mjections are stopped at 
this stage, the msulm content is restored to 
normal withm four days If the administration 
is continued the msulm is reduced to negligible 
amounts No recovery will occur uhen thispomt is 
reached Simultaneous administration of insulm 
prevents or greatly modifies the fall m the insulm 
stores This fact strongly suggests that the ^ cells 
are permanently damaged by the extract through 
overwork and that the simultaneous administra- 
tion of msulm relieves the cells of some of this 
excessive demand for the hormone 
Starvation (seven days) or a diet nch m fat pro 
duces a decrease in the insulm content of the rat’s 
pancreas to about half the normal xmlue, which is 
about 2i units per rat These animals have their 
msulm stores speedily restored to normal (m six 
days) when they are returned to a balanced diet, 
carbohydrate alone effects a partial restoration 
Daily mjection of msulm mto rats causes an even 
more marked decrease m the insulin content of the 
pancreas than does starvation (Haist and Best) 
Massive doses of insulin over prolonged penods 
may produce atrophic changes m the pancreatic 
islets of partially depancreatized dogs which sur- 
vive the treatment (Mirsky) 

The mjection of anterior pituitary extracts in 
certam strains of rats mcreases the islet volume 
and the msulm content of pancreas (Young, Rich- 
ardson and Marks) In othei strains there is no 
increase m msuhn content 
The factors which affect the volume (growth) ol 
the p cells of the pancreas are given m table 64 
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Subcutaneous estrogen transplants or the admin- 
istration of stilbestrol produce an mcrease m the 
insulm content of rat’s pancreas This effect is not 
observed m the absence of the pitmtary (GnfBths, 
Marks and Young, Funk) Stflbestrol may exert 
a diabetogenic effect m force-fed normal and par- 
tially depancreatized rats, and imder these condi- 
tions Ingle has been able to demonstrate diabeto- 
gemc effects of all the estrogens Under more 
physiological conditions Houssay, Foglia, Martinez 
and their colleagues have demonstrated that the 
estrogenic substances decrease the mcidence of 
diabetes m partially depancreatized rats — ^presum- 
ably by stimulation of the /3 cells m the pancreatic 
remnant 

The effect of age on the insulm content of the 
pancreas has been studied m the cow In fetal 
calves under 5 months the concentration was 34 
units per gram, m calves 6 to 8 weeks old, 10 units 
per gram, m heifers 2 years old, 5 umts per gram, 
m cows over 9 years, 2 umts per gram Pregnant 
cows 7 years old and older showed no change from 
the normal insulm content of about 2 umts per 
gram (Scott and Fisher) In Wistar rats the total 
msulm content of the pancreas mcreases with age 

Pancreases obtamed from non-diabetic persons 
at autopsy have an average msuhn content of 
about 2 umts per gram This is probably some- 
what lower than the true value Pancreatic tissue 
from diabetic persons shows wide variations The 
pancreas from diabetic children contains very 
httle msuhn Pancreas from diabetic adults con- 
tains on the average some 40 per cent of the nor- 
mal amount of msuhn (Wrenshall) The msuhn 
content of a tumor of islet tissue surgically re- 
moved from a patient suffermg from hypennsulm- 
ism may be as high as 214 umts per gram 

It is, of course, apparent that these “msulm con- 
tents” mdicate the balance between the rate of 
production of the hormone m the islets and the rate 
of liberation There is good reason to beheve that 
under certam conditions the rate of hberation is 
profKirtional to the content Under other circum- 
stances this is probably not true, but the rate of 
liberation of msuhn can at present only be inferred 
from data which are susceptible of various mter- 
pretations The conclusion has been drawn from 
some of these results, combmed ■with histological 
studies, that the islet cells are “rested” after ad- 
mmistration of msuhn, by starvation and by a 
high fat diet and that less msulm is excreted by 
the pancreas than under normal conditions Partial 


TABLE 64 

Factors depressing tsiel growth 

1 Restriction of calonc mtake 
Restnction of carbohydrate intake 

2 Admmistrabon of large amounts of insulin 

3 Removal of the pituitary gland 


Factors increasing islet growth 


1 

INTACT 

SYPOX 

1 High carbohydrate mtake I 

2 Contmuous injection of glucose 

3 Injections of antenor pitmtary ex- 

tract 

+ 

+ 

4 Injections of growth hormone prepa- 
rations 

+ 

-1- 

5 Injections of ACTH 

+ 

+ 

6 Injecbons of cortisone 

-1- 

+ 

7 ThjToid adnnmstrabon 

+ 

+ 

8 Estradiol benzoate 

+ 

t 

9 Diethyl stilbestrol 

+ 

t 

10 Progesterone 

+ 

t 

11 Testosterone 

* 

t 


From R E Haist 
• Not significant 
t Not done 


pancreatectomy, sufficiently extensive to result m 
diabetes, or admmistration of diabetogemc ex- 
tracts causes (1) marked stimulation of the islets 
and (2) subsequent degenerative changes and loss 
of insulm ® 

The Use of Insulin in Non-uiabetic Conditions 

Favorable results have been claimed for the use 
of msulm m a very great variety of non-diabetic 
conditions It has been used m permaous anemia, 
m acute infectious diseases, m eclampsia, m per- 
maous vomitmg of pregnancy, and m hepatitis — 
to mention only a few While it is conceivable that 
insulm might be of shght benefit m some of these 
conditions, it would appear that equallj satisfac- 
tory results can be secnired by the admmistration 
of glucose alone. It is a clmical fact that the ad- 
ministration of glucose produces favorable results 
m a variety of hepatic abnormalities A high gly- 
cogen content appears to protect; the hver cells 
from damage and inhibition of gluconeogenesis 
produced by both msulm and glucose may also 
play a role 

*For references to work on msulm content of pan- 
creas, see Haist. 1944 and Wrenshall, 1952 
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Tnciilm can now be considered, however, an 
established adjuvant in the treatment of certain 
cases in which lack of appetite prevents the inges- 
tion of adequate amounts of food The phjreio- 
logical basis for this use of insulm m these non- 
diabetic individuals rests very largely upon the 
mcrease m hunger and appetite which may be 
caused by the admmistration of suffiaent material 
to produce a definite but not too marked hypo- 
glycemia In 1924 Bulatao and Carlson reported 
that production of hypogljcemia m experimental 
anunals by the subcutaneous mjecbon of msulm 
was uniformly accompanied by hypertonus and 
hypermotibty of the stomach The gastnc tonicity 
and motility mcrease as the hypoglycemia deepens 
until complete tetanus is reached, which persists 
until the dog exhibits hypoglycemic convulsions 
or until sugar is given The effect of sugar is imme- 
diate, but if a large dose of insulm has been given 
the hyperactivity of the stomach returns as soon 
as the blood sugar falls agam The first record of 
the mcrease m gastnc peristalsis m the human 
mdmdual after msulm admmistration was that of 
Dickson and Wilson, 1924 An hour and ten mm- 
utes after the admmistration of msulm the tone, 
depth and rate of peristalsis and rate of emptymg 
of the stomach were definitely mcreased This con- 
dition persisted for two hours, when the blood 
sugar was found to be 70 mg per 100 cc. Glucose 
was then given, and while the acute symptoms 
were definitely reheved the hunger persisted Sub- 
sequently Quigley, Johnson and Solomon studied 
the effect of msulm on the gastnc movements of 
four human subjects They found that doses of 
from 12 to 20 units of msulm defimtely mcreased 
the gastnc activity The first definite augmentation 
was observed about an hour after the mjection and 
persisted for at least £ve hours There was pro- 
longed duration of the hunger penod, and this was 
considered to be the most characteristic eflfect of 
msulm The mcreased peristalsis produced by 
msulm IS not mhibited by such procedures as 
smokmg, unpleasant emotions, body discomfort, 
or the presence of moderate amounts of non-car- 
bohydrate food m the stomach The mcreased 
movement was mhibited by atropme The imme- 
diate relief of the excess peristalsis when appro- 
pnate amounts of glucose were given was con- 
firmed More recently Grossman and Stem have 
shown that the sensations of hunger mduced by 
msulm, nith the exception of the epigastnc pangs 
of distress assoaated with mdmdual gastnc con- 
tractions, contmue to occur after complete vagot- 
tcny in man 


It IS known that msulm does not exert its effect on 
gastnc motihty and secretion after section of the vagus 
nerves This means that either insulm acts centrally by 
stimulating the vagus, or that the contmued elaboration 
of acetylchohne, which we now know is an essential part 
of the mechamsm by which the vagus exerts its action, 
provides a foundation upon which the peripheral effects 
of insulm may be superimposed 

Insulm augments also, to some extent, peristaltic 
movement m the duodenum and in the colon, but the 
effect IS not as marked as in the case of the stomach 
It will be remembered that one of the earlj symptoms 
observed m experimental animals and also in human 
subjects after the administration of insulin is an increase 
m hunger In animals an attempt to consume material 
of httle nutritive value which under ordinary conditions 
they would not attempt to eat is often observed It 
would appear, therefore, that the cliniaan is able to 
take advantage of this situation by providing nutritious 
food for his hungry patient. The mcrease m weight 
observed m both animals and patients when appro 
pnate doses of msulm are given for prolonged periods 
IS due to increased deposition of fat, and to a lesser 
extent to mcreased deposition of carbohydrate and 
protein The mcrease m weight is not attributable to 
unphysiological retention of water 

Inixotnce of OrHER Endocrine Glands 
ON Carbohydrate Metabolism 

THE ADRENALS 

The glucosuna produced by adrenalme was first 
noted by Blum The intravenous route of admin- 
istration gives the greatest nse of blood sugar but 
subcutaneous, mtramuscular or mtrapentoneal m- 
jections are effective The immediate rise m the 
sugar of the blood is due to breakdowm of liver 
glycogen to glucose There may be a considerable 
decrease m the amount of liver glycogen Adrcn- 
alme also mobilizes muscle glycogen (Con) but 
here the immediate product is lactic acid and 
not glucose A part of the lactic acid is earned by 
the blood to the liver where it is converted to gly- 
cogen, which m turn furnishes the blood with 
glucose Muscle glycogen is therefore available 
mdirectly to replenish blood glucose When lactic 
acid from the muscles has been changed m appre- 
aable amounts to glycogen m the liver the amount 
of substance m this organ may be mcreased over 
the normal level Adrenalme therefore m moderate 
dosage, first causes a decrease and then an mcrease 
m liver glycogen Very large doses over prolonged 
penods may lower both musde and liver glycogen 
The nervous control of adrenaline secretion will 
be discussed m chapter 59, and the manner m 
which thoracic autonomic impulses may affect 
blood sugar through its liberation wrill be apprc' 
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aated Adrenaline does not accelerate sugar for- 
mation from other substances m the liver Dia- 
betes has not been produced by the contmued 
admmistration of adrenaline 

Insulm and adrenaline are not chemical antag- 
onists but possess opposing physiological actions 
Adrenalme accelerates the breakdown of both 
liver and muscle glycogen but the lactic acid made 
from muscle glycogen may result in an actual m- 
crease m the liver Insulin promotes the formation 
of gljxogen m both organs but the increase m 
muscle glvcogen may be at the expense of sugar, 
\\hich would have formed liver glycogen These 
are excellent examples of the manner m which the 
action of a hormone may be obscured by other 
effects When the blood sugar is lowered to about 
0 06 per cent by insulin an increased rate of libera- 
tion of adrenaline may be detected (Cannon, 
Houssa}^ Adrenaline has also been reported to 
mcrease the rate of liberation of insulm from the 
pancreas 

Adrenaline is one of the steps in the mechanisms 
by which liberation of adrenocorticotropic hor- 
mone (ACTH) IS released in animals (Vogt, Long 
and Fry) but it has not been possible to demon- 
strate this effect m man Thus a substance released 
m cmergenc}'' causes a prompt hyperglycemia and 
may at the same time set in motion other changes 
Oiberation of ACTH) w'hich stimulate gluconeo- 
genesis and thus provide for the continuation of 
the blood sugar rise On the other hand, a meal 
high in carbohydrate given to fasted rats causes a 
reduction m the cholesterol content of adrenal 
cortex (liberation of cortical hormone) which is 
coincident wnth a nse in hver glycogen (Abelin) 
This and related studies are perhaps the begmning 
of a more complete understanding of the physio- 
logical coordmation of medullary and cortical 
activities There is some evidence that a mecha- 
nism even more rapid than one which could be 
mediated by adrenaline may play a role m ACTH 
hberation 

The Adrenal Cortex and Carbohydrate 
Metabolism After double adrenalectomy m some 
species (cat and rat) the carbohydrate reserves of 
the liver and muscles are depleted and there may 
be definite hypoglycemia (Bntton and Silvette) 
These workers showed that the hypoglycemic con- 
dition may be corrected when the cortical hormone 
and glucose are provided but not when the latter 
alone is given They reported that the adminis- 
tration of extracts of he cortex elevated the car- 
bohydrate stores of adrenalectomized animals well 
beyond the normal limits Insulm and glucose do 


not mcrease glycogen deposition m the adrenalec- 
tomized animal unless cortical extract is supplied 
(Britton) but it is possible that this effect might 
occur if the anunals were supplied with a diet ade- 
quately low m potassium and high m sodium 
Long and his collaborators have greatly extended 
the earlier experiments of Bntton and Silvette and 
find rather remarkable mcreases m liver glycogen 
m fasted or fed normal animals when extracts of 
the adrenal cortex are admmistered Muscle glyco- 
gen was not affected by the cortical material m 
these expenments but may be mcreased when 
adequate amounts of sugar are supplied 

After Houssay’s demonstration that removal of 
the pituitary gland attenuates the severe diabetes 
resulting from total pancreatectomy m the toad 
and dog, Long and Lukens showed that a very 
similar change could be produced by adrenalec- 
tomy m the depancreatized cat or dog It has been 
shown by Lukens and Dohan that the diabetes of 
adrenalectomized depancreatized animals and also 
that of hypophysectomized depancreatized am- 
mals can be mcreased m seventy by the injection 
of corbeal extracts 

Long, Katzm and Fry have shown that the rat, 
partially depancreatized by the method of Shapiro 
and Pmeus, is an excellent preparabon for the 
demonstration of the role of the adrenal cortex m 
carbohydrate metabolism Adrenalectomy attenu- 
ates the diabetes which may be observed m these 
animals The graftmg of cortical tissue may restore 
the glucosuria to the extent which has been ob- 
served before adrenalectomy 

The relabve diabetogenic potency of various 
adrenal steroids has been studied by Long and his 
collaborators, by Kendall and by Ingle and Thom 
In 1941 Ingle demonstrated adrenal steroid dia- 
betes m normal rats which were forced to mgest a 
diet nch m carbohydrate but of normal calonc 
value This adrenal diabetes was highly resistant 
to insulm Corticosterone, 17-hydroxycorticoster- 
one and 17-hydroxy-ll-dehydrocorticosterone have 
all been shown to produce hyperglycemia and 
glucosuria m the normal rat Ingle, Li and Evans 
have mduced these signs of diabetes m normal 
force-fed rats by the admmistrabon of pure ad- 
renocorticotropic hormone The hypertrophy of the 
adrenal cortex was very marked m these animals 
The production of a decreased carbohydrate tol- 
erance m human subjects by ACTH (Browne) 
and of a state of metabohsm simflar m manj 
respects to clmical diabetes by admmistermg more 
highly purified adrenocorticotropic hormone 
(Conn, Louis and Johnston) are landmarks m the 
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dciiczl extenEoa o5 Izoo-ztcry feamgs The c^a- 
betes El sabjKts "tdicEi psisisteG for as 

lozg as tui ni}«:t;cnis -ere coattncri (10 cays) 
vras resistant to csdn. (See also ACoian Dabetes, 

P 6S5) 

It tas been sno-ni by Long and bis ccllai?o:ato"s 
anc bv Inde ann other vorEers that the rntcna.- 
n ;:~i tnitinga v-mcn these acEenal extracts p-odnce 
^ccosnna is m part by stmnlating ^nconeogene- 
sis from p-otem, ont as the nicrease m nitrogen 
excretion is msnScent to accanat for the extent 
o the glacosnna, interference mth glucose oxioa- 
ton has also been postulated- 
Some bntnot all of tne abnormalities of caroo- 
b^-drate metabohrm m aorenalectonuzed a-'mal-: 
are anparentlv are to the disturbance rn snaium 
ann potassncn metabnlima. Thus tne ddayed ab- 
sorption or sugar and fat and the fanure to stem 
^ycr^en rrom giucosa can be favombV afiected 
b> anp-op-ia te salt treatment. On the otner hand 
the sharp laH in can>ahyaiate levels m lasting 
acrenalectomizea animals and tne amd o-apon 
o' (Labetes m partially d^iancreatized rats by 
aimenalectom'' are not corrected by feeding salt 
out are fa~ tne aemmatraPon of suitab'e oo"Pcal 
mater-aL 

Wbile It nas been sho'mi that the p tmtarv 
p-enamPons may exert a (Labetogen-c aePon n 
the absence of the aoienal a part o the p rmtar y 
erect .s undoubtedly exerted tarougn the adrenal 
cotei. The recent mrk of de Bodo has demon- 
strated tnat the sensito'^ty cr tee hvpopbysecto- 
nired dog to msnim is considerably greater than 
teat or the adrenalectomized dog 
ilan'-o toese nnamgs mmeh have oeen obtained 
cn cipermentol annrals ba\-e been conSmed fay 
Thom ann Ls colleagues in sPiCLes on papents 
mtn ^doscin's (Lsease, 

tHr suxurrAST Aia) cAnBOHTunAxz mrrABOusii 

It has been apprecsted for man, years that 
aonounaliPis ra cafbobydiate metabolism mav 
be assoinated mtb acromegaly of long standing or 
vutb the p-esence of vanous pituitary tmno-s. In 
I90S Bo-diardt found that an extract c' the pos- 
teno- p tmtary raised tne blood sugar In 1911 
Cushmg obstr-ed that “pitmtaiy deScency” may 
be acocmpan.ea by an increased caroohydiate 
tc’t.-ance. When msulia became avaSab’e' Bum 
demonstrated an antagonism between ^ tuitnn” 
andmsulm.andse-eialvrorhers (Olmsted, Gdhng 

Housa>) shoored tent animals vere mo-e sensitive 
to msnim after removal of the p,Pntaiy body 
It appeared for a Pme that both the oiv^c 


and presso" principles of the postenor lobe pro- 
duced fayperglycEima and thus interfered -Ptb the 
action 01 msulm. The mo-k of EUsmorth and others 
in<Lcates tnat the oiytoon is pmibably the more 
important facter from this visTioint but it is 
do^Pul, from the dosage necesary to p-oduce the 
^ect, -vnether this is physio' o^cal sgnincance. 
Gnfitbs has repo-ted that postenor lobe extract, 
LC., the vasoronstnetor p-mep’e, interferes vdth 
the afaso-pPon o'" mstdn. The aePon of subcu- 
taneouslh administered insulm is mbibited but 
when the mtiai'enous route is used this effect is 
not obsem ed 

Interest has been focussed on the anteno- lobe 
of the p’tmtaiy by tne brilliant researenes o* 
Honssay and h-s coHabomto's and o‘ other m- 
VKPgato-s. The mam p^mts estabhshed m Hons- 
say’s bberatory are as foDous (a) Removal o' the 
anteno- lobe of the p'tmtar: increases the senrtrv- 
ily to msulm of the normal animal and diminishes 
the mtensrty of cLabetes in the depancreatmed 
enTmal. (b) injeebons of p-eparaPons from the 
antenor p tuitaiy into nomal or hypiophysecto- 
nnzed gninmls dunmi^ their sens’txntr to insulin 
and mcease the seventy of the diabetc state n 
hypophysectonured-depancreatiaed (Honssay) an- 
imals. (c) The adnnnistraPon of a suitab'e extract 
of the anterior p tmtary can mduce a d-abePc con- 
tuPom This pwmt -vas independently estabLshed 
by the of Evans and h-s coUsagUK and of 

Baumana and llanne. 

The effects of pancreatectomy and byipopbysec- 
tomy are ccatrasted m the foUcrving suTumarv, 
and the condjPon of the ?rrm?l from wbiti the 
pancreas and the pUmtary have both been re- 
moved IS bmeffv described. 

CD i) (O-fi 

Sypergiyccmca Low blow sugar, bypogJ"- 

Polrcria ceunc convclsons curog 

Glyxosnna fasttug 

Kctouurfa 
Aaotmea 

Tr«^in ceceEsaiy fo- sur- G-eatly mtreased seuEPv- 
' ^ itvtoiusuEa 

iletaioHc late ro-mal o- LommeLaboEciate 
sHgutlyraned 

I^ecreased ahility to utilize Caroormdrate furnishes m- 
camohvdiate creased p-opo-tion fuel 

Decreased ability to fo-m Rapd cisap earance 
givcogeci { 2 X and p-ote£n E v er and muscle ^yeogen 
due to udEzalion o' car- 
boV-dia,e and decreased 
ghicsn eogencsis.* 

‘ For direct emdence o' tins effect see Crandall and 
Chemy 
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Pancreatectomy and hypophysectomy 

Animals survive without insulin Poljnina, gluco- 
suna, ketonuna, azotuna slight or absent Adminis- 
tered carbohydrate partially or completely retained, 
1 e. carbohydrate utilization much better than in depan- 
creatizcd dog Metabolic rate low Glycogen deposition 

Permanent Diabetes The antenor pituitary 
gland contains a number of substances which affect 
carbohydrate metabolism m a variety of ways 
These wnll now be considered briefly Evans, 
Mej'er, Simpson and Reichert in 1932 demon- 
strated the production of a prolonged diabetes in 
normal intact animals by antenor pituitary ex- 
tract F G Young, 1938, wras how’cver, the first 
to produce a permanent diabetes comparable m 
mtensitj to that resulting from complete pancrea- 
tectomy, by injection of extracts of the antenor 
lobe of the pituitary He has found, m a very large 
number of dogs, that he is able consistently to 
produce a permanent state of diabetes by the daily 
iniection, cither mtraperitoncally or subcuta- 
neously, of a preparation of antenor lobe material 
The permanent state of diabetes may be produced 
after as few as eleven daily mjections but more are 
usually required The diabetogenic activity, that 
is, the active material which will produce perma- 
nent diabetes in dogs, is associated with the glob- 
ulin and pseudoglobulin fraction of the pituitary 
extract Young’s work was confirmed by Campbell 
and Best and by Dohan and Lukens and many 
others Degenerative lesions of the islet cells of the 
pancreas were first noted in these permanently dia- 
betic animals by Richardson and Young Signs of 
proliferative changes in the islet cells m the early 
stages of the injections w ere found by these w'orkers 
and by Ham and Haist who also observed prolifera- 
tive changes m the aanar and duct cells of the pan- 
creas The diabetogenic extract produced prolifera- 
tive changes m various other glandular tissues m 
the body Campbell, Haist and Best noted that the 
diabetic state produced by the pituitary extract 
w'as not mtensified by complete removal of the 
pancreas and secondly, that the insulin content of 
pancreas was reduced to a negligible quantity 
This latter point has been discussed elsewhere 

It would appear that the mam effect of the sub- 
stance or substances which produced the perma- 
nent diabetes is exerted upon the Islands of Lan- 
gerhans These cells are apparently first stimulated 
and then destroyed by the repeated mjections of 
the active matenal 

The permanent diabetes produced by the above 
procedures differs from that caused by pancreatec- 


tomy, m that the animals may live for long periods 
without the admmistration of msulrn In some 
cases, however, msulrn is required Starvation or 
a diet very nch m fat causes a marked dimmution 
m the mtensity of diabetes m the permanently 
diabetic animal 

The production of permanent diabetes by the 
diabetogenic substance of the anterior pituitary 
can be prevented by the simultaneous administra- 
tion of large doses of msulrn (Haist, Campbell and 
Best) The islet cells are protected from profound 
degenerative changes, the msulrn content of the 
pancreas remains at a moderately high level, and 
the state of permanent diabetes is not mduced 
Lukens and Dohan have showm that permanent 
diabetes produced m partially depancreatized cats 
by admmistration of the diabetogenic substance 
of the antenor pituitary gland can be cured by the 
use of msulrn, by a reduction m the calonc value 
of the diet -or by an mcrease m its fat content Re- 
covery from early diabetes has followed a reduction 
m the diet only when the diabetes was very mild 
but treatment with msulrn produced recovery at 
this stage regardless of the seventy of the disease 
If treatment were delayed until after the Islets of 
Langerhans had become atrophic, no recovery was 
possible 

It IS to be noted that m the prevention and cure 
of this expenmental diabetes, the level of the blood 
sugar IS probably one of the most important fac- 
tors which determmes the dnection m which the 
islet lesions will progress This mterpretation is 
supported by all the results which Young, Haist, 
Campbell and Best, and Lukens and Dohan have 
obtamed and is m line with the earlier studies of 
F M Allen, Copp and Barclay, and others The 
nse of blood sugar m itself would not, however, 
constitute an adequate stimulus for the production 
of the extensive changes m the islet cells The 
diabetogemc factor must operate through other 
mechanisms as well The level of blood msulrn ma> 
be one of these 

Highly purified growth hormone has been shown 
to be diabetogenic, i e to produce permanent 
diabetes m cats (Cotes, Reid and Young, 1949) 
and m dogs (Campbell, Davidson, Snair and Lei, 
1950) It would appear that this is the mam 
diabetogenic component of antenor pituitary ex- 
tracts but the cortical hormone hberated by ACTH 
and the thyroid product by the thyroid stimulatmg 
hormone must also play their part, as described 
elsewhere Growth hormone stimulates growth in 
young dogs and does not produce diabetes until 
the ammals have matured (Young) If a part of 
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the rat’s pancreas is removed, but not enough to 
cause diabetes, this condition may be p-oduced by 
large doses of grorrth hormone, thyronn or cor- 
tisone (Houssay) The rat is vxtv resistant to these 
diabetogenic influences, perhaps in part because of 
its abihty to mahe mo-e insulin vrhen needed. In 
the mtact rat, hovrever, on a hi gh carbohjdiate 
diet, gro'vth hormone and ACTH (grven together) 
regularh produce h%per^}cenua and gjucosuna 
(Engel) 

The GtscxraoPic oe -^ti-es-scixs Acno\ of 
A acxEPJOE Lobe E.\iEAcrs It was first demon- 
strated faj Houssav and PoUck and adequatel} 
confirmed b% many later investigators that treat- 
ment with antenor lobe extract can mduce m 
either normal or h^pophyscctomized an i mals an 
msensitivity to the action of insuln 
Bennett obsened hypei^'cemia and mcreased 
liver glycogen values upon pmlonged administra- 
tion of the adrenotrop c hormone. Jensen and 
Grattan, and Ingle have shovn that the adreno- 
tropic substance as well as extracts of the adrenal 
cortex, and ciystallme co-ticosterone produce a 
definite glvcotropic effect The adrenoco'ticotropic 
factor faSed to produce this anti-msulm effect or 
to promote depoabon of Iri'er gjj cogen n adrenal- 
ecloauzed mice. Tnese findings, therefore, stronglv 
suggest that the glvcotropic effect of anteno* 
pituitary eirtiacts is due to the adrenocorbeotrop c 
factor A piart of the anb-msuhn acbon may be 
due to the storage o' large amounts of glj cogen m 
the lis'er This glyoogen is presumably av aila bV 
to counteract the hvpogli cemic effect o' insulin 
It IS well established that h\'pcpbs'sectomized 
atumals are unable to preserve their glj cogen 
stores as nomoal animals do during fasting It has 
been found b> Russell and Bennett that this func- 
bon can be restomd, under certain condibons, by 
antenor pitmtarv extracts In subsequent eipen- 
ments it has been sho*m that this acbon is not 
throng the adrenal since muscle gl\ cogen can be 
maintained at a normal lev el m the absence of both 
adrenal ^ands m the fasbng animal Tn fed zai- 
mals, ho-^cver, adrenalcorbcal acbvntj is required 
to mamtarn tnusde glycogen. It has recentiv been 
sho-vn by Russefi and WThelmi (1950) that p'unfied 
groTth hormone is ab’e to prev-ent loss of glycogen 
from skeletal musde and from diaphragm and to 
restore heart ^ytxjgea to the normal fasbng level 
m hvpopbysecto-mzed rats It is unnecessary, 
^ertfore, to postulate a separate glvcogen-sparmg 
facto- 

TeE PA^CEEOrEOEIC .ACTION OF -AsiEEIOH 


PrrerrAET Extracts. In 1933 Ansdmmo, Herold 
and Hoffmann reported that frequent mjeebons of 
antenor lobe extracts m rats produce m a few 
days an mcrease m the size and number of the 
Islets of Langerfaans. Richardson and Young were 
not aVe to confirm the findings under the condt- 
bons defined by the German investigators Thev 
were, however, able to show that the da3% treat- 
ment of rats with crude antenor pituitan lobe 
extract for a penod of two weeks doubled the 
amount of islet tissue m the panaeas More re- 
centiv Malts and Young showed that the rnrulin 
content of rat pancreas was greatly increased under 
these condibons (See Insulm Content of Pan- 
creas) 

It will thus be apparent that the antenor p'tui- 
tarj ^and affects metabolic p-ocesses b> a vanety 
of medianisms The permanent diabetes produced 
by gr o w th honmone is due to destruction of the 
^ cells of the pancreas, but gr o wth bownone m- 
hibits the pienpheral utilizabon of carbohydrate. 
It raises the yood sugar and mtensifies the diabetes 
of comp’etelv depancreabzed animals It inhibits 
the ’Tunding” of msulin b> muscle and other 
tissues ACTH, by liberating adrenal corbcal sler- 
ods greadj increases gluconeogenesis and prob- 
ably also inhibits penpheial utibzaboa of giuerse. 
Co*tisone under certam condibons also stimulates 
the islets and thus taa\ modify the diabebc state. 
The acbon of growth hormone o* cortisone m de- 
creasmg penpheral utihzaboa of sugar raises the 
blood sugar and this is undoubtedly part of the 
mechanism bj which the cells arc stimulated and 
destroyed 

The anteno- pituitary ^and also affects carbo- 
hydrate metabolism throng the th y TO tro pic and 
probablj also the gonadotrop c ho-mones Re- 
moval of the adrenal cortex, thytoid or gonads 
p-oduces histological changes m the antenor pitu- 
itary mdicaby e of oy eraebyntj , ue. of attempts to 
sbmulate the mfemg target organs. 

Inhib ifaon of the antenor pituitarj effect on 
carbohydrate metabolism bj the use of X-rays o- 
by mjeebon of estrogeruc substances can be demon- 
strated in a nima ls and m man but bttle of p-acbcal 
clinical value can be expected from these pro- 
cedures. 

the XHSEOID and CAEEOHYDRAIE ISErrABOUSil 

The aggravabon of diabetes m man by hyper- 
thyio’dism and its amehorabon by removal of the 
thyToid establishes a Imk between tkig ^and and 
carbohsdrate metabolism. It is surprising that 
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very little influence on the diabetes of depan- 
creatized animals can be demonstrated by thyroid- 
ectomy This may be due m part to incomplete 
removal of thyroid tissue When very extensive 
atrophy of the thyroid is produced bj hypophvsec- 
tomy m dogs, the blood sugar and a normal level of 
unnaiy' nitrogen can be main tamed for long periods 
during fastmg if thyroxm is supplied Without it 
hypogl} cemia may soon termmate the experiment 
Thus it appears that the thyroid may play a role 
in the effect of the anterior pituitary on carbo- 
hydrate metabolism The slight effect of th)Toxm 
administration on the intensity of pancreatic dia- 
betes in some animals still requires explanation but 
Houssay, Foglia and their colleagues have shown 
that in thj roidectomi/ed rats 95% of the pancreas 
can be removed ivathout causing glucosuna The 
administration of thyroid preparations to such 
animals may result in the development of per- 
manent diabetes (metathyroid diabetes) In some 
partially depancreatized dogs permanent diabetes 
could also be induced by large doses of thyroid 
material 

The admmistration of thyroid substance or of 
thyroxin to normal animals has no immediate 
effect on blood sugar but a loss of liver glycogen 
may be demonstrated within six hours There is 
also apparently a nsc in the protein content of 
liver due perhaps to mobilization from peripheral 
tissues Increased gluconeogencsis from protem 
can be readily demonstrated when thyroid sub- 
stance IS fed An mcreasc m the d-ammo-acid 
oxidase activity of liver has been reported 

In clmical hyperthyroidism a mild hypergly- 
cemia and glucosuna may be present A compar- 
able condition may be produced in animals by 
administration of thyroid material At this stage 
hver glycogen is easily mobilizable (the actual 
amount present may be less than normal) and 
adrenalme elicits more hyperglycemia and msuhn 
less hypoglycemia than normally 

When thyroid feedmg is contmued there is a 
profound decrease m liver, muscle and heart glyco- 
gen In this second stage the animals are resistant 
to adrenalme and extremely susceptible to msulm 
They may exhibit spontaneous hypoglycemia or 
develop it as a secondary result of a small mjection 
of dextrose This latter effect may be due to the 
liberation of msulm the action of which is not 
buffered by liver glycogen 

Thus the effect of the thyroid on carbohydrate 
metabolism is the resultant of several actions (1) 
mcreased oxidation of carbohydrate m tissues gen- 


erally, (2) the mcreased rate of hepatic gluconeo- 
genesis, and (3) destruction of islet tissue m 
partially depancreatized animals 

GLUCAGON 

The availability of crude msuhn preparations m 
1923 enabled Collip, and Kimball and Murhn to 
detect an mitial transient nse m blood sugar m 
normal animals which received the solutions mtra- 
venously The latter mvestigators mtroduced the 
name “glucagon” which W'as adopted by Btirger 
(1929) who, with his colleagues, has been responsi- 
ble for most of the early studies of the properties 
of this matenal Bvirger demonstrated that glu- 
cagon could be separated from msulm and that the 
hjperglycemia w'as accompamed by a fall m hver 
glycogen Adrenalectomy did not ehmmate this 
effect Shipley and Humel (1945) showed that 
crude msulm preparations accelerated glycogen 
breakdown m hver shces Sutherland and Con 
(1948) obtamed evidence that this glycogenolysis 
was due to glycagon and that this substance acti- 
vated the phosphorylase sj^tem Staub, Sinn and 
Behrens (1953) have now obtamed glucagon m 
aystallme form as a polypeptide diffenng signifi- 
cantly from msulm m ammo aad content There 
are many convergmg paths of evidence which sug- 
gest that this substance is made m the alpha cells 
of the pancreas and perhaps also m similar cells of 
the fundic mucosa of the stomach Sutherland and 
de Duve obtamed glucagon activity from these 
two sources only The physiological significance of 
this hormone is not yet known but it appears to 
be hberated after growth hormone mjection (Bom- 
stem, Reid, and Young 1951, Foa, Magid, and 
Classman 1953) and as one of the mechanisms 
which correct hypoglycemia This subject has 
been w'ell reviewed by de Duve (1953) who, with 
his colleagues Vuylsteke, Cornells and others, has 
added greatly to our knowledge The glycogenoly- 
tic activity of glucagon has apparently been dem- 
onstrated m human subjects by hepatic cathenza- 
tion but its clmical significance awaits study 

THE NERVOUS REGULATION OF CARBOHYDRATE 
METABOLISM 

As IS the case with many other aspects of carbo- 
hydrate metabolism, Qaude Bernard paved the 
way for the mvestigation of the influence of the 
nervous system Bernard (1855) punctured the 
floor of the fourth ventncle m unanesthetized am- 
mals and observed that the piqffre produced a 
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prolonged gluoosiina (The blood sugar of a rabbit 

rte to 0 40 per cent mthui an hour and the 
effect ma\ persist for se\eral dajs or longer ) 

It has been appreciated for some time that 
lesions in the hiTiothalainic region ina\ cause 
glucosuna and the relation of these lesions to 
pituitan secretion has been m doubt 1111110 lesions 
m this region might mterfere vnth the absorption 
of the pituitarj hormones or more likeh , stmiulate 
or destroy the nene fibers going to the gland, it 
has been established that stimulation of the tho- 
raac autonomic center m the h%'polhalamus ma> 
produce h\'pergl\ cemia Thu ga\e rue to the 
idea that lesions lower in the bram stem might act 
b\ imtatmg the fiber tracts from the thoraac 
autonomic center but the situation u apparentlj 
not so simple Donhoffer and Madeod attribute 
special significance to the pons and there mar be 
\-anous centers, the impulses from which affect the 
ler el of blood sugar hr more or less indirect paths 
In a recent paper, mth an excellent rernew of 
prenous work, Anderson, Rioch and Haj maker 
(1952) showed that m dogs and rats a prolonged 
(20-50 da\-s) decrease m glucose tolerance was pro- 
duced br transection of the bram whether at the 
pontine, midbrain or hjTxithalamic ler el In ani- 
mals in which decortication was performed and m 
those m which the brain stem was hemisected 
there was no change m glucose tolerance. These 
findings prornde erndence for a homeostatic con- 
trol of blood sugar ler el br centers in the brain 
stem 

It will be appreoated that lesions of the bram 
mr-olring (1) the pathwars which carrj gljco- 
genolj-tic impulses to the brer or (2) the tracts 
which supply the adrenals, pancreas or pituitarr , 
maj cause senous duturbances of carbohrdrate 
metabolism b} mterfenng with these normal mecha- 
nisms The work of Anderson et ak does not suggest 
that failure of glr cogen formation or mcreased se- 
crePon of adrenal corbcoids prorndes an important 
part of the answer to this problem It is apparent 
that the field demands much further esplorabon 
with the bght of modem endocamologj and neuro- 
phr-siologj focussed on iL 

GLUCOSE TOLEP.ANCE CURr'XS 

MTien glucose u admimstered b> mouth to a 
normal animal the blood sugar begins to nse 
within two or three mmutes Thu mdicates that 
the sugar solution passes rapidlj through the 
stomach to the duodenum If large amounU of 


sugar are proruded there nia> be considerable loss 
in the unne, le, ohrreniaT^ hyperglycemia and 
glicosuna After the usual meal, howe\cr, the 
hj-pcfsl'ccmia is not suffiaent to produce gluco- 
suna MTien moderate amounts of sugar are given 
the rise m blood sugar u transient and the return 
to the normal level rapid Thu phenomenon u 
eitensivelv used to test carbohvdratc tolerance. 
The factors which determme the shape of the curve 
•when from 50 to 100 grams of sugar arc given b> 
mouth are (1) The rapiditv of absorption, (2) 
the extent of the storage and utQization of glucose 
bv the ussues, and (3) the rate of discharge of 
sugar from the liver The first factor mav, of 
course, be clunmatcd bv injecting the sugar in 
travcnouslv * The reaction of the tissues and 
of the hver to injected sugar ma> be direct or m 
direct When more sugar is presented to the 
tissues more u utilized even though the insulin 
avaflable remams constant WTien the blood sugar 
rises the liver mav ducharge less sugar (Soskm, 
AUweiss and Cohn) The hvpergh cemta mav affect 
the liver and other tissues indircrtlv bv increasing 
the iruulin output and perhaps bv other endoenne 
adjustments The insulin liberated increases stor 
age of glucose and fat and ma> decrease gluconeo 
genesu An abnormal curve ma) indicate inabilitv 
of the liver or pancreas, or of both to perform their 
normal functions It might be due in part or com- 
pletdv to defective ondalion and storage in the 
musdes It must be emphasized that an abnormal 
glucose tolerance curv e dees rot necessarilv indicate 
a defiaencj of avaDable msului 

trSTJERNTmunON AN-D CAIinonYDRATE UETABOLISII 

In 1873 Lehmann and m 1S77 Claude Bernard 
noted a glucosuna m fasting animals after the 
admmistration of carbohvdratc, and m 1890, Hof- 
meister, who made the first quantitative studies, 
named the condition “hunger diabetes" Utiliza- 
tion of carbohv drates is at a maximum m animals 
which have been fed on diets rich in these sub 
stances After penods of fasting or of fat feeding, 
there is a definite impairment of ^ucosc utilization 
which mav easil} be detected b> the results of a 
glucose tolerance test. The feedmg of an exclusively 
fat diet produces effects on glucose utilization m- 
distinguishable from those of complete starvation. 

’ Isonnal dogs maj be giv en 0 85 gram of glucose per 
kilogram per hour for long penods (Woodj-alt) without 
prwuong glucosuna. This is appronmatelv the same 
value as the maximum rate at which glucose is absorbed 
Irom the mtestinal tract 
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Proteins exert an effect intermediate between that 
of sugar and fat, i e , some impairment of glucose 
utihzation is produced by an exclusively protem 
diet Diets adequate m other respects but providmg 
a low calonc mtake cause little disturbance m 
carbohydrate utilization The admmistration to 
animals or human subjects exhibitmg hunger dia- 
betes of a diet contaimng glucose causes a prompt 
improvement m carbohydrate tolerance 

The mechanisms of production and alleviation 
of the defect m carbohydrate utilization produced 
by fastmg are not as yet completely eluadated 
It would appear from the recent findmgs of Cham- 
bers, Con and others that oxidation of glucose m 
the tissues is mterfered with to a much greater 
extent than is glycogen formation It has been 
established that the admmistration of msulm ef- 
fects a partial restoration of carbohydrate utiliza- 
tion (Con and Con, Dann and Chambers) This 
findmg suggests that msulm liberation may be 
depressed m hunger diabetes Himsworth feels 
that a change m sensitivity to msulm is mvolved 
rather than a dimmution of pancreatic output 
On the other hand, the observation by Haist, 
Ridout and Best shows that the msulm content of 
the pancreas of rats may be reduced to nearly half 
the normal value by starvation or by fat feedmg 
This findmg m conjunction with others supports 
the view that msulm hberation may be decreased 
The evidence, which has been well reviewed by 
Chambers, does not mdicate that the complete 
explanation of himger diabetes will be foimd m the 
abnormal response of any one organ or tissue This 
conception is supported by Ingle’s report that m- 
sulm alone does not rapidly restore the carbohy- 
drate tolerance of fasted animals to normal and by 
the findmg that at least one important enzyme 
system (phosphorylase) is mcreased m activity 
durmg starvation (Lundbaek and Goranson) The 
hpogemc abihty of the hver is reduced to the di- 
abetic level by fastmg 

Glycogen Disease A dmical condition character- 
ized by the enlargement of one or more organs resulting 
from the accumulation of glycogen has attracted the 
attention of research workers The disease usually bears 
the name of von Gierke who published an autopsy re- 
port on a case m 1929 Van Creveld, m the previous 
year, had concluded that the hepatomegaly which he 
observed m a young boy was probably due to excessive 
glycogen deposition The glycogen deposits may be m 
the liver, kidney, heart or in other tissues The disease 
IS characterized by hypoglycemia and ketosis m the 
fastmg condition, by an abnormal effect of adrenahne 


which causes only a shght rise m blood sugar and lactic 
aad but a large mcrease m ketosis, and by an mcreased 
sensitivity to msulm The glucose tolerance test gives a 
prolonged hyperglycemia without glucosuna The gly- 
cogen content of the blood is mcreased and van Creveld 
noted a resistance of this matenal to glycogenolysis 
The glycogen tn hver and kidney does not disappear at 
a normal rate after removal from the body and an mter- 
ference with the glycogenolytic process is therefore m- 
dicated 

It would appear probable, as van Creveld has sug- 
gested, that glycogen disease is a contmuation m child- 
hood of a fetal condition m so far as certam aspects of 
carbohydrate metabolism are concerned There are 
large deposits of hver glycogen m the fetus and this 
matenal is resistant to the action of adrenahne It is 
well established that m some species the fetal pancreas, 
at or near term, contains very high concentrations of 
insulin Hypermsulmism may produce excessive de- 
posits of glycogen m well-fed animals and ketosis under 
fastmg conditions It has been suggested that the secre- 
tion of the antenor pitmtary gland makes hver glyco- 
gen more resistant to breakdowm But all these observa- 
tions must be considered m the hght of the findmgs by 
G T Con et al that the structure of glycogen from the 
hver of these cases is sometimes defimtely abnormal 
and that the abnormalities m response to enzymes differ 
from case to case There may, therefore, be many dif- 
ferent types of glycogen disease 

Alloxan Diabetes This type of experimental di- 
abetes was first produced by Dunn, Sheehan and 
McLetchie (1943) who showed that alloxan has a selec- 
tive necrosmg action on the Islets of Langerhans In 
1937 Jacobs had noted the effect of alloxan m rabbits 
— an initial hyperglycemia and a subsequent hjpo- 
gjycemia No histological studies were made and Jacobs 
postulated an msuhn-hke acbon of alloxan It has now 
been shown that the hyp glycerma is due to hver dam- 
age or hberation of excess msuhn from damaged islets or 
to both. The diabebc state is caused by a failure of 
islet cells to produce msulm The diabebc acbon of 
alloxan has been demonstrated m the rabbit, rat, cat, 
monkey and dog An unsuccessful attempt has been 
made to destroy the abnormally acbve islet cells m 
advanced cases of hypermsulmism in man by the ad- 
mmistrabon of alloxan Lesions m the hver and kidney, 
less marked than those produced m the islets, are seen 
m some speaes after the mjecbon of this chemical 

There is, as yet, no evidence that alloxan has any 
physiological significance A substance resembhng it 
was reported, many years ago, m the urme and mtes- 
bnal mucus m certam pathological condibons in man 

Griffiths has produced hyperglycerma and glycosuria 
but not permanent diabetes with unc aad which is 
chemically related to alloxan To secure this effect the 
glutathione level of blood was depleted by a diet de- 
fiaent m cystme and methionme and feedmg large 
amounts of ascorbic aad Lazarow m 1945 was the 
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L" to ■•’lo-T that glutathione injected ju<;t before the 
diib'togn c do'c c' alloim (iro'ectcd the nts WTulc 
i-in\ r. her «jl's anecs «i.ch as dch\ droascorhic aad, 
cif thiecTcct clutnthionc as a normal constitutcnt of 
ct”' M [larlicular phe'*io!opcaI interest Glutathione 
tearts '• ilh ahnian toreiiucc it to dialuric aad which is 
ro d aVto^cnic I etcli and bailee found an eatcnsiec 
fall in h’cvnj gljtnih one after illoian, and preenous in 
vcmgatc's had fhu en «imdar changes m other tissues 
Ihr irjrc n n of eanous pituitarj preparations has been 
fcjnd to lo” er the glutathione content of ti'sues Cohn 
foird in his studies of tran'^ient diabetes m man pro- 
J.ctd b\ injecting ACTU that there is a direct corrcia 


lion between the blood glutathione Ie\el acd the di 
abctogenic effect, i c the higher the blood glutathione 
the less the effect In animals injected glutathione con 
sistentl> potentiates steroid diabetes bj some unknown 
mechanism The protcctiic effect against diabetes ma) 
be attributed to the removal of diabetogenic compounds 
from the blood or beta cells It has been suggested 
(HMon, Lazarow) that factors iihich increase msulm 
production maj eahaust the suppK of sulfhydrj 1 groups 
bj appropnatmg the cysteine for the msuhn mole 
cule and thus decrease theaiailable glutathione and 
m this wa\ make the J3 cells particularly susceptible 
to nlloian or naturally -occurring damaging factors. 
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Classification of the Fats and Fatty Sub- 
stances Occurring in the Body 

When a bssue is thoroughly extracted ^\^th a 
mixture of ether and alcohol almost all of the fatty 
substances are removed 

The amount of fatty aads combmed m the 
cerebrosides and phospholipids may be determmed 
by takmg advantage of the msolubility of these 
materials m acetone to which some magnesium 
chlonde has been added The fatty acids may 
then be liberated and estimated by one of a vanety 
of procedures An estimate of the amount of the 
phosphorus-contammg substances can be obtamed 
by determmmg the phosphorus content of the 
extract, and simflarly with those contammg carbo- 
hydrate by estimatmg the sugar The free cho- 
lesterol IS removed by preapitation with digitonm 
and estunated gravimetncally or by colonmetnc 
means In another sample of the extract the bound 
cholesterol is hberated by saponification as with 
sodium ethylate and the total cholesterol deter- 
mmed The difference between the free and the 
total IS the amount of cholesterol combmed with 
fatty aad and this can be calculated from the 
known combimng weight of fatty aads with cho- 
lesterol The result is an estimate of the amount 
of cholesterol ester The difference between the 
total fatty acid content and the sum of the amounts 
combmed with carbohydrate, phosphonc aad, and 
cholesterol, gives us an estimate of the amount 
combined with glycerol The fatty matenals or 
hpids may therefore be classified as follows 

(1) Fats Esters of fatty acids and glycerol 

(2) Ltpotds 1 

(a) Phosplwhptds (Phosphatides) Fatty 
substances contammg fatty aads, phos- 
phoric aad and some of the followmg con- 
stituents, glycerol, mositol, cholme, eth- 
anolamme, serme and sphmgosme Examples 
are — ^lecithm, cephalm and sphmgomyelin 

(b) Cerehrostdes (Glycolipids) Combma- 
tions of fatty aad, sugar and sphmgosme 
(phrenosm, kerasm, etc.) 

* The phospholipids, cerebrosides and waxes w'hich 
resemble fats may be termed hpoids or fat-hke sub- 
stances The sterols and hydrocarbons while assoaated 
With fats are chermcally qmte distmct. 


(c) Waxes Esters of fatty aads and cer- 
tam alcohols (but jiof glycerol), (cholesterol 
esters, beeswax, etc ) 

(3) Sterols Hydrogenated phenanthrene denv- 

atives (free cholesterol, ergosterol, etc ) 

(4) Hydrocarbons (Squalene, carotene, etc ) 

THE TRIGLYCERIDES 

Chemical Structure In the members of the 
first group, the fats, one molecule of glycerol is 
combmed with three of fatty acid oleic aad 
CisHjiOj, steanc acid CigHjiOz, and palmitic acid 
CisHjjOi, are the three which account for the bulk 
of the fatty acids of the neutral fat fraction of body 
tissues The latter two are saturated, while oleic 
aad has a double bond m the middle of its fatty 
aad cham This renders it less stable and more 
easily oxidized Oleic aad is hquid at low tempera- 
tures while steanc and palmitic are solid even at 
body temperature It is now thought that the 
glycendes are usually mixed, i e , they contam 
two or more different fatty aads m thar molecule 
Fatty acids more unsaturated than oleic (Imoleic 
and arachidonic) are also found m the tnglycendes 

The neutral fats obtamed from animal tissues 
contam fatty aads which have an even number of 
carbon atoms The characteristic fatty acids m 
the depot fat vary with different animals Hilditch 
and Lovern have shown that certam fatty acid 
mixtures are characteristic of manne animals, 
others of fresh water fish and others of land am- 
mals The fat of the fish, for example, contams 
large quantities of higher unsaturated fatty aads 
Cjo and Ca, but m the depots of ox and pig these 
are almost absent 

Distribution Reserve fat is found m the so- 
called interstitial tissue of all organs with the ex- 
ception of the bram There may be very large 
masses of this matenal m subcutaneous tissue and 
m various other places such as m the omentum, 
the perirenal fat depot and so on (see table 65) 

The distnbution of fat has been found to be 
mdependent of the type of diet which, however, 
controls the amount and m many species the 
character of the fat deposited 

Physiology The mam function of the glycendes 
IS undoubtedly to provide a source of energy 
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TABLE 63 

Dislritu! C' cjliss^' hp-Js 

Coluiim (1) (after Campbell and Lncas) pves the 
total Ep ds of the tissues of mice as per cent of booi 
vre:ght- 

Cohunn (2) shoivs the distribnUoa of adipc« tissue 
m the rat (after Mendel) as per cent o' total adipose 
Ussuc- 


1 

,„i 1 

n 

Carcass ' 

i 

51 ) Subcutaneous . 

30 

Adipose tesoes 

[ 32 1 Genital ! 

20 


1 IS , Peruena! i 

12 

Liv-er 

1 5 1 Mesentenc ! 

10 

Intestme and spleen 

1 3 j Inter mnscnlar | 

; 5 

Genital o-gaas 

j 3 ' Omental 

3 

&dne\’5 and adreasls 

) 2 


B-am 

1 2 i 


Lmigs and thvcius 

I M 



Fat not only furnishes more eneigt per gram (9J 
calones) than caiboh\ drate and protcm but it is 
the onl\ lood material stored m the dry state 
The total fat content of a tvell-noTinshed animal 
mas be between 10 and 12 per cent and under 
unusual conditions mudt higher \ very large pro- 
portion Oi the total energj store of the bodj is m 
the torm of fat. 

While antmals g-ow normaHv when diets con- 
taining onlt very small amounts of lat are pro- 
vided, several In^ estigators hate reported that 
groTTh t; senously retarded on a diet free of fat 
CMcAms, Anderson and ilendel) Palmitic, steanc 
and oleic acds are not essential but Burr and Burr 
have provided evidence that certam of the un- 
saturated fatty aads are necssarv Growth is 
lavombh affected bv Imoleic, linolenic and arachi- 
domc acids and the development of skin lesions 
(similar to acrodviua) is prevented These aads 
should be considered separatelv m dietarj studies 
smcE there are definite difierences m the magni- 
tude 01 their effects on growth and on the sLm 
lesions. There is an mtexesting mteirdatioaship 
of the actions of the unsatniated fatlv aads and 
those of pv-ndosm, pantothemc aad and other ac- 
cessoiv food factore 

In some speaes, of course, the layers of fat m 
the Eubcutanecras giaces serve as an insulating 
medianism agamst extreme cold Thus in cold 
dimatfc, the fat deposited just under the skin con- 
tains a rdativelj large amount of oleic aad It is 
therefore more liquid than the tnatenal vrhidi is 


found m the less superficial suboitaneous reserv es. 
Hennques and Hanson hav e pointed out the fact 
that smce the temperature of the outermost sub- 
cutaneous fat IS appreaablj lower than that of the 
deeper parts, the bodv requmes less congealable 
tvpe of fat at this place In a somewhat similar 
investigation of fat in different parts of the bodv 
Anderson and iMendcl could find no difference m 
saturation of the fat from the superficial subcu- 
taneous region and that of deeper and wanner 
parts of the bodv These latter worl ers used ani- 
mals vvhich are not normallv subjected to extreme]} 
low temperatures 

Recoverv from the depot fat of a particular 
didcry fatlv aad has been repeatedlv demon- 
strated This deposition is, however, Iimiled to the 
higher fattv aads (above Cjc) Intcrconv crsion of 
the fattv aads withm the bodv is well established 
Schocnheimer and Riltenberg hav e shovm that the 
length of the carbon cham of fattv aads can be in- 
creased or decreased two carbon atoms at a tune 
and lurther that desaturation or hv drogenation of 
unsaturated acds can take place m the bod} 
While one double bond can be formed the bod} 
appears unab’e to mtroduce more than one. Thus 
the highlv unsalurated fattv acds such as linoleic 
and linolenic are not found m fat which has been 
synthesized m the bodv The must be provnded 
m the food. 

Cor'crsior of ccrholydrole ard preier to fat 

The formation of bodv fat from carbohv drate of 
the diet was established bv the classical work of 
Liebig (1S52) and Lawes and Gilbert (1853) The 
rate at which the fattv aads are formed has now- 
been studied bv the use of isotopies These studies 
hav e shown that conv ersion of carbohv drate to fat 
proceeds continuous!} and does not occur onlv (as 
was former!} bchev cd) when there is excessiv e in- 
take of carbobv-drate. 

The formation or carboh} drate from protem is 
well established. It has been assumed that this 
newhr formed carboh} drate is available for fat 
^mthesis and good evidence for this assumption 
has been secured bv Longenecker and bv Hoagland 
and Smder On an almost exclusiv ely protem diet 
the fat formed was sunilar m composition to that 
synthesized from dietai} carbohv drate. 

Alan} of these recent additions to our knowledge 
establish the fact that the fat depots are not essen- 
tiall} mert storehouses of energv as was prevnouslv 
thought, but are centers of continuous metabohe 
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proteins Tlicy arc elividcd into the monoamino- 
phosphohpids in which tlie ratio of nitrogen to 
pliosphorus IS 1 1 and the diaminophospholipids in 
whicli tile ratio of nitrogen to pliosphorus is 2 1 
The identified monoaminopliospliohpids arc leci- 
thin (pliosplntidal choline), phosphatidjlcthanol- 
aminc and pliosphalidalscnnc These two latter 
comjKiunds with ^ome inositol containing sub- 
stances and uncharactcri7cd basic materials have 
liccn referred to as the “cephalin” complex 

Lecithin and the members of the cephalin com 
plex arc composed of gh ccrol and fattj acids as arc 
the tnghccridcs, but one fatt\ acid mav be con- 
sidered to lie replaced by the phosphoric acid- 
nitrogcnous base complex There may be one satu- 
rated and one uiieatumtcd fat tv acid but in some 
cases two saturated or two unsaturated fattv acids 
occur Oleic and either palmitic or stearic acids arc 
commonK found but more higlilj unsaturated 
fatta acids such as linoleic and linolcnic ha\c been 
identifieei In recent jears pure synthetic lecithins 
identical in c\er) respect with tJic natural sub 
stances ha\c been made In Baer and his associates 
Their worf indicates that the naturalh -occurring 
lecithins art of the alpha ta^pe Sphingomjclin is a 
diaminopliosphohpid and contains two bases, cho 
line and sphingosmc, and one fatty acid radical 
but no gb ccrol DifTercnt sphingomjclins contain 
mg rcbjicctnch , stearic, lignoccric and nenonic 
acids liaa e been found 

DiSTRiniiTiON The phospholipids arc wideh dis 
tnbutcei m the bod\ and it is thought tint all cells 
contain one or more of these compounds Sphingo- 
m3clin is present in mucli larger amounts in the 
brain and none tissues than elsewhere and is 
usualK associated with the cercbrosides 

1 he '‘cephalin” content of the brain is con 
sidciabl) higher than the lecithin concentration 
In the lucr and spleen the\ occur in almost equal 
amounts while m the kidncj, heart and lung, 
lecithin predominates m a proportion of about 
two to one '‘Cephalin” and lecithin have been 
isolated from the gastric mucosa of pigs but sphm- 
gomjelm could not be demonstrated 

The cMdeiice of tlic Trench workers flayer and 
Schaeffer, and Terromc showed that the amount 
of phospholipid m a particular organ in a given 
species remains relativch constant under a vanetj' 
of conditions including extreme stan'ation As a 
result, thev ha\c cilled this fraction the ‘‘6Kmcnt 
const lilt” 1 Ills c\ idcnct stronglv suggests that 
the hjiids arc structural components of the cell 
llicir rapid nitc of turnover like tliat of many 
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TABLE 66 

The lecithin, cephahn, and sphingomyelin content of 
normal human organs^ 


0»0AN 

' LEOTHlKt 

Bram| 

4 81 

Lung 

3 85 

Spleen 

3 54 

Kidney 

5 10 

Liver 

4 81 

Heart 

4 47 


CEPEAUNt 

SPSiNGoiryiuNt 

20 42 

5 66 

2 00 

1 45 

4 16 

0 86 

3 26 

0 72 

4 62 

0 38 

2 06 

0 34 


* From Thannhauser et al (J Biol Chem , 129, 717, 


1939) 

t The values representing mg per 100 mg of dried 


organ 

J Includmg both white and grey matter 


other structural elements has been established 
In table 66 the phospholipid content of various 
human tissues is given 

Physioxogy The exact role of the phospho- 
lipids IS not yet understood but their metabolic 
importance is widely accepted As noted above 
the phosphohpid content of the I’anous tissues is 
much more constant than that of neutral fat Sig- 
nificant variations in phosphobpids may, however, 
be mduced by changing the nature of the diet or 
by alterations m the hormonal balance. 

Insulin decreases the plasma phospholipid Re- 
peated mjections of thyroid substance inaease the 
amount in hver while removal of the thyroid 
causes a decrease With the onset of pregnancy in 
the human subject the plasma phospholipids show 
a nse which contmues to term (the other lipids 
also mcrease) The work of Aten and Hevcsy in- 
dicates that milk phosphohpids are synthesized in 
the mammary gland 

Bloor has suggested that the phospholipid con- 
tent of a tissue may be considered an mdex of the 
extent and vanety of its physiological functions 
Thus, the phosphohpid content is mcreased with 
physiological activity and decreased when the cells 
become less active A secretmg salivary gland of 
the dog (Cammade, Mayer and Vall6e) has a 
higher phosphohpid content than the restmg one 
on the other side The development of the coqius 
luteum IS accompanied by a very significant m- 
crease m its phosphohpid content (Bloor, Okey 
and Corner) When the body tempierature of rab- 
bits and dogs was greatly reduced by immersion 
m very cold water, Mayer and Schaeffer found a 
decrease m the phosphohpid content of the liver 
and a compensatory nse when the animal had re- 


covered from the expenence The phosphohpid 
content of rapidly growing malignant tumor cells 
IS higher than in normal tissue or in benign tumors 
of the same tissue 

The metabolic function of the phosphohpids is 
most readily studied cxpcnmentally The injection 
or feedmg of synthetic compounds containing 
labelled atoms such as deuterium or radioactive 
tntium in place of hydrogen, heavy carbon O*, 
radioactive carbon C'S heaxT nitrogen N“, and 
radioactive phosphorus P” has made it possible 
to study the synthesis of the phosphohpids 
Schocnhcimer, Bloch, Rittcnbcrg, Hevesy, Artom, 
ChaikofF, Stetten and many others hare used 
these techniques to increase our knowledge of 
phosphohpid metabolism Sinclair used elaidic 
acid, the unnatural trans isomer of oleic aad, as a 
labelled compound in similar studies The assump- 
tion that the body is unable to distinguish between 
the CIS- and trans-isomcr may not be justified 
Indeed, recent reports of studies with compounds 
doubly or trebly labelled have shown that some- 
times the different tracers have given different 
answers Caution is necessary in the mtcrpretation 
of data obtained with isotopes 

These methods have shown that the turnover of 
phosphohpids is most rapid m the mucosa of the 
small mtestme during fat absorption, somewhat 
slower m the li\ or and much slower in the muscles 
and kidneys In the bram the incorporation mto 
phosphohpids of P” (given as inorganic phosphate) 
IS a slow process The corrcsjxmdingly slow loss of 
P” from the bram confirms the sluggish turnover 
of phosphohpids m nerv’ous tissue The limited 
data on the turnover rates of sphingomj elms m 
hver and muscle indicate that the\ are of about 
the same order of magnitude as that of lecithin al- 
though the latter alw aj’s has the fastest regenera- 
tion rate 

A dose relationship between hver and plasma in 
regard to phosphohpids has been established 
Cfaaikoff and his assoaates have shown that vir- 
tually all the plasma phosphohpids are denved 
from the hver This was demonstrated by admmis- 
tenng phosphate labelled with P” and palmitic 
aad labelled with C’* to normal and hepatcc- 
tonuzed dogs Only traces of isotope were recovered 
from the plasma of hepatcctomized dogs although 
other tissues (kidney, mtestme, etc ) w'ere able to 
sjmthesize phosphohpids at the same rate as in 
the control dogs The hver appears also to be the 
tissue prmcipally concerned m the utilization of 
plasma phosphohpids since their concentration 
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changes but slowly in the absence of the hver 
The incorporation of administered P” mto phos- 
phohpids of the corpuscles is a much slower process 
than mto those of the plasma. 

THE CEREBROSrDES (gLYCOLIPIDS) 

In cerebrosides the base sphmgosme is com- 
bmed with a sugar (galactose or glucose) and a 
fatty aad Thus the cerebrosides differ from one 
another m the nature of their fatty aads or carbo- 
hydrate They can be distmguished from the phos- 
phohpids by the absence of phosphorus The only 
mdividual cerebrosides that have been isolated m 
a pure condition con tarn galactose, they differ m 
their fatty aad component kerasm contains a 
charactenstic saturated aad (hgnocenc, CjiHwOj), 
phrenosm (also called cerebron) contams the cor- 
respondmg a hydroxj'^ aad (cerebromc, QuHtsOs) , 
nervone contains the correspondmg Au unsatu- 
rated aad (nervomc, hydroxynervone 

contains the correspondmg unsaturated a hydroxy 
aad (hydroxynervomc, They are found 

particularly m nervous tissue, only mmute amounts 
occur elsewhere m the normal body 

CHOLESTEROL 

Chemical nature Cholesterol is found associated 
with the fats but chemically it is not related to 
them Cholesterol, a white waxy sohd, is the pnn- 
apal sterol foimd m animal organisms The sterols 
are crystalhne saturated or unsaturated complex 
alcohols denved from cyclopentanoperhydro- 
phenanthren e. They occur both free and combmed 
as esters or glycosides Very rmnor changes m 
their structure sometimes produce extraordmary 
differences m physiological activity The term 
steroid is apphed to a group of dosely related 
compoimds contaming the same complex nudeus 
These substances mdude the sex hormones, bde 
aads, cardiac glycosides, toad jioisons and vitamm 
D Cholesterol has been known since the eighteenth 
century as the chief component of human gall 
stones It IS an unsatura ted secondary alcohol 
Most of the chol^terol occurs in the body as the 
so-called free form (the u nestenfied alcohol ) which 
IS precipitable by digitonm A much smaller portion 
IS present as the ester of long cham fatty aads 
(the so-c ^ed bound cholestero l^) Recent studies 
indicate that boti forms of cholesterol are present 
m some loose combmation mth protem These 
complex matenals of very high molecular weight, 
referred to as hpopro tern s, have been studied by 
Chargaff, Gofmanand otEos 


TABLE 67 

Total cholesterol content oj normal tissues 
{per cent of fresh tissue') 



XABBrt* 

UAUt 

Adrenals 

7 3 

4 74 

Brain 

1 8 

1 93 

Skin 


0 93 

Kidney 

0 44 

0 33 

Spleen 

0 38 

0 36 

Lung 

0 38 


Liver 

0 29 

0 32 

Adipose tissue (subcut ) 


0 24 

Hair 


0 17 

Blood (whole) 

0 08 

0 17 

Plasma 

0 06 

0 23 

Corpuscles 

0 12 

0 12 

Heart 


0 14 

Muscle 

0 06 

0 07 


The tissues of a man weighing 70 kg may be calcu- 
lated to contam shghtly over 100 g of total cholesterol 
about 30 g m adipose tissue, 25 g m brain, 20 g m 
muscle, shghtly over 5 g m whole blood, 5 g m hver, 
because of their small size adrenals account for only 
about 0 5 g 

• After Chamberlain 

■j- After Cook 

DiSTEiBxmoN Cholesterol is foimd m all cells 
and fluids of the body The free and bound forms 
are not equally distributed. The free cholesterol 
content of any particular tissue is characteristic 
and normally remams relatively constant, the 
esters, on the contrary, vary considerably m 
amount with changes m dietary, hormonal and 
other factors The bram and suprarenals have the 
nchest mpply of chol^terol In the former it is 
found mainl y m the free form and m the latter 
about 90 per cent as ester In bile it occurs onl y 
m_tbe- feee state In the corpuscles of human blood 
cholesterol exists chiefly m the free, state while m 
the plasma more than half is present as the ester 
In most other tissues the ester makes up a small 
fraction of the total Table 67 shows the average 
total cholesterol content of normal tissues of rabbit 
and man 

ABSoRpnoN, Transport and Excretion oe 
Cholesterol Crystallme cholesterol admmistered 
orally is absorbed m only small amounts unless 
some fatty material is also present m the mtestme 
Bile and pancreatic jmce are said to aid m its 
absorption Colloidal or amorphous cholesterol 
may be absorbed m the absence of dietary fat 
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Oimlnr ^ation With the bik -a ^ds increas ^JhgJglU::. 
bilitv of cholesterol m inte stinal fluid s The ex- 
of Mueller in 1915 o^e absorption of 
cholesterol have been confirmed and extended by 
the recent studies of Chaikoff and his associates 
usmg cholesterol labelled with at carbon atom 
4 When free cholesterol is fed a portion is estenfied 
and about half appears m the chyle m the_b ound 
form, on tfie other hand when cholesteiyl esters are 
fed some hydrolysis occurs and agam about half 
appears m the lymph m the free form Thus, the 
processes of esterification or of hydrolysis (either 
before, during or after absorption) lead to essen- 
tially the same proportions of free to bound choles- 
terol m the lymph The exact site of this estenfica- 
Pon whether m the lumen or mtestinal wall is at 
present undeaded The maeased cholesterol of 
the blood during fat absorpPon is probably due in 
large part to absorption of cholesterol contamed in 
the pancreaPc and intesUnal juices and the bile 
The mcrease in cholesterol ester has been taken to 
indicate that the sterol may play a part m the 
transport of fatty aads It is very mterestuig that 
closely related sterols (phytosterol, coprosterol) 
are absorbed only m very small amounts (Schoen- 
heimer and Sperry) The blood contains an enzyme 
which will spht the esters and presumably, under 
other conditions, will cause synthesis (Shope, 
Sperrj and Schoenheimer) Part of the absorbed 
free cholesterol, but not the ester, is exacted m 
the bile and part is changed to coprosterol by 
hydrogenation and ehmmated in the feces Some 
unchanged cholesterol is also excreted The cho- 
lesterol plus coprosterol m the feces is usually 
greater than the cholesterol content of the diet 
Some of the bihaty cholesterol is reabsorbed m 
the small intestine Gardner and Gamsborough 
state that cholesterol can be found m normal unne 
and that the amount is maeased by cholesterol 
feeding and m certain diseases Under these ac- 
cumstances cholesterol deposits may be found 
m the kidney tubules 

The Physiology or Cholesterol Synthesis 
and degradation of cholesterol go on simultane- 
ously m the animal body Herbivorous animals 
do not get any cholesterol m their food yet their 
tissues contam essentially the same levels of cho- 
lesterol as do those of omnivores and carnivores 
Synthesis of cholesterol has been shown to occur 
m many tissues (adrenal, kidney, testis, ovary, 
small mtestine, skin, etc.) but the hva is the most 
important site Plasma cholesterol comes chiefly 
from the hver The “two-carbon fragment”, now 


identified as acetyl coenzyme A, has been recog- 
nized for some years as a metabolic mtermcdiate 
m the synthesis of cholesterol in the body At- 
tempts have been made to measure the rate of 
synthesis of cholesterol by feedmg acetate labelled 
with deutenum or C“ The time required to syn- 
thesize an amount of cholesterol equal to the 
amount present m the body is called the regenera- 
tion time Schoenheimer and Rittenberg suggested 
the term “regeneraPon” to denote replacement by 
synthesized molecules, since “turnover” implies 
only replacement without regard to source Turn- 
over could, for example, be applied to the replace- 
ment of tissue cholesterol by labelled dietary cho- 
lesterol The regeneration time can be shown 
mathemaPcally to be 1 44 X the “half-hfc regen- 
eraPon Pme” as determined by standard tech- 
niques 

Rittenberg and Schoenheimer found the regen- 
eraPon Pme for total body cholesterol m the mouse 
to be about 25 to 30 days The regeneration Pme 
of cholesterol in the hver has been espmated to be 
about 4 to 5 days in the rabbit (Popjak) and in 
the rat about 9 days (Bloch) Regeneration m the 
carcass is very much slower, about 48 days being 
required m the rat The regeneration time for 
plasma cholesterol has been found to be about 12 
days m both man and dog The rate of sjTithcsis 
of plasma cholesterol in normal man appears to 
be about 500 to 600 mg per day (Rittenberg) 
The nature and calonc value of the diet affect the 
rate of synthesis of cholesterol, during fasting the 
process is much retarded The amount synthc 
sized per day m man is probably about ten times 
the average daily intake An increase in the dietary 
intake decreases the amount formed in the body 

Hormonal factors also affect the metabolism of 
cholesterol A single injection of an antenor pitui- 
tary extract containing the adrcnocorPcotrophic 
hormone (ACTH) causes a definite fall m adrenal 
cholesterol within a few hours (Sayers, Long) 
When the thyroid is overacU\e, the concentrapon 
of cholesterol m the blood is deaeased, drugs 
such as thiouracil, which depress the acPvity of 
the thyroid, increase the level of blood cholesterol 
In human subjects estrogens depress serum cho- 
lesterol Cyclic variations of serum cholesterol hate 
been desenbed m women during both the menses 
and pregnancy On the other hand, there is no 
convmcmg evidence for a primary effect of andro- 
gens or progesterone upon cholesterol metabolism 

Bloch has demonstrated with the aid of deu- 
tenum the conversion of cholesterol to pregnane- 



precursor of other steroid hormones 

Ever smce Overton’s work m 1899, the hpoid 
nature of the cell membrane has aroused mterest 
The hydrophihc nature of the leathms, the hy- 
drophobic nature of cholesterol and the pecuhar 
mtermediate properties of the cholesteryl esters 
have been invoked to explain the phenomena at 
membranes WTiile there are many examples of the 
physicochemical antagonism of cholesterol and 
leathin, little exact information is available as to 
the physiological role of the cholesterol moiety of 
the lipoproteins m cell membranes 

The Absorption of Fat 
(See also p 541) 

Smce the fats and their hydrolytic products, the 
fatty acids, are very spanngly soluble m water, 
the explanation of their absorption presents spe- 
cial diflBculties The exact mechanism is still un- 
solved There arc two mam schools of thought 
concerning the processes involved One group 
champions Pfluger’s lipolytic theory, the other 
Frazer’s partition hypothesis Nearly 200 years 
ago Hew'son (1774) observed that the milky fluid 
seen in the lacteals follow ing a meal leaves a grease 
spot when dried on paper Under the microscope 
the milky fluid w'as seen to contain numerous tmy 
particles for which Gage in 1920 proposed the 
name chylomicron In 1856 Claude Bernard had 
demonstrated that a fine emulsification of fat 
occurs m the intestine and showed that this de- 
pends upon the presence of bile and pancreatic 
hpase Bernard also noted that lipemia was present 
in the systemic circulation following ingestion of a 
fat-rich meal Further study of this phenomenon 
was made by Munk and Rosenstem m 1891, 
utilizing a patient ivith a lymphatic fistula of the 
leg 

The mode of transfer of the neutral fat from the 
epithelial cells to the central lacteals remams a 
matter for conjecture The leukocytes have been 
credited w'lth this function but most of the evidence 
IS against their playmg such a role Dunng fat 
absorption the central lacteals show rhythmical 
contractions which evidently serve to pump the 
chyle contamed withm them into the Ijmphatics 
tnbutary to the thoraac duct Thus the absorbed 
fat IS constantly propelled along the lymphatic 
channels of the mesentery 

According to the classical hpolytic theory, fat is 
emulsified and spht completely to fatty acids and 


dered w'ater-soluble by complex formation with 
bile salts, are beheved to enter the epithehal cells 
of the mtestmal vfih where they are combmed 
wath glycerophosphonc acid or phosphatidic acid 
to form phospholipids and finally reappear as 
neutral fat This is earned largely m the lymph, 
by way of the lacteals, to the thoraac duct where 
it enters the systemic circulation 

The partition theory suggests that it is not 
necessary for all the fats to be completely hydro- 
lyzed Frazer believes that free fatty acids are 
absorbed by the blood and pass to the hver by 
way of the portal vem, while glycendes (tn-, di- 
or mono-), with particle size below 0 5 miaons are 
absorbed through the mtestmal mucosa directly 
mto the lymph Thus absorption of fat is parti- 
tioned between portal blood and lymph according 
to the degree of hydrolysis 

Recently studies have been made with free fatty 
aads and tnglycendes labelled wnth When 
these compounds were given by stomach tube to 
rats, over 90 per cent of the absorbed fatty acids 
were recovered from the thoracic duct lymph m 
both cases Such findings are not consistent wnth 
the ongmal partition theory The mam tenet of 
this theory, i e that complete hydrolysis of glycer- 
ides IS not necessary, is however now well estab- 
lished By feedmg synthebc glycendes labelled 
with C** m the glycerol part of the molecule, it 
has been conclusively shown that hydrolysis of 
long cham glycendes m the mtestme is neither 
rapid nor complete Other studies mdicate that m 
some cases a large proportion of dietary fat is 
absorbed m the form of glycende Small amounts 
of monoglycende, formed in the mtestmal lumen 
by the hydrolytic action of hpases, can exert a 
powerful emulsifymg effect, thus enabhng the bulk 
of the dietary glycendes to be dispersed to particles 
of extremely fiine size These particles, as noted 
above, can be directly absorbed 

Fat IS not only transported as chylomicrons 
which are largely tnglycendes but as phospho- 
hpids and cholesterol esters, and m hpoprotems 
The relative importance of these vehicles is a 
subject for further research 

The Elimination of Fat from the Body 

There is no fat or phospholipid m the urme under 
normal conditions but the latter may appear m 
disease There are only traces of fat m the secre- 
tion of the skm 
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TABLE 68 

Upid componmls of plasma tn ihe JasUng state [nitan 
valu&s tn mg per 100 ml ) After Boyd 



UAH 

BAT 

BAB- 
1 BIT 

I 

coat 

ISXL 

Total hpid 

530 

230 

243 

520 

Total fatty wad 

316 

152 

169 

361 

Neutral fat 

142 

85 

105 

225 

Phospholipid 

165 

83 

78 

155 

Total cholesterol 

152 

52 

45 

100 

Free cholesterol 

46 

21 

22 

34 

Cholesteryl esters* 

178 

52 

39 

in 


* Bound cLolesterol X 1 68 


The fat content of the feces is normally between 
6 and 12 per cent of the fat which is absorbed but 
as Speny has pointed out this bears no relation to 
the food fat. In dogs, even after five weeks or more 
on a fat-free diet, there are considerable amounts 
of fat m the feces Some 60 per cent of this is 
neutral fat and 40 per cent fatty aads A large part 
of this hpid exaction is denved from bacteria and 
cellular debns 

When the bile duct is ligated, large, light colored 
stools are usually observed as this procedure inter- 
feres greatly with fat absorption Digestion is 
nearly complete, however, as is shown by the fact 
that the fat is exacted chiefly as fatty acids 
Fatty stools are found also when the panaeatic 
ducts are tied although the absorption of fat is by 
no means completely prevented When pancreatic 
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lipase is excluded m this way the exacted fat con- 
tains more glyccnde and less fatty acid 

BtooD Fat 

Blood transports not only the fatty materials 
absorbed from the mtestines but also lipids result- 
ing from intermediary metabolism The amount of 
lipid matenal found in the plasma of animals m 
the postabsorpUve state (i e at least 12 hours 
after the last meal) docs not vary greatly under 
normal conditions Table 68 gives typical values 
for the hpid components in the plasma of several 
speacs If, however, a sample of blood is vrith- 
drawn 3 to 6 hours after the mgcstion of a large 
amount of fat, such as olive oil or thick acam, a 
distmct milkincss of the plasma will usually be 
observed The milkiness is due to the presence of 
the tiny microscopic fat particles called chylo 
miaons (fig SO I) This is a physiological occur 
rence which is often associated with the post- 
prandial hyperlipiemia following a fatty meal The 
extent to which the amount of fat in the blood has 
inaeased is sometimes studied by counting these 
particles under a dark field miaoscope Drroncous 
impressions may be obtained by this method, 
however, since an inaeased amount of hepann in 
the blood, and possibly other factors, can mini- 
mixc or prevent the appearance of this milkincss 
m plasma which, by chemical methods, can be 
demonstrated to contain abnormally large amounts 
of fatty material Thus, great vanations m the 
degree of milkincss maj be obscrv'cd in a single 
mdmdual under apparently identical experimen- 
tal conditions Part oi the disacpancy can be 
explained m other wa>s, since the amount of fat 
present in the blood at any given mstant depends 
on the balance between the rate of absorption and 
the rate at which it is being utilized or deposited 
m adipose tissue It is obvious, therefore, that the 
degree of alimentary hpcmia is not a consistently 
rehable mdc.x of the rate at which fat is being 
absorbed The post prandial inacase m blood 
hpids is due chiefly to neutral fat, smaller mcrcascs 
in cholesteryl esters and phospholipid are often 
observed Besides the transient alimentary hyper- 
hpemia there arc the so-called retention and 
transportation hyperlipemias As stated above, 
the cholesterol and phospholipids found m plasma 
originate chiefly m the h\cr The plasma phospho- 
lipids consist chiefly of the cholmc containing 
types Geathm and sphmgomyehn) The larger 
proportion of the hpid components of the plasma 
appear to be m combmation with proteins 
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The long held behef that phosphohpids are 
particularly active m fat metabolism and trans- 
port, seems now to be questioned Pihl and Bloch, 
for example, usmg acetate labelled with C*, have 
shown that the rate of regeneration of neutral fat 
IS faster than that of phosphohpid, from which 
they concluded that phosphohpids are not obhga- 
toiy mtermediates in the sjmthesis of neutral fat 
Their data on plasma hpids suggest that it is 
unhkel} that phosphohpids are a major vehicle for 
fat transport Indeed, the data suggest that neutral 
fat may represent the most important means of 
hpid transport m the plasma 

A relatively unexplored possibihty is that the 
calonc-nch lipids m blood may be used to supply 
energy’’ to areas of higher metabolic activity To 
explam the large amounts of lipids found m plasma 
was not eas}’’ m vnew of the well-known msolubihty 
of neutral fats and free cholesterol m water It 
vas first suggested that mcorporation of fatty 
aads mto phosphohpids and cholesteryl esters 
would account for the findmgs The more recent 
discover} that these latter substances and neutral 
fats occur m the plasma largel} in combmation 
with protem, may provnde a h}pothesis to account 
for the transport of energy-nch compounds in the 
form of hpids It is conceivable that the hpopro- 
tems may transport water-soluble hpids m the 
plasma by some mechanism sunilar to that m 
which hemoglobm transports oxygen (Turner) 

The Liver and Fat Metaboltsu: 

Recent tracer studies have confirmed the im- 
portance of the hver m the metabohsm of fat. As 
mentioned earher, the hver is the mam site of 
formation of plasma phosphohpids and of plasma 
cholesterol The hver is the major organ for the 
synthesis of fatty aads from carbohydrate (al- 
though this process has been shown to occur m 
other tissues, e g adipose tissue, kidney, muscle, 
gastro-mtestmal mucosa and lung) and it is the 
pnnapal site for the oxidation of the higher fatty 
aads Some of the earher observations which linked 
the hver with fat metabohsm are as follows (1) 
The fatty acids combmed as liver phosphohpids 
and glycendes are more unsaturated than the fatty 
acids found m other tissues (2) The rate of phos- 
phohpid turnover m the hver is more rapid than 
m any other tissue, vnth the possible exception of 
the mtestinal mucosa dunng fat absorption (3) 
The hver is the pnnapal site of formation of the 


ovs 

ketone bodies which are well-known metabohe 
mtermediates m the metabolism of fat 

(1) The fact that the fatty acids m the hver 
are more unsaturated than those m other tissues 
was mterpreted by Leathes and Meyer-Wedell as 
evidence for desaturation of fatt}’^ aads (formation 
of double bonds) m the hver, Raper suggested 
that the hver cells may selectively retam the more 
unsaturated fatty aads Using fatty aads labelled 
with deutenum Schoenheimer and Rittenberg 
were able to supply direct evndence for the desatu- 
ration of steanc acid to oleic aad, they also showed 
that degradation of steanc aad to palmitic acid 
(with two less carbon atoms) occurs m the body 
The hpids of the body were shown to be constantly 
undergomg synthesis, mterconversion and degrada- 
tion and the rate at which these processes occur 
was found to be much greater m the hver than m 
other organs More recent studies usmg fatty acids 
and glycendes labelled with C** have emphasized 
the important role of the hver m the utilization 
of fat Experiments on hepatectomized and evis- 
cerated animals have revealed the possible im- 
portance of hpids as sources of energy m extra- 
hepatic tissue 

(2) The rate of phosphohpid turnover m the 
hver has been studied by givmg radioactive m- 
orgamc phosphate (P”), fatty aads labelled vnth 
C“ and chohne labelled with heavy nitrogen (NP®) 
All these experiments have shown that the hver 
phosphohpids are regenerated rapidly More re- 
cent studies indicate that the several parts of the 
molecule (chohne, P and fatty acids) are tummg 
over at about the same rate 

(3) In the normal animal the first stage m the 
oxidation of iaX-ty acids, i e conversion to ketone 
bodies, takes place m the hver It has been weU- 
established that this organ is by far the most 
important site for the production of ketones (see 
below) 

The liver normally contams about 6 per cent of 
total hpids Vanations withm the range from 5 to 
7 per cent are considered normal, about 50 per 
cent of this lipid matenal consists of phospho- 
hpids, about 3 per cent of free cholesterol, about 1 
per cent of cholesteryl esters and the remamder 
(45 to 55 per cent) consists prmapally of glycendes 

The amount of fat which is present m the hver 
at any time depends on the foUowmg factors 

1 The rate at which fat is brought to the hver 
by the blood 

2 The rate at which the hver is able to take up 
fat from the blood 
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3 The rate at which the hver can deal with fat, 

(a) by direct oxidation in the hver cells, 

(b) by passing it on in the same or m a 

shghtly changed form to other parts of 
the body 

4 The rate of sjmthesis of fat m the hver from 
other materials 

There is an maease m the fat of the h\ er withm 
a few hours after the mgesUon of a meal contam- 
mg large amounts of fat Under these conditions 
the mgested fatt> acids appear m the h\ er lipids 
thus altering their composition Under certam 
conditions the Iner ma> become mtensely fatty 
when no fat is fed , here the fatty aads are dem ed 
from the depot fat or from mgested carbohj drate 
or protem WTien “ear-marked” fats are deposited 
in the tissues and then some poison such as phos- 
phorus or chloroform is administered the excess of 
hver fat contains the fatty aads which were present 
m the depot fat. 

Fatty Livers Under a vanety of conditions 
neutral fat or cholesteryl esters may accumulate m 
the h\er to a very much greater extent than m 
other tissues In experimental animals fatt> b\ ers 
haie been produced contammg o\er SO per cent 
of total hpids but this is an extreme situation and 
values between 20 and 40 per cent are more fre- 
quently encountered These fatty brers are much 
larger and paler than normal hvers, the greater 
part of the mcrease m weight of the hver is due to 
accumulaPon of glycendes and water Phospho- 
lipids and free cholesterol remam remarkably 
constant, cholesteryl esters mcrease significantly 
whenever gljcendes mcrease 
Some conditions which result m an excessive 
deposition of fat m the hver are as follows 

1 Poisons — ^phosphorus, chloroform and other 

chlormated compounds, benzol, ketene, 
phlondzm, etc. 

2 Infectious processes 

3 Environmental changes— reduced atmos- 

phenc pressure (e.g at high albtudes) or 
elevated temperatures 

A. Injection of a fraction obtamed from the 
antenor pituitary gland— both purified 
growth hormone and ACTH are active 
and the possibihty remams that a more 
specific vmidentified factor is operatmg 
i Dietary — diets defiaent m chohne or its pre- 
cursors, diets rich m fat or contammg ex- 
cessive amounts of cholesterol, starvation 
6 Clinical conditions m which one or more of 
the above situations are present, e g 


kwashiorkor (world-wide mahgnant under- 
nutnUon), diabetes, pcmiaous anemia, 
yellow fever, pregnancy , etc. 

The Lipotropic Factors Chohne and its 
dietary precursors, betame and methionme, are 
necessary' m the rabons of a nim a l s m order to 
prevent the accumulabon of excessive amounts of 
fat m the hver Chohne, a quaternary ammonium 
base 

(CH,),N— CHj CH.OH, 

I 

OH 

occurs vndely distributed m nature although it is 
rarely found m the free condibon m more than 
traces It was first isolated (from bile) by Strcckcr 
m 1849 and has long been known as a consbtuent 
of leathm and sphmgomy elm Lean meats (muscle) 
contain about 100 mg chohne per 100 g of fresh 
meat Kidney contains 200 to 300 mg , bram 350 
to 450 mg , liver from 450 to 600 mg , fish muscle 
50 to 80 mg , whole egg 350 to 700 mg , egg y oik 
about 1400 to 1700 mg , whole wheat 50 to 100 
mg , wheat germ 350 to 400 mg , oats, barley , ry c, 
com and ncc contain about 60 to 100 mg , yeast 
(brewer’s dned) 240 to 360 mg per 100 g Vege- 
tables as a group are low in chohne and fruits arc 
verv low Edible fats as obtamed commeraally arc 
almost free from chohne 
The other naturally -occumng substances which 
possess hpotropic activnty are betame (the inter- 
nally neutralized and formed by oxidizmg the 
pnmary alcohol group of chohne), methionme and 
p propiothctm They hav e been shown to possess 
labile methyl groups and it is believed that they 
possess hpotropic acbvnty by actmg as precursors 
of cholme khtamm Bi* and fohe aad, which arc 
important in hematopoiesis, are also able under 
some conditions to produce a hpotropic effect 
The relabons between these two substances in 
hpotropic phenomena arc not yet clearly under- 
stood but vntamin Bn appears to be concerned in 
the biosynthesis of labile methyl groups and fohe 
aad m transmethylation reactions or m the syn- 
thesis of some other part of the chohne molecule 
Inositol exerts a limited hpiotropic effect m fat-free 
diets but this effect is minimized when any fat is 
m the food The crude pancreatic extract which 
has been referred to as “hpocaic” was at one time 
thought to possess some unique hpotropic influence 
smee it was behev ed to be free from chohne WTiile 
it may contam only traces of free cholme its con- 
tent of bound chohne sometunes makes it one of 
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Fig so 2 Section from b\er of depancreatized dog fed a diet low m cholme Ether-soluble material over 60 pe 
cent of wet weight X200 (From Best, Huntsman and Young ) 


the nchest known sources of this base Methionine 
and vitamin Bu are also present m this extract and 
if proteolytic enzymes are present they may make 
methionme avaflable from the dietary protem 
In 1924 Allan, Bowie, Macleod and Robmson 
m Toronto, and Fisher m Chicago, noted that 
large fatty hvers developed m depancreatized dogs 
mamtamed for a long time with insuhn Inclusion 
of raw beef pancreas m the diet prevented this 
fatty change Hershey and Soskm noted a similar 
protective effect with crude egg lecithm In 1932 
Best, Hershey and Huntsman found that they 
could produce fatty hvers m rats by dietary means 
m about three weeks as contrasted vnth a penod 
of more than six months required m the depan- 
creatized dog With this more rapid method of 
mvestigation they qmckly identified chohne as the 
active constituent in the lecithm molecule Betame 
was found to exert a similar effect It was soon 
discovered that casern and certam other proteins 
possess hpotropic activity This activity of protem 
was largely accounted for m 1937 when Tucker 
and Eckstem discovered the hpotropic property of 
methionme It exerts a hpotropic effect by trans- 
femng its methyl group to ethanolamme, thus 
effecting the biosjmthesis of chohne (du Vigneaud) 


When chohne, betame or methionme labelled m the 
methyl group with deuterium were fed smgly to 
rats, the chohne of tissue phosphohpids, the methi- 
onme of tissue protems and urmary creatmme 
were all found to contam labelled methyl groups 
The enzymatic process mvolved is known as trans- 
methylation and the particular groups concerned 
are said to be labile methyl groups Not all methyl 
groups are labile, a distmction must be made be- 
tween the processes of demethylation and Irans- 
methylation smce demethylation does not neces- 
sarily give nse to a labile methyl group (eg 
sarcosme) 

The ongmal view that the ammal body is unable 
to synthesize methyl groups had to be modified 
when it was found that rats could survive and 
grow slowly under certam dietary conditions on 
rations devoid of any preformed methyd groups 
(Bennett, Medes and Toermies) Later, the impor- 
tance of vitamm Bu and of folic aad m the bio- 
synthesis of methyl groups and m the metabolism 
of the "one carbon fragment” became apparent 

A labile methyl group is not necessary for hpo- 
tropic action Recent studies have mdicated that 
the methyl groups of chohne are not labile and 
only become so after oxidation to betame It had 



698 


METABOLISM AND NUTRITION 


Srdtm VI 


been recognized previoudj that arecnocholinc 
(V.'’elch) and tnethi Ichohne (Channon, McArthur) 
which contain no lahk m€Jh:>l groups exert a lipo- 
tropic effect, ■'ATien fed, the\ are incoiporatcd into 
hixr phosphohpids as the intact molecule These 
obsen-ations suggest that the lipotropic action of 
chohne is exerted b\ the intact molecule and not 
b> %irtue of its methvl groups Dietary compo- 
nents with labile methyl groups exert their lipo- 
tropic effect by faionng biosmthesis of choline 
The physiological test for a labile methyl group 
IS to feed the compound containmg the methyl 
group to a rat being fed a smthelic diet complete 
in e\ety sense except that methionine is replaced 
by homocysUne, If growth occurs, which can onh 
happen when methionine is formed, transfer (or 
svnthesis) of methNl groups must has e taben place 
WTien the lipotropic factors’ arc not aiadablc 
in the diet large amounts of fat accumulate m the 
liser In young animals hemonhagic lesions arc 
seen m the kidneys and other tissues (Gnfhth and 
Wade), and these may produce death The anti- 
lipotropic factor cholesterol aggrasates the Incr 
and kidney changes wfifle cholmc, betaine and 
methionme preient their dcielopmcnt WTicn 
young rats are subjected for only fi\c days to a 
diet defiaent m cholme and its precursors and arc 
then returned to a full normal diet a malignant 
hypertension of renal ongin deyelops, four or 
fiy e months later, m a considerable proportion of 
the animals (Hartroft and Best) 

Ckuhosis Prolonged expwsure to certain toxic 
agents or dietary deficiencies which cause fatty 
hiers can lead eientuallv to an cxcessue produc- 
tion of fibrous connective tissue The shrunken, 
distorted hv er which results is usually of a peculiar 
orange to brownish color It is this aspect which 
Laennec featured m the name cirrhosis Kseasl lor- 
kor IS a. pandemic form of arrhosis found among 


• The term lipotropic was originally used to desenbe 
the action of cholme which prevented the dcposiLon of, 
or accelerated the rate of removal ol Jat Irom the liver 
It now has a somewhat broader meamng and is u«ed to 
desenbe the action of chohne and its precursors methio- 
nme and betame on fat deposition in liver, kidney and 
h«rh Only those effects of methionme and betaint 
which are exerted through formation of chohne are m 
eluded m the term ‘nipotropic” Substances such a< 
choles terol which cause a deposiUon of hver fat are re 
fCT^ to as antibpotropic and hvpolheUcal diets fre< 
m lipotropic factors mav be desenbed as ahpotropic 
Cv Stine, under certain dietary conditions increases tin 
deposiuon of hver fat and the mndence of hemorrhagii 

.I''!. to an improvemrai 

in the diet, the resuIUng increased food intake stimu 

<^165 an additional need for the hpo 


severely undemounshed infants and children in 
many parts of the world It appears to be related 
to diets m which the protein is both low m quan- 
tity and poor in qualitv Some forms of experi- 
mental arrbosis arc attnbulablc to choline tlefi- 
acncy' In depancreatized and later in normal dogs 
Chaikoff produced arrhosis b\ prolonged feeding 
of diets which permitted fat to accumulate in the 
hver Later the lesion was studied m rats by 
Gyorgv and Goldbhtt, Blumlicrg and McCollum, 
by Daft, Scbrdl and Lillie, bv Hartroft and bv 
others Expcnmcntal diclar\ arrhoMs licgms by 
condensation of fibrous stroma supporting centro- 
lobular cells vvhicli have been distended bv exces- 
sive fat to their bursting points Tlic ruptured 
cells alropbv and disappear Icav ing a scar formed 
bv their stromal remnants By repetition and ex- 
tension of the process these 'cars cv entually spread 
through the rest of tlic liv er including some areas 
around large portal veins It can lie prevented or 
cured in animals by the addition of chohne or its 
precursors to the diet The basal diet 'hould, of 
course, contain adequate amounts of protein, 
minerals and vitamins 

AkohUc arrhosis is apparcntlv of diclan, 
rather than of toxic origin Tlic cvccssis c consump- 
tion of alcohol supplies suffictcnl calorics *0 that 
the patient feels no need for other foods which 
would provadc the necessary proteins, vatamms 
and minerals 

The acute effects of chloroform poisoning on the 
hver m pTotcin-dcplctcd dogs arc diminished or 
prevented bv the administration of methionine 
(MDler and WTiipplc) Methionme, evstine or a- 
tocophcrol protect rats against a mas'ivc necrosis 
of the hver which appears v hen these substances 
arc in large part remov cd from the diet These pro 
tcctive efferts of methionine arc not exerted 
through Its lipotropic action 

In the dcpanacatizcd dog chohne has been 
shown to be one of the acliv c components of beef 
pancreas which as prevnoush stated prevents the 
development of fattv livers The protein of pan- 
creas through its methionme content will presum- 
ablv also exert a lipotropic effect Furthermore, 
the pancreatic enzymes will help to liberate chohne 
and methionme from the phospholipids and pro- 
tein of the diet 

The mechanism by which cholme exerts its 
lipotropic action is unknown but the most hopeful 
lead is provided by Artom’s finding that chohne 
given to animals mamtamed on a hvpohpotropic 
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Fatty aads 


Liver 


Enzymes 


-> “Active acetate” 


Oxidation m extrahepatic tissues to ' 
COj + HiO 


^HtCOCHj + COi Expired air 
acetone / 

t ' u 

CHiCOCHjCXDOH — i Unne 
~acetoacetic aad 

jr 

CHxCHOHCHjGOOH 
• /3-hydroxybutync acid 


Scheme showng the metabohsm and routes of excretion of the ketone bodies (James Campbell) 


diet increased the oxidation of fatty acids in hver 
shces from these animals 

Fat and Glvcogen in Liver While it is true 
that very small amounts of glycogen are present 
m very fatty livers and that the fat content is low 
when large amounts of glycogen are found, it can 
also be shown that moderate amounts of glycogen 
can accumulate m moderately fatty hvers 

Intermediary Metabohsm of Fat 

Dunng the oxidation of fat to carbon dioxide 
and water a number of mtermediary substances 
are formed It has been known for a long time that 
three substances are produced dunng the oxidation 
of fatty aads, namely, acetoacetic aad, |9-hydroxy- 
butync acid and acetone These are collectively 
known as the ketone bodies The discovery of 
coenzyme A by Lipmann m 1945 and the identifi- 
cation of ‘active acetate’ as acetyl coenzyme A by 
Lynen and his colleagues (1951) are achievements 
of histone importance We shall attempt to cor- 
relate these recent studies with the previously 
known facts 

Under ordmary conditions the ketone bodies are 
present m the blood m very small amounts (about 
1 to 3 mg of total ketones per 100 mb blood) and 
only about 0 3 grams are exaeted daily Ketosis 
(maeased amounts of ketones m blood and unne) 
may occur when maeased amounts of fat are 
metabolized, for example when the diet is nch m 
fat, or dunng fasjmg when the fat reserves of the 
body are bemg rapidly utilized Certain climcal 
conditions m which ketosis occurs are diabetes 
melhtus, fevers, the post-operative state, tox- 
emias of pregnancy, hyperthyroidism, glycogen 
disease ^ Ketosis is seen expenmentally m pan- 
aeatic or phlorhizm diabetes, after admmistration 
of certam hormones (growth hormone, adreno- 
corticotrophic, adrenocortical and, m fastmg ani- 
mals, msulm) The ammo acids leueme, isoleucme, 
phenylalamne, tyrosme and hydroxyprohne, pro- 
duce an maeased exaetion of ketone bodies m 


diabetic animals Other ammo aads may give nse 
to glucose m the body It has been estimated that 
protem predommantly forms glucose rather than 
ketones Ketones may be produced through the 
oxidation of pyruvate by hver shces vitro but 
m the mtact ammal the effect of pjnruvate ap- 
pears to be antiketogemc In general, it may be 
taken that the precursors of the ketone bodies are 
the fatty aads 

interconversion and excretion of the 

KETONE BODIES 

Acetoacetic aad is the ketone body that is pro 
duced first by the tissue cells Acetone arises by 
decarboxylation of this aad — a spontaneous reac- 
tion that does not necessarily require the enzymatic 
activity of the tissue cells The acetoacetic aad 
may be reduced by the tissues to j5-hydroxybutync 
aad The reaction is reversible In ketosis the 
greater part of the total ketones occurs as the 
hydroxy aad Smee jS-hydroxybutync aad is 
weaker than acetoacetic aad this conversion tends 
to reduce the unfavorable effects of accumulation 
of fixed aad 

All three ketone bodies are excreted m the unne 
Acetone may also be exaeted m the expired air, 
givmg a characteristic odor to the breath of the 
mdmdual with ketosis In the days before msulin 
the diabetic ward could be thus detected at a dis- 
tance 

SITES OF origin OF THE KETONE BODIES 

It is generally accepted that the hver is by far 
the most important site of production of ketone 
bodies The perfused liver produces abundant 
quantities of ketones while httle comes from other 
organs such as kidneys, lung and skeletal muscle 
(Embden, Snapper, Griinbaum and Neuberg) 
Himwich and his assoaates found that hver con- 
sistently added ketones, while stnated muscle, 
heart and the organs drained by the portal vein 
only occasionally added small amounts of ketones. 
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and sometimes removed them from the blood It 
has been observed repeatedly that bver shoes may 
add letones to the medium and produce relatively 
large amounts from added fatty aads while other 
tissues are very much less active. The rate of 
utilization of acetoacetate by hver tissue is prac- 
tically nil, 1 e acetoacetate appears to be an end- 
product of fatty aad oxidation by the hver In 
contrast, acetoacetate and p-hydroxybutyrate are 
readily utilized by muscle and other extrahepatic 
tissues 

the mode oe eormation oe ketones 

The higher fatty aads that occur m the body 
contain an even number of carbon atoms m a 
straight-cham arrangement This is not the place 
to descnbe the contributions of Einoop, Eaper, 
Schoenheimer and Rittenberg, and many others, 
all of which pomted to a fundamental two-carbon 
umt concerned m the metabohsm of fatty aads 
Two of these umts were assumed by MacKay et al 
to condense to form acetoacetic acid Suppiort for 
this assumption was provided by Wemhouse, 
Medes and Floyd by labelhng octanoic acid with 
isotopic carbon m the carboxyl group The aceto- 
acetate formed when this was mcubated with hver 
shces was found to contam the isotope distributed 
almost equally between the carbonyl and the 
carboxyl carbon atoms This could only have 
resulted from the condensation of pairs of mole- 
cules, eadh containmg two carbon atoms (acetyl 


groups) ansmg by beta-oxidation of the fatty 
aad These experiments establish the pnnaple of 
beta-oxidation and of condensation of “acetate” 
molecules m the formation of acetoacetate Subse- 
quent studies have shown that when carboxyl- 
labelled fatty aads are utilized to form aceto- 
acetate the ratio of the label m the carbonyl 
carbon label m the carboxyl carbon vanes m a 
regular manner unth cham length, rising from 
about 0 3 for butyrate to 0 8 for octanoate and to 
1 0 for higher fattj aads The reasons for this 
mequahty have been explamed by Lyncn and by 
Mahler 

the role oe the coenzyme oe acetylation 

(CoA) IN FATTY ACID METABOLISM 

While studymg “active acetate”, Lipmann m- 
vestigated the acetylation of aromatic amines such 
as sulfanilamide by tissues and tissue enzymes and 
discovered that a heat-stable co factor, the co- 
enzyme of acetylation (CoA) is requued 

Coenzyme A has been isolated from hver, which 
is a nch source, and also from yeast and other 
microorganisms It is a dinudeotide consistmg of 
2-thiol.ethylamine (I) and pantothenic aad (H) 
hnked by a pyrophosphate bridge (111) to adeno- 
sme (TV) which has a phosphoryl radical at position 
3 of Its nbose moiety 

Observations m several laboratories suggested 
that "active acetate” might be an acetylated de- 
nvative of this coenzyme (Lipmann, Stadtman, 
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Ochoa) The bnihant studies of Lynen and his col- 
leagues led to the isolation from yeast of a sub- 
stance able to acetylate without the intervention 
of ATP This substance proved to be identical with 
“active acetate” Chemical mvestigations showed 
it to be acetyl-coenzyme A, m which the labile 
acetyl group (i e the “active two-carbon unit”) is 
linked to the sulfur atom To emphasize the pres- 
ence and importance of sulfur m this high-energy 
bond the abbrenated formula is often wntten 
Ac-SCoA instead of Ac-CoA 
The substrates mvolved m the enzymic degrada- 
tion or s)Tithesis of the fats are not the free fatty 
aads but the activated conjugates with CoA Co- 
enzyme A acts as an acceptor of the two-carbon 
units (acetyl groups) formed m the ^-oxidation of 
the fatty aads The coenzyme combmes also with 
many other organic aads, fatty and otherwise, 
e g propiomc, butync, ^-hydroxybutyric, aceto- 
acetic, CTotomc, suconic, etc. Thus it may be de- 

I 

scnbed as an acyl \ R — C I acceptor The 

\ \ / 

sulfur Imkage whereby the acyl groups are umted 


to coenzyme A is a new type of high-energy bond 
Acetyl-SCoA may be regarded as analogous m 
some respects to a mixed acid anhydnde and m 
others to an ester In spite of the high energy of the 
thiol-ester bond, these compounds are relatively 
stable m neutral aqueous solutions at room tem- 
perature, a property which fits them for utilization 
m cellular metabolism The bond is spht and the 
energy is released m tissues by the activity of spe- 
cific enzymes In tissues (eg hver, heart, yeast) 
these fatty acid oxidizmg enzymes are bound to 
the mitochondna of the cells Ways have been de- 
vised to prepare them m soluble form and to sepa- 
rate those mvolved at each step The m vitro 
studies were thus made possible 
Energy is required for the first step m the me- 
tabolism of the fatty aads, i e for the formation of 
the “activated fatty acid” (CoA Thiol-ester, Re- 
action A) This energy is provided by a concomi- 
tant oxidation of a member of the citnc acid cycle 
This IS the so-called ‘sparkmg reaction’ that mi- 
tiates the oxidation of the fatty acid Once the 
degradation has been ‘pruned’ it proceeds without 
further addition of energy, two carbon atoms bemg 
spht off (as acetyl-SCoA) until the acid has been 



Fig 50 3 Helical scheme to represent the oxidative degradation and synthesis of fatty aads (Bruno Rosenfeld 
and C C Lucas With acknowledgement of Lynen’s suggestion ) 

Ea^ complete cj'cle mvolves four reactions In oxtdahve degradation these are (1) dehydrogenation, (2) hydra- 
tion, (3) a second dehydrogenation, and (4) thiolytic degradation, i e elimmation of 2 carbon atoms as acetvl 
coenzyme A following addition of coenzyme A The synthetic reactions occur in the reverse order and m the opposite 
direction (1) addition of an active 2-carbon unit (acetyl coeiuyme A), (2) hydrogenation, (3) dehydration, and (4) 
a second hydrogenation Before the oxidation or synthesis can take place, the fatty aad must be activated (Reac- 
tion A) by condensation with coenzyme A ThKe steps are explained more fully on following pages 
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Oxidative Deoeadation (after Mahler) 

Reactton A Aclmlton Reaction 

Fatty acid + coenzyme A 


“Activated fatty acid" 


eg 
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CHiCHjCHiCHiCH^CHiCHiC 


\ 


OH 


4- HSCoA 


O 

/ 

CtH.iC 4- H,0 
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Reaction I Dehydrogenation 

Enzymatic removal of two hydrogen atoms gives ap 


unsaturatcd "activated fatty acid” 
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Reaction 2 Bydralton . . , .i. 

Addition of water at the double bond gives ^-hydroxy “activated fatty acid 
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Reocfton 3 Second Dehydrogenation 

Removal of two hydrogen atoms from the d^-carbon atom gives the p heto "activated fatly acid 


-2H 


(DPN)t 


-♦ CH,CH,CH,CH,CH,C 
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Reaction 4 Thtolyhc Degradation 

Coenzyme A adds on at the ^heto position, from this unstable compound an "active two-carbon fragment" 
(acetyl coenzyme A) is eliminated from the "activated” end of the fattj acid to gjie n new "activated fatty acid” 
with 2 less carbon atoms The molecule of acetyl SCoA thus formed is available to add on at Reaction 4 in the 
next cjcle of the degradation process 
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then rearrangeme nt occurs with splitting as shown 

*. represents an ^zj'me derived from flavin adenme-dinucleotide 
I represents diphosphopyndine dinucleotide 

carbwV^"'^ ^ s'mPlrfied scheme almve Most likely it first adds on to the 
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Synthesis 

Reaction A Activation Reaction 

ATP 

Fatty aad + coenzjTne A — * > “Activated fatty aad” 


CH,C + HSCoA + CH,C + HjO 

\ \ 

OH SCoA 

Step 1 (Reverse of Reaction 4) Thio condensation 

The “activated fatty acid” condenses with an “active two-carbon fragment” (= “active acetate” = acetyl 
coenzyme A) to give the activated ^-keto aad with 2 more carbon atoms, one molecule of coenzj me A is released 
to effect this condensation 
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Step 2 {Reverse of Reaction 3) Hydrogenation 

Addition of 2 hydrogen atoms to the 0-keto actirated aad gives the /3-hj droxy activated acid 
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Step 3 {Reverse of Reaction 2) Dehydration 

Remoi al of water gives the afi unsaturated activated aad 
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Step 4 {Reverse of Reaction 1) Second Hydrogenation 

Addition of 2 h 3 "drogen atoms to the unsaturated aad finally gives an acbi ated (saturated) fatty aad with 2 
more carbon atoms than the aad iihich entered the cycle. 


0 

— * CHiCH»CH?C 


entirelj broken down to 2-carbon units The “ac- 
tive acetate” so formed either enters the atnc aad 
cyde, to be burned to COs and water, or is used m 
biosynthetic processes Fatty aad catabolism pro- 
duces energy, their anabolism reqmres energy In 
both cases the free energy is provided by “active 


\ 

SCoA 

acetate”, or more specifically by the bond energy 
m the acetyd-SCoA Imkage 
From a comparison of the turnover number of 
the mdividual enzymes, it has been conduded that 
the j3-ketoacyl denvatives, e g acetoacetyl-S- 
CoA, may be expected to occur at a much higher 
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steady state concentration than any other inter- 
mediate m the whole enzymatic sequence Liver, 
m contrast to kidney and heart, contains a vcr> 
active deacylase enzyme catal>'smg the reaction 

acetoacetyl-S-CoA acctoacetate + HS CoA 

and a very weak transfer enzj'me cataUzing the 
reaction 

Acetoacetate + succin>l S-CoA 

acetoacety 1-S CoA -t- succinate 

Thus we are able to explain v. hj li\ or tissue gi\ cs 
nse to the formation of acetoacetate as distinct 
from kidney, heart and muscle tissue (relatively 
good sources of the transfer enzyme) by which 
fatty’ aads are conducted to the catabolic cyde 
and thus via oxalacetate and atrate to COj and 
HjO 

Ketosis 

As mentioned abote certain experimental and 
clinical conditions are characterized by the accu- 
mulation of ketone bodies m the blood Ketosis, in 
expenmental anunals, can be attnbuted largely to 
maeased rate of production rather than dimui 
ished utilization of ketones The ketosis is appar 
ently due to the mcreased proportion of fatty aads 
bemg used by the organism These are presented 
to the liver m excessive amounts, causmg an accu- 
mulation of fat In both experimental and clmical 
expenence it has been found that when ketosis 
occurs there is a relative lack of carbohydrate 
a\ ailable for use by the h\ cr cells The admmistra- 
tion of carbohydrate produces an antiketogenic 
effect as do the intermediates of carbohydrate oxi- 
dation in aifro Leninger has shown that addition 
of oxalacetate or sucemate to the medium m which 
hver slices were oxidmng fatty aads decreased the 
rate of production of acetoacetate and mcreased 
that of atrate and other components of the Krebs’ 
cyde Acetoacetate is an alternative but not an 
obhgatory product of the oxidation of fatty aads 
by the liver 

There are mdications that kidney and other 
organs may produce acetoacetate, but only uj 
small amounts (Medes, Floyd, and Wemhouse) 
The enzymatic constitution of kidney and heart 
provides an explanation for the difference between 
the ketogemc activity of these tissues and that of 
hver The ketone bodies are rapidly utilized by 
extrahepatic tissies The rate of utilization is not 
influenced by the amount of carbohydrate or of 
msuhn present 


Drury and Wick (1953) using C>* glucose, have 
studied the relative rates of oxidation of glucose 
and hydroxy butyrate and of glucose and acetate 
Insulin mcrcascs the oxidation of glucose but not 
that of the other compounds in eviscerated rab- 
bits When insulin activity is maximal the admin- 
istration of hydroxybutyratc or acetate causes a 
sharp decline in glucose oxidation but has no effect 
on the rate of its disappearance from the blood 
These findings indicate that the cells bum acetate 
preferentially under these conditions and gluco'c 
IS displaced from the oxidative sites 

Eitects or Ketosis 

Ketone bodies m small or moderate amounts 
provide a source of energy for tissues when the 
supply of carbohydrate is rcstnclcd or its utiliza- 
tion IS impiaircd Acctoacctic and hydroxy butync 
aads formed m liver cells arc non volatile and 
moderately strong aads vvhiqh must be ncutraluicd 
by base as soon as they enter the blood stream In 
severe ketosis, ic when the rate of formation 
greatly exceeds that of utilization, there may be a 
dangerous disturbance m aad base equilibrium 
These aads arc excreted by the kidney and tend to 
carrv base out of the body with them- The 1 idncy 
attempts to minimize this loss of base by holding 
It back and thus produces a highly aad urine A 
further process to conscrv e fixed base (K, Xi, etc ) 
is by increasmg the formation of ammonia in the 
kidney The urmc v olumc is usually Ingh in ketosis 
The excretion of these organic aads represents a 
loss of potential cnergv Thus ketosis results m a 
loss of base, water, nitrogen and energy’ and leads 
to aadosis and dehy dration 

The Metabolism of Aditose Tissue 

Metabolic changes m the adipose tissue itself 
have been only infrequently studied Wertheimer 
and his colleagues hav c reported that tlie adipo’^ 
tissues of well fed or fasted rats contain little or no 
glycogen If, however, after fastmg the animals are 
fed a diet nch m sugars gly cogen appicars in tlic 
adipose tissue It is not vet established tint the 
glycogen is a step on the road to fat synthesis The 
so-called “brown fat” present m the rat and some 
other mammals is said to be more acliv c m gly co 
gen synthesis than white adipose tissue Mirsky 
found that adipose tissue brci contains enzymes 
which can both sy’nthcsizc glv cogen from glucose-1- 
phosphate and promote the reverse reaction The 
enzyme amylase is also present m adipose tissue 
In adipose tissue in piro, insulin promotes the for- 
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mation of glycogen (Wertheimer and Shapiro, 
1948) and of fat (Chemick and Chaikoff, 1951, 
Wick, Drury et al , 1951) 

Abnormalities of Fat Metabolism 

The problems of starvation and obesity (chapter 
51), abnormalities of fat metabolism assoaated 
with endocrme disturbances (p 804), and the 
conditions in which there is an excessive deposi- 
tion of fat m the liver (p 696) are discussed else- 
where A profound disturbance of phospholipid 
metabolism occurs m Niemann-Pick’s disease, a 
condition which is seen m infancy and m 
early childhood and is mvanably fatal The spleen 
and liver are enormously enlarged and contain very 
large amounts of phosphohpids The cholesterol 
content of these tissues is also mcreased but not to 
nearly the same degree The blood phospholipid is 
also definitely raised Histologically there is a great 
hypertrophy of the reticulo-endothehal system 
Very httle is known about this disease but it has 
been suggested that there is some mterference with 
the activity of the enzymes which are responsible 
for vanous stages of fat metabolism m the tissues 

In the rare dmical condition mvolvmg a dis- 
order of lipid metabolism, Tay-Sachs disease, there 
IS an abnormally high proportion of cerebrosides 
m the bram Liver, normally, contains httle or no 
cerebrosides but m Gaucher’s disease the cerebro- 
side content of both hver and spleen is high The 
physiological significance of the cerebrosides is not 
known 

Relention hyperhpemta appears to be caused by 
the sluggish removal of fat from the blood stream 
The mechanism underlymg the disorder is not 
clear Its chmcal designation is “idiopathic hyper- 
hpemia” The neutral fat may be mcreased from 
20 to 100 times the normal concentration and total 
cholesterol may be about double the normal value 
It sometimes occurs as an inhented disorder This 
retention type of hyperhpemia does not respond to 
msuhn but does to a diet low m fat The diabetic 
(transportation) type of hpemia does respond to 
msuhn 

In 1893 Hand described a condition m children which 
was characterized at autopsy by yellow nodules m the 
cranial bones and m other situations Smce it wdl be- 
come mcreasmgly difficult to add more names when 
further cases are descnbed it may be expedient to call 
the syndrome Hand’s disease (Hand-Schuller-Chns- 
ban, etc ) While these nodules show a preddecbon for 
the tissues of the head, i e , cranial bones, orbit, tuber 
cmereum, they have been noted m most porbons of the 
skeleton (Chester and Kugel) The signs and symptoms 


depend on the areas affected Diabetes msipidus and 
exophthalmos are common disturbances, i e , due to 
lesions near the pibutary gland and m the orbit Row- 
land beheves that the condibon is due to an osseous 
form of xanthomatosis These xanthomatous nodules 
contain large amounts of cholesterol and cholesterol 
esters, which together may account for a large propor- 
bon of their total fat There is no alterabon m the fat 
content of the unaffected parts of the body The eb- 
ology of the disease is unknown The generalized xan- 
thomatosis, which IS sometimes seen m diabetes mel- 
htus, may disappear when the blood fats are reduced 
to normal values by appropnate treatment of the dia- 
bebc condibon 

A great deal of attenbon is bemg paid at the present 
tune to the metabohsm of fat m tumor bssue but no 
review wdl be attempted here The important part 
played by cholesterol m the formabon of gall-stones 
has been dealt with (p 546) 

Famtltal hypercholesterolemia is an inhented condi- 
bon m which there is an abnormally high total serum 
cholesterol with a normal proporbon of free and bound 
cholesterol There is frequently an increase m plasma 
phosphohpids The disease is inhented as an mcomplete 
dominant The mcrease m blood cholesterol is not due 
to dietary mtake but to mcreased producbon or d imin - 
ished ubhzabon within the body There are many 
reports which mdicate that the condibon is charac- 
terized by a raised mcidence of vascular disease 

ATHEROSCLEROSIS 

There is now considerable statistical evidence 
that prolonged hypercholesterolemia and athero- 
sclerosis are associated m some way The charac- 
teristic lesion of an atherosclerotic artery is the 
cholesterol-rich plaque (containmg up to 70 per 
cent of cholesterol) It is probable that this 
cholesterol comes from the blood, but this is not 
proven The cholesterol m the blood is not present 
m simple solution, but is earned as lipoprotem 
complexes, the so-called “giant molecules” (S/ 
10-20) of Gofman While the total serum choles- 
terol values, or the concentration of the “giant” 
lipoprotein molecules afford a significant difierenti- 
abon between groups of men who are climcally 
healthy and groups of men who have (or may de- 
velop) coronary heart disease, the forecasting 
efficiency of the values for individual diagnosis or 
prognosis is very low Ancel Keys and others have 
shown convmcmgly that the serum cholesterol 
level IS not readily altered even by large changes m 
the cholesterol content of the diet There is, how- 
ever, a relationship between total serum cholesterol 
and the total fat content of the diet Excessive 
caloric mtake rather than cholesterol mtake or 
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ageing per se seems to be concerned m the causation 
of degenerative vascular disease 
Diets nch m fat given to dogs m which kidney 
damage had been produced may result m cardio- 
vascular lesions (hIcCormick and Holman, 1949) 
In rats aortic sclerosis may be produced by diets 
nch m fat u hen kidneys have been mjured by drugs 
(Lehr and Churg, 1952) Rations extremely low in 
choline and its precursors may produce severe 
cardiovascular lesions m young rats fed diets nch 


m certam synthetic or natural fats (Stetten, Wil- 
gram and Hartroft) There is a possibihty that 
deficiency of Vitamm E may be important m the 
production of some of these experimental lesions 
The beanng of these experimental findmgs on 
human atherosclerosis remains unsettled The argu- 
ments imphcatmg dietary cholesterol as a causative 
factor m human atherosclerosis have been well 
presented by Katz and Stamler (1953) and dis- 
cussed by Keys (1953) (See p 164) 
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Starvation 

An anunal depnved of food denves energy first 
from the combustion of its own carbohydrate stores 
(glycogen) Next, the fat reserves mamly are 
drawn upon and finally, after these have been ex- 
hausted, tissue protem is broken down, the fatty 
aad part of the molecule is burned while the mtro- 
gen IS excreted m the urme mamly as urea The 
metabolism of several professional fasters has been 
mvestigated Among the most famous of these are 
Suca, whose metabolism i\as studied by Luaam 
and others, Cette, mvestigated by Munk and 
Zuntz, Levanzm by Benedict and Beaut6 by Cath- 
cart. One of the longest of such fasts upon record 
IS that of Merlatte of Pans which lasted for 50 
daj^ A dog has been starved for 117 days By the 
end of this time it had lost 63 per cent of its weight, 
but was fairly active Succi on the 40th day of his 
fast had lost about 25 per cent of his weight The 
length of time a man could survive would depend 
largely upon his physical condition (fat stores, etc ) 
at the commencement of the fast, but it would 
probably not exceed 9 or 10 weeks m any event 
Terence MacSwmey, Mayor of Cork, after his ar- 
rest dunng the Irish troubles m 1920, went upon a 
hunger strike Mhich lasted 74 da}^, it was termi- 
nated by his death in coma 

Dunng stan'ation the loss of weight is not dis- 
tnbuted evenly throughout the body, some organs 
and tissues losmg a much greater proportion of 
their weight than others (fig 51 1) Dunng the first 
few days the subcutaneous tissues and other fat 
depots bear the brunt of the effect of the 
fast Large quantities of extracellular water are also 
lost at this time Later, dissolution of muscular 
tissue occurs, as mdicated by the N S ratio of the 
urme (about 14 1) The water lost dunng this 
penod is derived mamly from mtraceUular sources 
Later, dissolution of protoplasmic structure occurs 
The central nervous system, even m prolonged 
starvation, loses only about 5 per cent of its weight 
(as estimated from normal standards), whereas 
the muscles lose about 35 per cent or more The 
weight losses of muscular tissue, liver, gastrointes- 
tinal tract and spleen run approximately parallel 


with that of the body as a whole The muscle fibers 
are reduced m size, and many are destroyed Con- 
trary to general behef, the percentile weight loss of 
the heart is only a httle less than that of the skele- 
tal muscles The kidney loses only 20 per cent or 
less of its weight, and the gonads, adrenals and thy- 
roid only from 2 to 8 per cent Some of the small 
weight losses reported, e g , of the central nervous 
system, may be due to the replacement of sohd 
substance by fluid (see fig 511)' 

Nitrogen Excretion The total output of nitro- 
gen m the urme falls for the first day or two of the 
fast vhen the body is subsistmg chiefly upon its 
carbohydrate supphes (p 639) The length of this 
penod vanes, of course, with the size of the carbo- 
hydrate stores at the commencement of the fast. 
A steady nse m nitrogen excretion follows, and 
usually reaches a maximum about the third or 
fourth day, but from then on it shows a progressive 
dechne and may reach a value of less than 6 grams 
per day The nitrogen excreted dunng the earher 
part of the fast is apparently denved largely from 
the mobilization of “reserve protem” (p 632) The 
urea nitrogen excretion at first rises, then falls, its 
percentage of the total mtrogen excretion also 
dimmishes The ammonia excretion nses The cre- 
atinine output shows a steady dechne but this is 
largely compensated for by the appearance of cre- 
atme (p 634) so that the creatinme 4- creatme ex- 
cretion remains fairly constant. As a result of some 
experiments of Voit many years ago, it is very 
often stated that a pronounced nse m nitrogen ex- 
cretion occurs shortly before death from starva- 
tion, which IS attributed to an accelerated break- 
down of tissue protem But this so-called premortal 
rise m nitrogen excretion is a very mconstant phe- 
nomenon, and of very doubtful significance, for 
death very often occurs m starved animals m its 
absence The total quantity of body protein catab- 

' There does not appear to be any definite level of 
emaciation, that is, of weight loss of the body as a whole 
as a percentage of the normal body weight, at which 
death is ine\ liable Recovenes wath judicious feeding 
and transfusions of plasma have been recorded after 
losses of body w eight up to 50 or even 60 per cent of the 
normal weight 
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olized may be determmed by calculation from the 
total mtrogen excretion on the assumption that 
tissue ptotem contains 16 per cent of nitrogen and 
that practically all the mtrogen derived from the 
break-down of body protem appears m the unne 
That IS, each gram of urmary mtrogen represents 
the deammation of 6 25 grams of protem, so the 
quantity of protein broken down is calculated by 
multiplymg the figure for the nitrogen exaction 
by 6 25 On this basis the average daily loss of 
body protem of an average sized man dunng star- 
vation IS about 50 grams or about 0 4 per cent of 
the total amount m his body For a few days fol- 
lowmg the termmation of a prolonged fast the 
mtrogen excretion shows a pronounced fall — mtro- 
gen IS retamed for the reconstruction of tissue 
protem * 

Mineral Metabolisil The urmary excretion 
of phosphorus and sulfur shows an imtial rise, 
and then a gradual dechne, thus showmg a curve 
which roughly parallels that of the total nitrogen 
exaetion Toward the latter part of the fast the 
N P and N S ratios are around 5 3 1 and 14 1 
respectively The exaetion of P m relation to N is 
greater than one would expect were it all denved 
from the soft tissues, the same is true for Ca, which 
mdicates that the skeleton contnbutes to the quan- 
tities of these mmerals m the unne The calaum 
exaetion above that which the soft tissues can ac- 
count for IS much greater (10 times) than that of 
phosphorus, from which it is deduced that calaum 
carbonate rather than calaum phosphate is hber- 
ated from the bones The ratio of N to S is a little 
higher than that of the bulk of the soft tissues, 
which suggests that the sulfur-contammg amino- 
aads are conserved or exacted m only minimal 
amounts 

The urmary exaetion of chloride, sodium, potas- 
sium and magnesium is reduced from the begmnmg 
of the fast This is to be expected smce the intake 
of mmerals is restncted to that provided by the 
water which is drunk The concentrations of these 
mmerals m the blood shows httle change, but the 


• The loss of protem vanes widely among diSereni 
organs and tissues Addis and his colleagues Found thn 
in rats fasted for 7 days the several tissues contnbutet 
to the total protein loss in the following proportions 
muscles and skin 62 per cent, hver 16 per cent, alimen 
tary tract, spleen and pancreas 14 per cent, blood 6 pe 
cent, kidneys 1 per cent, heart 0 5 per cent and the re 
iMining organs 0^ per cent Or put in percentages o 
the protein contents of individual normal organs, th 
brain lo^ about 4 per cent of its protem, the muscle: 
^ and bonK about 8 per cent, the heart 18 per cent 
the kidneys 20 per cent, the gastrointestinal tract Z 
per cent, and the hver 40 per cent. 


sodium bicarbonate is reduced when ketosis 
supervenes 

Ketosis The maease m urinary ammonia (p 
461) IS a result of the production of excessive 
amounts of aad metabohtes, espcaally P-hydroxy- 
butync and acetoacetic acids The latter are 
formed as a result of the carbohydrate depnvation, 
and the consequent excess combustion of fat Suca 
toward the end of his fast exacted, daily, from 7 to 
13 grams of acetone bodies In a fasting female sub- 
ject reported by Fohn and Denis the acidosis was 
extreme, some 18 gram' of ^-hydroxjbutync aad 
bemg exacted upon the fourth day of the fast 
Fasting ketosis is much more pronounced in 
women than m men This sex diSercnce is not re- 
lated to the usually greater adipose tissue of 
females, for a very lean woman exaetes larger 
amounts of ketone bodies than does an obese man 
Nor, generally speaking, is ketosis during fasting 
greater m an overweight person than m one of 
normal weight (See also p 704) 

Carbohydrate Metabolism Even in the later 
stages of the fast glycogen is found in the liver, and 
the blood sugar is little depressed Sugar is 
apparently sjmthesized from protein In the earlier 
stages there may be a temporary hyTogb ccmia 

The hasal mcialoltc rate, the body temperature, 
pulse rale and the blood pressure all show a progres- 
sive fall throughout the fastmg penod See table 
66 


Semistarvation, Underndtrition’ 

If a diet posscssmg a calonc value considerably 
below the energy' requirements of the individual is 
persisted m, as during famme, war blockade, ex- 
treme poverty, disease (e g , stneture of the esoph- 
agus or pylorus) or improper feedmg of infants, 
serious nutritional effects result It must also be 
remembered that just as an intake of calories over 
the output will cause obesity so an energy expendi- 
ture m excess of the calonc mtake wdll result m a 
loss of weight Consequently a man who performs 
heavy work upon a diet which is adequate only for 
a sedentary worker will suffa from undemutntion 
The economic or other conditions which lead to ex- 
treme redurtions in the total calonc value of the 
diet obviously must also cause, as a rule, a reduc- 

’ Comprehensii e reports of studies on undernutntion 
nave been published within recent years, e g , Malnnln- 
mn and Starvation in the Wtstern Netherlands, Nether- 
lands Government 1944-1945, and the two volume 
monograph by Ancel Keys and his associates, The 
of Buman Starvation, Umv of Minnesota Press, 
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tion m the intake of vitamms, essential minerals 
and first class protems As a consequence, the m- 
adence of specific defiaency disorders, e g , stunt- 
ing, xerophthalmia, nckets, osteomalaaa, scurvy, 
etc , IS also high when the calonc value of the diet 
IS markedly lowered These speaal aspects of un- 
demutntion are dealt with m other chapters 

The most pronounced instances of imdemutn- 
tion and emaciation are met with most commonly 
m anorexia nervosa, pituitary cachexia, the later 
stages of mahgnant disease, and m prolonged and 
severe mfections 

The followmg is a summary of the mam effects 
of severe undemutntion 

(1) Reduction m body weight — emaaation The 
body attempts to make up the calonc defiaency by 
burmng its own tissues The loss of waght is due chiefly 
to loss of fat, but also m severe instances to a loss of 
protein The mtrogen balance is negative In children 
growth IS retarded The positive mtrogen balance is 
smaller than normal, it may even be negative In the 
less severe grades of undemutntion m children the 
growth impulse continues to cause an maease m height 
of the skeleton but the muscles and the breadth of the 
body are poorly developed 

(2) Reduction m basal metabohe rate The total 
basal metabohsm, i e , the heat production as related to 
surface area, is, as one would expect owmg to the reduc- 
tion m the mass of active tissue, diminished m senu- 
starvation, but the metabohsm per umt (kilogram) of 
body weight is reduced as well The total metabohsm is 
diminished by nearly 40 per cent, and the heat produc- 
tion per unit of body waght by nearly 20 per cent. The 
cause of the reduction per kilogram has not been fully 
explamed, but it can be accounted for m part by the de- 
chne m cardiac work (by about 50 per cent), the low- 
ered tone of the skeletal muscles, and the subnormal 
body temperature, which would tend to slow the rate 
of all chemical reactions m the tissues The subject is 
abnormally sensitive to cold, due to the fact that the 
skin vessels are constneted in an attempt to reduce the 
dissipation of heat through radiation and convection 
(p 731) The skin temperature upon which our thermal 
sensations depend is therefore lowered The specific 
djmamic response to food may be maeased 

(3) The subject is readily fatigued, and shows a lack 
of a zest for physical exertion Work is performed with 
the same expenditure of energy as normally, so, though 
energy is economized m the carrymg on of the vital 
processes as shown by the reduced B M R and cold 
skm, no economy is effected m the execution of muscular 
work 

(4) The loss of internal fat which normally serves to 
support the organs — stomach, kidneys, uterus, etc — 
against the effect of gravity, results in their displace- 
ment (visceroptosis) The lost body fat is partially 
replaced by water 

(5) Susceptibihty to infections ‘Tever and plague 



Fig 51 1 The weights of the major compartments 
of the body of young men m normal nutnbon, on left, 
after 24 weeks of semi-starvation, on right, A, active 
tissue (total body weight less the other mdicated com- 
partments), B, bone mmeral, E, erythrocytes, I, mter- 
stibal fluid, (thiocyanate space less plasma volume), 
from Keys and associates, the Biology of Human Star- 
vation, University of Mmnesota Press, redrawn and 
modified 

dog the footsteps of famine ” This is an old adage, but 
with the exception of tuberculosis (m which resistance 
is definitely low ered) and certam specific effects of vita- 
mine deficiennes there is really httle evidence that 
imdemutntion increases the susceptibihty to infection 
It IS natural to suppose that the production of 
gamma globuhn which is so closely assoaated with im- 
mune bodies would be depressed by undemutntion, es- 
peaally if mvolvmg severe protem defiaency The 
mvesbgations of Cannon and his colleagues have gone 
far to show that this, indeed, does occur In the Min- 
nesota experiment the concentration of gamma globuhn 
in the plasma of the subjects was moderately reduced, 
but this was not accompanied by any apparent maease 
m susceptibility to infections, the semistarved subjects 
of the experiment had slightly fewer colds over a com- 
parable penod than the controls On the other hand, 
there is a considerable body of evidence to support the 
conception that undemutntion actually reduces the 
susceptibihty to catam infections It has been reported, 
for example, by McCay that under-fed rats were sur- 
pnsmgly free from the usual laboratory mfections, 
others have concluded from their experiments and ob- 
servations of naturally occumng disease, that well 
nounshed animals are more susceptible to infection 
than are undernourished ones When a severe infection 
is established, however, the undemounshed animal is 
at a disadvantage, and is more likely to succumb 
It IS recognized that some non-mfectious conditions 
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such as hypertension, neoplastic diseases, and diabetes 
are benefit^ b) undemutnpon In animals, very severe 
undernutntion definitel} inhibits tumor growth, but 
whether less severe calonc definencj has such an effect 
m man is uncertain The evidence for the incidence of 
hypertension being reduced is mamlj statistical 

(6) Edema not uncommonl} (see ch 4) 

(7) Psychological changes Mental apathy , moral de 
tenoration, depression, tendency toward introiersion 
and other changes m personality, and lowered mtellec 
tual capaat} are common effects. “The brain is m some 
sort of custody of the stomach and rehef of malnutrition 
gi\ es rehef of mental dullness” (Roger Bacon) An un 
responsive, complaimng and uncooperatii e attitude m 
semistarved persons of Western Europe receiving relief 
after World War II was very frequently observed 
Drummond has remarked upon this and states that it 
disappeared completely when the food intake was 
raised above 1500-1800 Calones per day 

Obesity 

Some forms of obesity are quite definitely due to 
a hypothalamic lesion or to a disorder of an endo- 


erme organ, pituitary (ch 57), adrenal cortex (ch 
59), thyroid or gonads, they wall not concern us 
here Such ongins of obesity are rare and associ- 
ated with other manifestations of hypothalamic or 
endoerme dysfunction Ordinary obesity — the so- 
called simple obesity — is very' common and afflicts 
persons showmg no other abnormality 
In many cases of simple obesity there appears to 
be a genetic clement, a conclusion borne out by 
statistical studies In sunmy s of a large number of 
obese persons, one or both parents were obese, 
whereas the madence of obesity' m persons both of 
whose parents arc of normal weight is only about 
10 per cent The hereditary' obesity' of a strain of 
yellow mice is well known A Mcndelian dominant 
gene carries the characters for yellowness and obes- 
ity, non yellow mice of the same httcr are not 
obese The basal metabolic rate of the obese ani- 
mals IS said to be reduced and the body tempera- 
ture subnormal, an hereditary' hy'jxithalamic ongin 
of the obesity has been suggested Another form of 


TABLE 69 


Subject L Bagkt, 170 7 cm Only distilled jxtter wjs taken during tins fast 


(Abndged, after Benedict) 


Body weight, kg 
Rectal temperature at 7 a m 
Pulse rate, mommg, awake 
Urine 

Total sohds, grams 
Total N 
UreaN 
Ammonia N 
Uncaad N 

Creatmme -(- CreatmeN 

Chlonne 

PiO. 

N P^, ratio 
S 

N S ratio 

P-oxybutyncaad 

Ca 

Mg 

R 

Na 

Loss of flesh calculated from N loss 
R Q , mght 

Clones, indirect, twentv four hours’ complete rest 
Calones per square meter (DuBois), twenty four hours 


Dvv or rAinvo 


lit 


59 60 
74 

43 51 
7 10 
5 68 
0 41 
0 112 

0 48 

3 77 

1 66 

4 28 
0 46 
IS 4 

0 217 

0 046 

1 630 

2 070 
213 

0 78 
1441 
843 


nth 


53 88 
36 54 
61 

42 05 
10 25 
7 66 
1 58 
0 116 
0 49 

0 36 

1 95 
5 26 
0 62 
16 5 

1 4 
0 220 

0 072 

1 006 
0 100 

308 
0 72 
1193 
732 


3bt 


50 49 
36 04 
59 

31 88 
7 93 
5 54 
1 57 
0 112 

0 38 
0 18 

1 60 

4 96 
0 51 

IS 5 

5 0 

0 237 
0 053 
0 644 
0 066 
238 
0 73 
1032 
653 


3 lit 


47 39 
35 96 
60 


27 07 
6 94 

4 84 
1 24 
0 122 
0 32 

0 13 

1 32 

5 26 
0 49 

14 2 
4 5 
0 138 
0 052 
0 606 
0 053 
208 
0 72 
1072* 

701 1 


* Previous day =« 1025 
t Previous day = 661 
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obesit}’’ m mice which is accompanied by hypergly- 
cemia has been described The food consumption of 
these animals is much greater than non-obese con- 
trols An inherent tendency to fatness seems to be 
illustrated by the common observation that of two 
persons who appear to eat about the same amount 
of food, and exercise to the same extent, one may 
remam thin or of normal weight while the other 
grows fat Furthermore, the "spare” person may 
have a large appetite and remam underweight 
while the obese may diet himself and still be fat. 
In order to explam such cases it has been suggested 
that they are due to an inhented endocnne charac- 
teristic Yet if this were so, some evidence of it 
should be forthcommg from metabohc studies On 
the contrary, the basal metabolic rate per unit of 
body surface of the subject of the common or sim- 
ple type of obesity is withm normal limits — that is, 
his energy expenditure at rest is not less than the 
normal Nor is work performed more economically 
than usual by the obese, the reverse is probably 
true on account of the greater amount of mert adi- 
pose tissue * His greater storage of energy cannot 
therefore be explamed upon this basis It has been 
dairaed that the specific dynamic action of food 
(p 640) IS reduced m cases of simple obesity, and it 
has been suggested that such a reduction, by con- 
serving energy, may play a causative r61e The 
smaller specific dynamic action which has been ob- 
served could, how ever, account for no more than a 
3 per cent reduction m the total daily metabolism, 
and IS quite inadequate as an explanation An al- 
most mappreciable mcrease in the caloric intake or 
a shghtly reduced bodUy activity would produce a 
much greater effect upon the energy exchange For 
example, 10 grams of extra fat daily in the diet 
(e g , a teaspoonful of butter) yielding 90 Calones, 
or 23 grams of sugar (about 2 teaspoonsful) would 
increase the caloric mtake of a person of ordmary 
activity by 3 per cent or so, while a slow walk of a 
mile would mcrease the metabobsm to a corres- 
pondmg extent 

Other possibilities have been explored, namely, 
that the obese person may absorb his food more 
efficiently, that there exists an inborn pecubanty 
of the tissue cells, whereby they accumulate fat m 
excess, or that they release the fat less freely mto 

* Newburgh states that obese persons as compared 
with the normal produce more heat m the basal State, 
and expend more energy for the performance of a given 
amount of work. Their total metabolism measured over 
24 hour penods is also considerably greater than the 
normal 


TABLE 70* 

Influence of overweight on mortality in persons aged 45 to 
50 years 


POUNDS OVERWEIGHT 

INCREASE IN DEATH RATE OVER 
AVERAGE 

10 

8 

20 

18 

30 

28 

40 ' 

45 

50 

56 

60 

67 

70 

81 

90 

116 


* After Newburgh 


the circulation for use as fuel None of these fac- 
tors has been found to play a significant part 
It is probable that a hereditary or constitutional 
factor, m the great majonty of mstances of ordm- 
ary obesity, is more apparent than real, and that a 
careful mvestigation of these cases with respect to 
food mtake and muscular activity would reveal a 
positive energy balance It is therefore likely that, 
when obesity shows a familial tendency, the m- 
dmation of members of the same family to follow 
sunflar habits with respect to diet and exerase, 
rather than that some mhented endocnne peculi 
anty, is responsible Or agam, traits which lead to 
obesity — ovenndulgence of the appetite, or a dis 
taste for muscular exertion may be inhented Also- 
the obese person often, though not a “big eater”, 
mdulges m highly concentrated food 
The possibihty of a hypothalamic or an endo- 
cnne element m the development of obesity is very 
difficult to prove or disprove From what is knowm 
of the role played by the hypothalamus and the 
endocnnes m the control of food mtake and m fat 
metabobsm, it is temptmg to look m this direction 
for an explanation of obesity Obesity might con- 
ceivably be due to some hypothalamic or endocnne 
idiosyncrasy There is experimental evidence that 
the hypothalamus exerts an influence upon the 
hunger sensation (ch 44), but endocnne effects 
are more often exerted upon the dislrtbulton of 
fat rather than upon the total body weight There 
IS no substantial evidence that obesity ts due to any 
other cause than over-indulgence in food in relation 
to the body’s energy requirements It must be remem- 
bered that the law of the conservation of energy 
holds for the animal body (ch 45) Energy taken m 
the food is either expended or stored as fat and car- 
bohydrate, and to some extent as protein What- 
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Flo SU Shoinng the deiiN in the loss o5 ■woglit 
on a Ttdoang diet omng to the retention of the irater 
(After XeT^bnigh modined) This subject lost as much 
rre-ght in 6 da% s as U tras p-edicied would be lost in 
about three weeks as a result of the destruction of bod' 
tissue and without water retentiotu 


betes” Reducing the weight of an obese diabetic 
has been found to dimmish the sugar excretion by 
as much as 75 per cent. (4) Peisons who arc gtosslj 
obese are siid to be less resistant to infections and 
poorer surgical risks than those of normal weight 
(5) The madence of gallstones is rdaUtely high m 
the obese according to Baumann, 88 per cent of 
persons with gallstones are o\erweight. ( 6 ) It/e ex- 
pcdarcy Insurance statisbcs show that ot crweight 
after the age of 35 3 ears is associated with a death 
rate much higher than that of lean persons or ol 
those of normal weight, a fact which has been 
pithfli expressed m the phrase, “the longer the belt 
the shorter the life." 

GtsnsxL Pamopixs tux TEXA-nsEvr or Obes- 
m Tie basis of irtaUnent should be, as ahead} indif 
caltd, (a> reduction in the ealo-ic mtake and (b) 
increase in the entrg} expenditure through moderate 
exercise. The dielan resinctioas should no. be cxtrcine 
and should be made gradually The extent to which the 
calonc mtake should be reduced will depend upon the 
degree of obesit} and the amount of cierase prescribed, 
but It should ne'er be pushed to the point where the 
protein of the subject’s tissues is drawn upon for energ} 
purposes, nitrogen equilibrium should be maintained 
Aboie all things a prope'U balanced diet should be 
desTsed and an adequate suppK 'ntamins and min- 
erals provided When the obesit' is pronounced (bod> 
weight 25 per cent or mow: above nowaal) weight 
reduction is broagbt about bj pbang the subject upon 
a diet possessing a caloac value 40 cr even 60 per cent 


ever the prunat} cause may be, whether hypotha- 
lamic o- endocrine disease, or 'vhether it is due simpl> 
to overeating obesit' is the result of an energj in- 
take m excess of theenexgy output TheortticaB} , an 
energi. balance oonld be struck bi moeastng the 
eierase of an obese subject. But increasing the 
energ} output bi exercise is much les effectiie 
than dietaiv restnehon, ph}'sical exertion mcreases 
the appetite and the subject finds it difficult to 
resist Eatisf}'mg iL 

The “Cost” or OsEsm (See table 70) ( 1 ) 
Owmg to the increased weight, muscular exertion 
places a greater load upon the heart and circulator} 
system The madence of artenal h}perteiision is 
relaPvd} high in persons who are oi erweight, ( 2 ) 
Dissipation of heatbr conductionand tadiaPon (ch 
53) IS reduced through the heat-msulatmg efiecl 
of the mantle of subcutaneous fat. Sweatmg is in 
consequence more profuse (3) Diabetes is mote 
common m the obese than m persons of normal 
weight. Jodm refers to diabetes as “the fat man’s 
loby”, and to obesitj as “the open door to dia- 


below his energy requirement, he is thus foted to con- 
sume his own fab The calonc \-alue of human adipose 
tissue IS about 3500 Calmes per j?ound.‘ The total re- 
quirement of the average obese subject is around 2500 
Calcnes per dai A reduction m the energy intake b> 
40 per cent of the requirement, that is, to 1500 Calones, 
win therefo-e entail a weight loss of nearly a third of a 
pound per day The subject is kept upon the restricted 
diet until the desired weight has been reached, Ins 
calonc intake is then adjusted to his requirement (see 
ch, 56) 


The faihire of an o\ erweight person to lo^e we.ght 
after having been placed upon a “reducing/’ diet has 
been a mystifying observation which appeared to refute 
the conduEon that oheatj is due stmply to a balance 
of energy mtake over energy output. But the ongmal 
weight IS maintamed for only two or three weeks, and 
IS due to the retention of water (p 23) which replaces 
the tissue broken down for energy purposes At the 
end of this penod water excretion increases abo' e the 


o t human fat has a calonc value of appromnatel' 

Li ^ Cal per pound here gi\ en is the 

^e afto aUowance has been made (or connecU'e 
tissue and water content. 
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In planning a weight-reduang diet, it is toward the 
restriction of the more concentrated forms of food that 
attention is particularly directed It ii-ill be recalled that 
the calonc value of fat is more than twice that of carbo- 
hydrate Also fatty foods, smce they contam httle or no 
water, are more concentrated than starchy matenals 
Lard, dripping, ohve oil, etc , are 100 per cent fat, 
whereas the protem and carbohydrate of white bread 
amount together to only about 60 per cent of its fresh 
weight Ordmary fats and oils should therefore be re- 
stricted Butter, though about 85 per cent fat, should 
not be disallowed owing to its value as a source of vita- 
mm A Sugar m the form of sweetemng for beverages, 
in jams, honey or chocolates is a highly concentrated 
food By curtaihng its consumption a large reduction m 
the calonc value of the diet can be effected without the 
disadvantages attendmg the reduction of some of the 


other foods Bulky foods, e g , green vegetables and 
salads of low calonc value but satisfying to the appebtf 
may be substituted Undue restncbon of the w ater m 
take IS sometimes practised but this measure appears tu 
be of no benefit and may be a detnment to health Alco- 
hol has a high calonc value and is therefore, except m 
mmimal amounts, excluded from the diet Thyroid ex- 
tract IS sometimes employed to raise the metabohc rate 
and so reduce the obesity The hormone is clearly mdi- 
cated as a means of raismg a low metabohc rate to nor- 
mal, otherwise its use is not to be advocated except m 
exceptional cases and only when the subject’s basal 
metabohc rate can be followed by frequent determi- 
nations Dtmlrophenol is another agent which raises 
the metabohc rate and has been employed m the treat- 
ment of obesity It is a dangerous drug unless given 
under the stnctest supervision Cataract has been re- 
ported followmg its use, hver mjury may also result 
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The Structure of Skeletal Miisde 

A typical skeletal muscle such as the gastrocnemius 
or biceps is composed of large numbers of elongated 
cells, usually referred to as muscle fibers The fibers are 
bound together into bundles or fasaculi of different 
sues which are groupied again mto larger masses to 
form the whole muscle A coanecbve tissue sheath of 
rehculated fibers, called the pennr^sium, encloses each 
fasaculus and separates it from its neighbors The 
connective tissue sheath envdopmg the whole muscle 
IS called the eptmyitum The muscle fibers of different 
muscles range m length from 1 mm , m a mmute 
muscle such as the stapedius, to about 4 cm in a long 
muscle such as the sartonus The ce lls traverse the 
entire length of the shorter fasacuh but m the longer 
muscles they are joined together by tapenng ends the 
tips of which are apphed side to side, to form elongated 
chains. This is the commonest arrangement, but in 
some muscles designed for manmum contractile force 
with a mimmum of shortemng the fibers are disposed 
m parallel instead of m senes or they may run diagon 
ally to a central tendon The muscle fibers also vary 
widely m diameter, which measures about 10 microns 
m the small muscles to 100 rmcrons in the larger 
The body of the cell contains a limited and variable 
amount of material which corresponds to the cyto- 
plasm of other cells, and is called the larco^osm 
The latter forms a weak gel which surrounds large 
numbers of fine threads packed closely together and 
tunmng from end to end of the ceQ. These are the 
myojifynls, they have a diameter of from 1-2 rmcrons 
Under the high power of the microscope th^ appear 
as a faint pattern of parallel lines At the insertion of 
the muscle they become contmuous with the fibrils 
m the tendon This lon^tudmal striabon is also seen 
m smooth muscle. But the most stnkmg and charac- 
teristic microscopical appearance of skeletal muscle 
fibers IS their cross sirialton or strtpes These are alter- 
nating bght and dark bands which run across the width 
of the fiber When the myofibrils are separated by 
microdissection, the cross-stnabons are seen to be a 
feature of the fibrils themselves, the cross stripes of 
the whole fiber are the result of the accurate alignment 
of the dark and light bands from fibnl to fibnl across 
the breadth of the cell The dark and bght secbons of 
the fibers are known as the Q (or A) and I (or J) bands, 
lesjiecbvely The Q band m the relaxed fibers is from 
3 to 6 micta long, and is a httle broader than the I 
band It stains deeply with the usual stains while the 
I band remains pale, but even m unstained secbons of 
musde the Q band is dark as compared with the adja 


cent I band When the fresh muscle fiber is viewed by 
polarized bght, the Q band appears bright and the I 
band dark This is due to the former being doubly re- 
fracbve (DR) The I band has a single refractive in- 
dex. On account of its birefnngent property the Q 
band is also known as the amsotraptc band or disc, 
while the I band is termed ssotroptc Both the Q and 
the I bands are bisected by narrow cross hncs The line 
m the Q band is bright and known as the H line (or 
Henson’s bne), that m the I band is called the Z hne, 
Dobie’s hne or Krause’s membrane The Z line is not 
confined to the myofibrils but in teased spiccimens can 
be seen to pass through the sarcoplasm between them, 
and appears to be of a membranous nature. It extends 
to the sarcolemma to which it becomes attached 
When the muscle contracts the Q band or disc short- 
ens, whereas the I band shows httle or no change. 

Each muscle cell contains several hundred nuclei 
which m vertebrate skeletal muscle are atuated, for 
the most part, supierfiaally just beneath the sarco- 
lemma The latter is a dehcate, transparent, but tough 
membrane which envelops the entire cell It is com 
piosed of mterlacmg collagenous fibrils embedded in a 
clear matrix of colloidal matenal The fibrils are con- 
tinuous with those in the endomysium 

Wien as a result of growth or athletic txaimng the 
muscles enlarge and become more powerful, they do 
BO not by increasing the number of their constituent 
fibers but by an increase in sue of the individual fibers 
The fibers are also larger in piersons who are well 
nourished as compared with those m states of malnu- 
tnbon The difference in sue of the fibers m the two 
instances is due to the amounts of sarcoplasm which 
they contam 

The foregoing is a description of the muscle fiber* as 
seen under as high a magnification as is possible with 
the ordinary microscope. But, when observed with 
the electronmicroscope, it is found that the myofibrils 
are themselves made up of still finer longitudmol fila- 
ments These filaments or mteeffae, which are the ulti- 
mate contractile structures, are comjiosed of two 
protein (p 715) and have a diameter ranging from 25 
to SO Angsuam umts (A) 

According to Szent GyOrgyi, the distinctive optical 
properties of the two segments (Q and I bands) of the 
fibriilae are not due, as has been generally supjiosed, 
to differences in their comjiosition or structure. Geran- 
dus and MatolUy found that when muscle was treated 
with reagents which dissolved the myofibrils the muscle 
retained its cross strmuon but a curious change — a 
reversal of the optical projierties of the bands— oc- 
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curred The Q bands were now isotropic and the I 
bands doubly refractive (anisotropic), but unlike the 
normal postlive birefringence of the Q bands, the 
double refraction (DR) of the I bands was negative 
From this demonstration it is beheved that the normal 
cross-stnation of muscle is due to a protein material 
which surrounds the micellae and has a discontmuous 
or penodic distribution This substance has a negative 
DR which in the mtact muscle fiber just balances at 
regular intervals the uniform positive DR of the mi- 
cellae, thus causmg the isotropism exhibited by the I 
segments In the mtervals between the I segments the 
filaments or micellae exhibit unopposed their positive 
DR property, and thus give nse to the Q segment. 
On account of its negative DR the interfilamentous 
protem has been named N-protem It is a nucleopro- 
tein An advantage is seen in the secbonal distribution 
of the N-protem m that when the filaments shorten 
and thicken, spaces are available mto which the mate- 
rial surrounding them can be displaced Otherwise the 
contraction would be resisted and impeded by the 
presence of this material 

The Chemtcal Coitsltluhon of Mtisde 

Muscle IS composed mamly of protem (18-20 per 
cent) and water (75-80 per cent) The remainder of its 
substance is made up of various mmerals and a large 
number of orgamc compounds some of which are found 
exclusively m muscular tissue The chief electroljde is 
potassium which is present m a concentration of about 
400 mg per 100 grams Magnesium, calcium and sodium 
are found m much smaller amounts Muscle contains a 
great variety of substances generally grouped under the 
headmg of mtrogenous extractives, such as creatine, 
phosphocrealtne, alanylhtslidtne, adenosinetriphosphale, 
creatinine, punne bases, carnostne, anserine (bud and 
fish muscle) etc., etc 

Muscle contains between 0 5 and 1 5 per cent of 
glycogen, from 0 02 to 0 04 per cent of glucose and 
about 0 01 per cent of lactic aad Phosphohps (1 0 
per cent), cholesterol (0 07-0 18 per cent), vitamins, 
enzymes and a host of other orgamc materials are 
present, many of which will be mentioned later 

Of the proteins of muscle, myosin and actin compose 
the contractile elements, the filaments or micellae. 
Myosm makes up about 60 per cent of the total pro- 
tem and actm about 12 per cent The role which they 
play in muscular contracbon will be dealt with later 
The other proteins which enter mto the construcbon 
of the sarcoplasm are N-protem, a nucleoprotem al- 
ready menboned, globulin X, myogen, and myoalbumin 
The oxygen-holdmg pigment myoglobin (p 58) m 
red-muscle is about 1 per cent 


The Chemical Physiology of Muscular 
Contraction 

The mechanical response of an isolated muscle 
to stimulation is not accompamed by an mcreased 
consumption of oxygen, extra oxygen is not con- 
sumed until after contraction and relaxation are 
over So, there are two phases m the contraction 
cycle, an anaerohc (anoxidaltve) phase and an 
aerobic {oxidative) or recovery phase, dunng which 
the muscle is restored to its previous state If the 
muscle be stimulated repeatedly m an atmosphere 
of nitrogen it contracts forably at first, but soon 
becomes fatigued, smce it cannot obtam the oxy- 
gen necessary for its recuperation between the 
mdividual contractions Lactic acid accumulates 
and the muscle enters mto ngor If, at the onset 
of fatigue, oxygen is re-admitted, the lactic aad 
disappears, and the muscle recovers its ongmal 
power to contract The lactic aad concentration at 
which complete fatigue of skeletal muscle ensues 
(lactic aad maximum) is from 0 3 to 0 6 per cent 
The lactic aad is derived from the breakdown of 
glycogen (ch 49) As the lactic aad concentra- 
tion rises the carbohydrate stores dimmish Yet, 
the onset of fatigue is not due to the exhaustion 
of the glycogen stores, for the muscle fails to con- 
tract before the latter have disappeared It is 
more likely that the high acidity inhibits the en- 
zymes through whose action glycogen breakdown 
is brought abut Phosphonc aad also accumu- 
lates m a muscle contractmg m the absence of 
oxygen The phosphonc aad production rises 
rapidly dunng the earher contractions, soon 
reaches a maximum and then ceases 

That a muscle can contract anaerobically has been 
known for many years It has also long been known 
that lacbc aad and COj are produced by a muscle 
contracbng in mtrogen Spallanzam 150 years ago 
observed that snails placed m mtrogen evolved COi 
In spite of these earher observabons it was thought, 
nevertheless, that a muscle denved its energy from 
oxidabve processes — for how otherwise was the COi 
produced? In order to explain the phenomenon it was 
supposed (Hermann, Pfltlger) that an oxygen store was 
contamed m some giant molecule (termed “mogen” 
by Hermann) within the muscle substance itself So 
“mtramolecular” oxygen was spoken of as the hidden 
oxygen reserve from which the muscle drew for its 
anaerobic contracbon Lacbc aad also, it was thought, 
was denved from the breakdown of this hypothebcal 
molecule This theory was disproved by the classical 
experiments of Fletcher and Hopkins m 1907 These 
observers showed that the COs which appeared dunng 
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the anaerobic contraction was not the result of oxida- 
tion but was preixisting COj — i e , simply COj which 
had been hberated by the acUon of lactic aad upon 
sodium bicarbonate in the muscle fluids They showed 
that the ondapve processes occurred after the con- 
traction was over, that lacUc aad then disappeared and 
COa was formed It was erroneously supposed at this 
time, that the lacUc aad which disappeared had been 
completely ondized to COj and water That glycogen 
was the lactic aad precursor was indicated by the fact 
that the appearance of lactic aad in muscle fatigued in 
mtrogen was proportional to the glycogen loss Also, 
an R Q of around unity, found later by Meycrhoff, 
for the recovery phase of isolated muscle, indicated 
that Its fuel was carbohydrate 

Me>erhof also showed that when oxjgen was ad 
mitted to a fatigued frog’s muscle, the amount of gas 
consumed was only one-fifth of that expected if the 
disappearance of the lactic aad were due to its oiida 
bon to COi and water The heat produced dunng the 
ondabve phase was also much less than it should be, 
were all the laebe aad burned It was found, further, 
that glycogen increased in the faUgued muscle recover 
mg in oxygen 

Embden had previously shown the importance of 
phosphate in the acbvity of muscle Increased cicre 
bon of phosphate m the urine occurs ns a result of 
muscular eierase, and Embden found that when 
muscle juice was incubated with a solution of bicar- 
bonate, laebe aad and free phosphoric aad appeared 
in nearly equunolecular amounts. He suggested that 
the immedtale precursor of laebe aad was a hexose 
phosphate This he termed lactacidogen A heiosc 
phosphate had been shown by Harden and Young to 
be formed as an intermediary in the fermentabon of 
sugar by yeast When Embden added this ester to 
muscle juice an maeased formabon of laebe and 
phosphonc aads occurred He also claimed to have 
demonstrated an increased produebon of phosphonc 
aad in a muscle duimg its contracbon The phosphonc 
aad as well as the laebe aad was beheved to be de- 
rived from the breakdown of lactacidogen (i e , hexose 
phosphate) 

The CHEincAx Changes Occhemng in Muscle 
Contracting in the Absence of Oxygen, 
Phosphorylation, Glycogenolysis and 
Glycolysis 

(See also chapters 32 and 49) 

Muscle does not depend upon immediate on- 
dabve processes to hberate the energy necessary 
for Its contraction It will contmue to contract for 
some time m the complete absence of oxygen The 
energy stored m glycogen is thus hberated ana- 
erobically But for the recovery of the muscle, that 
13, for the reaccumulation of its energy stores. 


oxygen is required The chemical changes involved 
in the entire contractile process are thus divided 
into two phases, the anaerobic or coniradton phase 
and the aerobic, oxidative or recovery phase The 
muscle IS comparable to a machine, such as a sub- 
marine engme which runs when submerged upon 
stored energy supplied in clcctnc battcncs The 
batteries are recharged when the submarine comes 
to the surface Expressed in another way, the 
muscle when it contracts runs up an oxygen debt 
(p 725) which It pay's when the contraction is over 
Evidence for the anaerobic chemical changes 
about to be outlined has been obtained veo 
largely from studies of the enxyme systems in 
aqueous extracts of muscle and in yeast juice 
dunng alcoholic fermentation 
One of the first steps m the liberation of energy 
for contraction is the breakdown of glycogen 
stored in the muscle fiber The gheogen takes up 
morganic phosphate (HjPOi) and splits off simul- 
taneously glucose- J phosphate (Con ester) mole 
cules This reaction is catalysed by phosphorylase 
(sec table 71) The cleavage of the glycogen mole- 
cule occurs successii ely at the 1 4 C — 0— C hnk- 
ages between the glucose units In the separation of 
the latter, an H atom of the phosphate group be 
comes attached to the 4 carbon atom, while the 
I carbon atom of the adjacent glucose unit holds 
the — O— POjHj group The uptake of phos- 
phate and Its cleavage into glucose phosphate 
units has been aptly called phosphorolysis by 
Pamas, smcc, obnously, it is analogous to hy- 
drolysis in which water (H OH) mstcad of phos- 
phate IS taken up, the H atom and OH atoms 
becoming attached, respectn ely , to the adjacent 
groups of the larger molecule (protein, disac- 
chatidcs, poly-sacchandcs, etc.) when they sepa- 
rate (sec table 71) 

The glucosc-l-phosphatc formed in the phos- 
phorylytic reaction undergoes an intramolecular 
transference of its phosphate group to the 6 car- 
bon atom, being thus converted to glucose 6- 
phosphate (Robison ester) This reaction is cat- 
alyzed by the enzyme phosphoglucomutase The 
glucose-6-phosphatc, through the action of phos- 
phohexose tsomerase, gives nse to fructose-6 phos- 
phate (Neuberg ester), which then receives a phos- 
phate group from adenosinctnphosphate (ATP), 
to form fructose-l-6-diphosphate and adcnosmedi- 
phosphate (ADP) 

The fructose-1 6-diphosphate is acted upon 
by aldolase and split into the tnosephosphates, 
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dthydroxyacetone plwsphaia and 3-phospJtoglycer- 
aldefiyde (Fischer-Baer ester) The 3-phospho- 
glyceraldehyde reacts with inorganic phosphorus, 
and in the presence of tnosephosphate dehydrogen- 
ase and DPN (diphosphopyndme nudeobde or 
Coenzyme 1) is converted to 1 ,3-dtphospho- 
glyceric acid DPN accepts Hi and is reduced to 
DPNHi As rapidly as dihydroxyacetone phos- 
phate IS produced it is transformed to 3-glyceral- 
dehyde phosphate (called the “reactive form” of 
the sugar) which m the presence of tnosephosphate 
dehydrogenase is rapidly removed The reaction is 
thus “drawn to the nght” 

The 1,3-diphosphoglycenc aad undergoes de- 
phosphorylation to form 3-phosphoglycenc acid, 
the released phosphate group convertmg ADP to 
ATP By intramolecular transfer of the phosphate 
group 3-phospho^ycenc aad is converted to 2- 
pjwsphoglycenc aetd, the reaction bemg catalyzed 
by phosphoglyceric mutase 2-Phosphoglycenc aad 
IS converted by dehydration to phospho-enolpy- 
rumc acid through the action of enolase 

The phospho-enolpyxuvic aad reacts with ADP 
to form pyruvic acid and ATP This reaction is 
catalyzed by a transpjiosphorylase m the presence 
of magnesium and potassium ions 

Pyruvic aad m the absence of oxygen is re- 
duced to ladtc aetd by the reduced coenzyme 
(DPNHi) m the presence of ladtc dehydrogenase, 
the coenzyme bemg restored to the oxidized form 
(DPN) 

Under aerobic conditions the reduced coenzyme 
IS not oxidized by pyruvic acid, as shown m the 
last reaction, but by molecular oxygen through 
the combmed action of a specific flavoprotem and 
the cytochrome system (ch 32) The result is 
that with an adequate supply of oxygen no lactic 
aad IS formed, and of that produced anaerobic- 
ally J IS oxidized through pyruvic to carbon 
dioxide and water, and the remamder resynthe- 
sized to glycogen In the mtact animal synthesis 
occurs m the hver ^ The oxidation of lactic aad 
to pyruvic aad is brought about through the 
action of lactic dehydrogenase m the presence of 
DPN In the presence of oxygen the pyruvic aad 
IS oxidized m a senes of steps called the trtcar- 
boxyltc acid cycle Though there is not unanimity 
as to the details of the chemical changes mvolved 
m the diss imil ation of pyruvic aad, the researches 

^According to Meyerhof resynthesis of glycogen 
from lactic aad occurs m the isolated frog muscle, but 
this probably does not occur m mtact mammalian 
muscle 


of a number of workers, especially Szent Gyorgp, 
Krebs, Werkman and Wood and Evans and 
Slotm, permit the scheme to be drawn as m 
table 72, p 721 Thus oxaloacetic acid and acetyl- 
coenz}mie A undergo condensation to form atnc 
aad The atnc aad loses a molecule of water and 
is converted to cwacomtic aad, this then regams 
a molecule of water to produce wocitnc aad which 
IS oxidized to oxalosuccmic aad The latter is de- 
carboxflated to 3 neld cr-ketoglutanc acid which is 
oxidized to succmic aad, carbon dioxide and water 
The succmic aad is oxidized through fumanc and 
mahe aads to oxaloacetic aad With the regenera- 
tion of oxaloacetic aad the cycle repeats At each 
turn of the cycle an acetyl group denved from 
pjnuvate is oxidized, each molecule of pyruvic 
aad, therefore, ynelds two molecules of water and 
three molecules of carbon dioxide, while a molecule 
of oxaloacetic is reformed A smgle molecule of 
oxaloacetic aad can be used m this way repeatedly 
m the oxidation of acetyl groups to carbon diox- 
ide and water, it, therefore, acts m the manner 
of a catalyst 

The energy which the anaerobic production of 
lactic aad from glycogen yields for the perform- 
ance of work IS only a small fraction of that which 
results from the oxidation of lactic aad For each 
gram mol of lactic aad produced the free energy 
amounts to about 29,000 calones, whereas some 
325,000 calones are hberated by the oxidation of a 
correspondmg amount of lactic aad to carbon 
dioxide and water 

THE E.OLE PLAYED BY PHOSPHAGEN (PHOSPHO- 
CEEATINE OR CREATINE PHOSPHATE) 

In 1927 Eggleton and Eggleton obtamed a 
aeatme-phosphoms compound from muscle which 
they named phosphagen About the same tune 
Fisk and Subbarow isolated the same substance 
and called it pliosphocreatine , it is also known as 
creatine phosphate, or bnefly CP It has the foUow- 
mg formula 

NH~P0(0H)2 

/ 

NH=C 

\ 

N(CHj) CH2 COOH 

PJwsphoargtmne is the correspondmg phos- 
phagen m mvertebrate muscle In the muscles of 
some speaes both compounds are present 
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Contradton mthoul Jadtc and production 

An espenment of Lundsgaard (1929) repealed 
the essential importance of phosphocreatine in 
the contractile process He found that after the 
injection of sodium lodoacetate mto the dorsal 
hinph sac of a frog, \nolent contractions of the 
muscles occurred folloiced by ngor WTien a musde 
of the poisoned animal was isolated and stimu- 
lated electncallj m mtrogen it responded, but no 
lactic acid ivas produced After about 100 con- 
tractions, It became fatigued This is much sooner 
than the onset of fatigue m normal muscle, and, 
unlike the latter, the poisoned muscle became 
slightl\ alkaline m reaction About Oj mg of 
lactic aad per gram of tissue is formed m a normal 
muscle after a similar number of contractions 

Upon anali'sis the poisoned muscle shows a loss of 
gb cogen, and of phosphocreatme, and an increased 
content of heaose phosphate. The lactic aad and 
phosphocreatine phosphorus t-alues of normal and 
poisoned muscles after 150 contractions each are shown 


m the following table (after Lundsgaard) 




Ladic 




ecti nt 

pk9spk^vs 



frr eent 

CTf percent 

Normal 

(Resting 

25 

61 

(Working 

84 

40 

Poisoned 

(Resting 

16 

57 

\t\ orking 

15 

0 


It was concluded that the disappearance of CP 
was not due to its bemg used up more rapidl>, 
but to Its failure to be resj-nthesized The energj 
for resjmthesis was presumabh dent ed from gly- 
cogen — lactic aad breakdown (gljcoljsis) The 
poison destrota the action of tnosephosphate de- 
bt drogenase, gltcol)^^ bemg, therefore arrested 
at the stage where S-phosphoglj cenc aldeh) de is 
cont erted to 1 , 3 phosphoglj cenc aad Thus, lodo- 
acetate inactitates the carbohjdrate mechanism 
which is essential for dnvmg the phosphagen 
cjde 

Creatme phosphate does not furnish directlt 
the energt for contraction, as was once supposed, 
but through its reaction with ADP is a source of 
energ> for the resjnthesis of ATP Thus, CP + 
^ C -1- ATP This IS known after its dis- 
coterer as the Lohmann reaction Thus, the 
eneTg\-nch phosphate bond of CP, as shown by 
the svmbol ~ m the formula, and which amounts 
to about 10,000 calones per gram mol , is trans- 
ferred to ATP The latter is beheved to be the 
immediate source of the energj for contraction 


The energy for the resjnthesis of phosphagen is 
furnished by the energj-nch phosphate bonds 
generated m gl>col}'sis, the transfer is effected 
through ATP, bj a rerersal of the Lohmann reac- 
tion, ne, ATP judds phosphorus to creatme, 
creatme phosphate and ADP bemg formed Phos- 
phocreatme resjmthesis occurs more readily m 
the presence of oxygen than under anaerobic 
conditions, the musde, therefore becomes fa- 
tigued much sooner m the absence than in the 
presence of oxygen 

WTien the musde has been poisoned by lodoace- 
tate resynthesis of ATP through the Lohmann re- 
action proceeds for a tune, but, smee glycoh'sis 
has been arrested, CP ceases to be resynthesized, 
and after a senes of contractions, the supply is 
exhausted. 

From the foregomg obsen ations it may be con- 
duded that the function of phosphocreatme is 
to hold a resen e of phosphate-bond energy which 
is readily axmlable for transfer to the ADP /ATP 
system m the earher stages of contraction Later, 
energy for contraction is transferred to ATP from 
phosphate-bonds generated m glycolysis 

THE HOLE PLAYED BY THE ADEWLIC ACID 
SYETEH 

The nudeobde adenosmetnphosphate (also 
called adenylpyrophosphate or bnefly designated 
ATP) is a compound of adenme, d-nbose and three 
molecules of orthophosphonc aad It pmssesses 
two energy'-nch phosphate bonds, mdicated by 
the symbol ~ m the formula bdow The free 
energy x'alue of each of these bonds is about 
10,000 calones per gram mol of phosphate liber- 
ated. 

N==C— NH 


CH C— N 

1! I! \ 


CH H H 


H H 


/ 


N— C— N- 


OHOH 


CH:0— 


OH OH OH 

J I I 

P — 0~P — 0~p — OH 


O O O 

Adenosmetnphosphate [Adeny I pyrophosphonc 
aad ATP] 
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The tenninal phosphate group is split ofT by the glycolysts, ADP is formed Phosphate is gi 
action of the enzjTne adcuosiitclrtphosphalasc up, for example, in the conversion of fructos 
(ATPase), or the phosphate bond energjf may be phosphate to fructose-1, 6-diphosphate By 
transferred to other compounds in the course of reversal of the Lohmann reaction phosphati 
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CH.OH 


OH H 

Fructose 1,6 diphosphate 
CH, — 0 — PO,H, 


C=0 + 

^ 1 

LcH,— O— PO,H, 


{phosphe 


triose tsomcraie) 


CH— OH 

j 

CHO 


+ H,P04 + DPNCCO I) 


(triosepkesphat 

dihyatsucnaic 


Dihvdroxyacetone phosphate 

0 

1 

C — O'^POiHi 

1 

CH— OH 

i 

CH, — 0 — ^PO,H, 

1,3 diphosphogljcenc 
aad 


3 phosphoglyceraldchydc 


ADP 


ATP 
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0 

C 
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S 

C— OH 

CH— 0— POiHj 

1 

CHjOH 

2 phosphoglycenc 
aod 


dbHiO 

iliuiiut) 


0 


i 

c— OH ADP 


c — 0 ~P 0 jHi 


ATP , , 

ilrsHSthospioTsiasl) 


CH, 

2 phospho-enol 
pyruvic aad 

0 

1 

c— OH 

I 

0=0 

1 

CH, 

Pyruwc aad 


lactic ddiydrogcPKC . 

" dk^hT^dpS 


COOH 

1 

CHOH 

1 

CH, 


Lactic aad 


also transferred via ATP to creatine from 1,3- 
diphospboglycenc aad in its conversion to 3- 
phosphoglycenc acid, ADP and phosphocreatine 
are formed Energy for the resynthesis of ATP 
IS denved from two mam sources, namely, from 
the Lohmann reaction, CP -1- ADP t:; C + ATP 
and from glycolysis The first serves at the be- 
ginning of contraction or throughout a short 
contraction, the second, m the subsequent course 
of a sustained contraction A third mechanism 
may come mto play but only as a last resort 
That IS, after the fiist two sources of energy have 
been exhausted This is the formation of ATP 
and adenosinemonophosphate or adenyhc aad 
(AA) from two molecules of ADP, a reaction 
which is catalyzed by myohnase present m the 
muscle Thus, 


2 ADP 


myokinase 


+ ATP +AA 


The ATP/ADP system thus furmshes the tmme- 
dioie aiergyfor contraction, it serves by donaUng or 
acceptmg phosphate to shuttle the latter back and 
forth, and through the energy-nch bonds, to raise 
the energy of other compounds to higher levels 
The energy of aeatmephosphate cannot be trans- 
ferred directly, but only through ATP 


The trani^erence oj the accumuloled chemical energy 
tn ATP to the muscle fiber and its transforma- 
tion to mechanical energy 
When adenosmetnphospbate is spht the energy 

0 


of one of Its pyrophosphate bonds (0 P OH) 


OH 


is transformed in the muscle fibers to mechanical 
energy for the performance of muscular v ork 
After ATP breaks down its energy store is re- 
plenished by resynthesis from ADP and phosphate 
denved from phosphocreatmc, as ndl as from 
glycolysis Thus, the ATP/ADP sj’stcm senes as 
a "transmission Ime” by which the phosphate- 
bond energy of phosphocreatine and gljcohtic 
processes is con\ eyed to the muscle 
The cleavage of the terminal phosphate group 
from the nudeotide and the production, as a 
consequence, of ADP is cataljzed by adenosme- 
tnphosphatase (ATPosc) With the discovery by 
Engdhardt and Lyubimova that myosin, the 
diief protein of rausdc and long recognized as the 
contractile element, possessed ATPasc actiiutj', 
the chemical reactions were brought into intimate 
association wuth the mechanical effects, i e , with 
the actual contraction of the musde. When we 
come to the musde itself the energy’ transforma- 
tion may be compared, up to a pomt, with that 
occurring m an mtemal combustion engine, in 
the musde ATP, being the immediate source of 
the energy for motion, corresponds to the cxplosiv’c 
mixture, and myosm to the piston (Engdhardt), 
but here the analogy ends for m the musde ma- 
chme the myosm "piston” constitutes the ig- 
nition system (ATPase activity) as wdl The 
musde may be compared more dosdy' to an 
imaginary heat engme in which the piston itself 
is heated to a temperature where it ignites the 
gas mixture and the products of the combustion 
then react upon the piston and produce move- 
ment by altermg its physical properties But 
musde is not a heat engme, it does not depend 
upon the pressure of heated molecules for its 
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TABLE 72 

The cilnc aad cycle m relation to the metabolism of carbohj drate and fatty aads 
(Kindness of Professor A M Wynne) 


Carbohydrate 


Fatty acids 

11 

j3 Koto acyl Co \ 

( 1 ) 11 


P> ru\ 1 C acid CH^— CO— COOH + HS— Co \ + DPN ^ ICH,— CO— S— CoA | + CO- + DPNH + H+ 


+C0. 


(1) 




OH 

I 

Oxaloacetic HOOC — CH=C — COOH + 
acid 

( 10 ) 

Malic acid 

(9) 


CH, 

I 

CO 

I 

s 

I 

CoA 


+Ac— S-CoA 
CoA 


CH:— CO— CHj— CO— S— CoA 
+A'n>’][^+n,o 

CHa— CO— CHr-COOH + HS— CoA 


+ H.O^ 


condensing 

cnr>mc 


OH 


HOOC— CHj-CH-COOH 


1 


+lli0| 


-HiO 


Fumaric acid HOOC— CH-=CH— COOH 


( 8 ) 


1 


-2Hi 


+2H 


Succinic acid HOOC— CH — CH;— COOH (+HS— CoA + ATP) 

Succinyl 
CoA 


+ADP| 
+P 


CoA— S— OC— CH,— CH — COOH 


( 6 ) 


-i-HS-CoA 
-2H 
-COi 

I 

I 


: HS— CoA + 


OH 


HOOC— CH—C— COOH 

I 

CHr-COOH 


Citric acid 


1 

+HjO| I-HK) 

HOOC— CH=C-COOH 

I 

CH,— COOH 


1 


-HiO 


+HK) 


( 2 ) 

cw-Aconitic 

acid 


(3) 


OH 


HOOC— CH—CH— COOH 


Isocline 

acid 


+2H 


CH,— COOH 
-211 (4) 


or-Keto- II 

glutaric HOOC— C—CHj—CH,— COOH 

aad 


+CO, 


-co> 

(5) 


HOOC— C—CH— COOH 

I 

CH,— COOH 


Oxalosuccinic 

acid 


(1) Acetyl Co-enzyme A (Co A) 

(2) Aconitase 

(3) Aconitase 

(4) Isoatnc dehydrogenase + TPN 

(5) Oxalosuccinic decarboxylase 


(6) tt-Ketoglutaric deh 3 ’drogenase -f- DPN 

(7) Succinyl-CoA phosphokinase 

(8) Succinic dehydrogenase 

(9) Fumarase 

(10) Malic dehydrogenase + DPN 
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motive power, but upon the energy released 
through inter- and mtramolecular transfer of 
chemical groups 
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HI 

Fig 52 1 Illustrating the suggested unfolded and 
folded states of the poljpgitid chains m myosm. I, ex- 
tended (unfolded) state, II, contracted state, m, hy- 
percontracted state R, indicates side chain (After Ast- 
burj' nith minor additions ) 


Myosm has been obtamed by Szent Gydrgyi 
in the form of mmute needle shaped crystals 
Upon repeated reaystalhzation no loss m ATPase 
acti\nt> , but rather an mcrease, occurs From this 
fact and the following observations, myosm and 
ATPase ate generally assumed to be identical, 
though absolute proof has not been secured They 


are at least tery closely associated (a) Crude 
preparations of myosm con tarn several other en- 
zymes, but these can be removed completely by 
successive precipitations (b) The thermolabihty of 
myosm and of ATPase are closely similar, the pro- 
tem undergomg denaturation, and enzyme activity 
IS abolished at about the same temperature, which 
IS relaUvely quite low (c) Electrophoretic studies 
show that my osm possesses a high degree of homo- 
gematy, the large rapidly moving fraction which 
constitutes over 90 pier cent of the protem of the 
preparation has been found to have double the 
ATPase activity of the smaller slowly moving frac- 
tion which possesses a low protem content (d) An 
aqueous (my osm free) extract of muscle has only 
slight ATPase activity 

Only one phosphate group is split from adeno- 
smetnphosphate by my osin ADP is not attacked 
It shows a high degree of speafiaty m this regard 
Inosmelnphosphate and inorganic tnphosphate 
are split m a sunilar manner Calaum ions acti- 
vate ATPase, whereas magnesium, copper and 
silver are mhibitory’, the enzyme activity is un- 
aSecled by cyanide. 

It IS generally agreed that the immediate and 
fundamental chemical event in the contraction of 
muscle is the sphtting of ATP by ATPase But how 
does this reaction bnng about the phy sical changes 
m the muscle — the shortenmg and thickening of the 
fibers which we call contraction? The researches 
of Astbury mdicate that the polypeptide chains of 
myosm m the relaxed state of the musdes hav e a 
partially folded configuration, but become more 
fully folded dunng contraction as shown m figure 
52 1 Thus, like the flexible sides of a concertma, 
the chains which run m approximately parallel 
bundles m the micdlae shorten or lengthen 
Astbury and his assoaates have compared the 
X-ray diffraction patterns of musdc and stnps of 
myosm films spread and dried on glass with those 
previously observed and desenbed for keratin, 
the fibrous protem of hau:, feathers etc. In natural 
keratm as well as m myosm films and in musde, 
the polypeptide chams are partially folded The 
natural hair protem, however, differs from the 
musde protem m that while it shows reversible 
extensibflity to a high degree due to tmfoldmg and 
refoldmg of the polypeptide chams, httle shorten- 
mg from the ongmal length is possible This is 
because the parallel chams are aoss connected by 
disulfide (— -S— S— ) bndges between the two 
halves of cystme molecules When, the cross rhaing 
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are broken by heat the keratin fiber shortens and 
the X-ray diffraction pattern resembles dosely 
that of musde or of a myosin film 

Smce ATP is present m the musde during rest 
and ATPase is dosely assoaated with myosm, the 
next question which anses is the manner m which 
a reaction between the two is prevented at this 
time, and what bnngs about their mteraction 
when the musde receives the impulse to contracL 
It has been suggested that though ATP is bound 
to myosm m the relaxed state of the musde, myo- 
sm possesses no ATPase activity at this time 
smce calaum ions are not available, and that the 
impulse liberates Ca++ (necessary for ATPase 
activation) from a compound m which it is bound 
with protem A more likdy explanation according 
to Engdhardt is that ATP, instead of bemg m 
dose assoaation with myosm, is conjugated with 
some other protem durmg the restmg state Thus, 
myosm and another protem are seen as com- 
petmg for ATP, the latter bemg successful m the 
rdaxed musde, and myosm m the stimulated 
musde 

A protem which appears to be an mtegral part of 
the contractile mechanism other than myosm was 
isolated from musde by Straub m 1942 This dis- 
covery, while it has led to fresh facts bemg un- 
earthed and IS probably of fundamental impor- 
tance, appears so far to have complicated the 
picture rather than to have dehneated it more 
dearly This protem, called actm by Straub, has a 
relatively low molecular weight (55,000-60,000) It 
constitutes from 12 to 15 per cent of the total 
protem m musde Accordmg to Szent Gyorgi and 
his assoaates it is dosely assoaated m the musde 
fiber with myosm to form a complex which they 
call aclomyosin Actomyosm can beobtamed by pro- 
longed extraction of musde or by mixmg myosm 
and actm together in vitro The complex, as ex- 
tracted from musde, contains 2 parts of actm to 5 
parts of myosm When a concentrated solution of 
actomyosm m KCl is mjected from a synnge mto 
a large body of distilled water a fine thread is 
formed This artificial musde fiber, when immersed 
m boiled musde jmce, contracts vigorously, becom- 
mg both shorter and somewhat thicker The con- 
stituents of the musde jmce responsible for the 
“contraction” are ATP, KCl and magnesium, for 
a solution contammg these substances m smtable 
proportions has an effect similar to that of musde 
juice The "contraction” of the actomyosm fiber is 
m the nature of a rapid and superlative shrinkage 


— an extreme syneresis The water content of the 
shrunken fiber is only about 50 per cent as com- 
pared with 90 per cent m the relaxed fiber The 
“contraction” process is reversible, mcreasmg the 
salt concentration of the solution causes relaxation 
of the thread to nearly its previous size and form 
In order to account for the thickenmg of the thread 
as well as its shortenmg, Szent Gyorgi proposes 
that the submicroscopic partides of the two pro- 
teins are associated m such a way, namely, short 
rod-hke partides of myosm apphed lengthwise to 
the longer thread-like partides of actm, that short- 
enmg of the former causes the conjomed particles 
to assume a circular form (fig 52 2) 



Fig 52 2 Model composed of a rubber tube shghtly 
stretched to which is attached, pnor to stretching, 
a wooden rod incompletely divided mto blocks When 
the rubber tube is released, the model must curl up 
into the shape shown m the upper drawmg The model 
represents the actomyosm mycel, the rubber tube the 
myosm, and the wooden rod the actm (Szent Gyorgyi) 


SUMMARY OF THE CHEMICAL CHANGES AND EN- 
ERGY TRANSFORMATIONS ASSOCIATED WITH 
MUSCULAR CONTRACTION 

The senes of chemical changes through which 
energy is hberated for muscular contraction may 
now be given m their natural sequence The first 
reaction which can be detected is the deavage of 
the termmal phosphate group from ATP This is 
catalyzed by ATPeise ADP is produced Simul- 
taneously, the released phosphate is engaged m 
the phosphorylation of glycogen, adenyhc aad 
actmg m some unknown way as a coenzyme ATP 
is resynthesized through phosphate donated by 
phosphocreatme (Lohmann reaction) The break- 
down of glycogen to lactic aad provides the energy 
for the resynthesis of phosphocreatme and later, 
as contraction proceeds, for the resynthesis of 
ATP, m which phosphate-bond energy is stored 
These reactions can occur m the absence of oxygen 
Upon the admission of oxygen, about J of the 
lactic aad produced is oxidized, this yields the 
energy for the resynthesis of the remaining | 
to glycogen When the oxygen supply is adequate 
little or no lactic aad is formed In the absence 
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of oxygen the accumulaUon of lactic acid sIoto 
and then arrests the glycogen lactic aad break- 
down and, as a consequence, phosphocreatine and 
ATP resynthesis is prevented 
^■pp phosphoric aad Energy for contraction 

4- ADP ( 12 , 000 cal) 

CP -4- ADP -♦ creatine -p Energy for resynthesis of 

ATP ATP (10,000 cal) 

Glycogen to lactic aad Energy lor resynthesis of 
^ - CP and ATP (29,000 


cal ) 

Oxidation of lactic aad Energy for resynthesis of 
glycogen (325,000 cal) 


IWTUH. 



stMwo-y 


irm 



Fig S23 Showing the stage of heat production of 
muscle durmg and following a short tetanic contraction 
The first three stages represent the initial heat 1, the 
contraction heat, 2, the heat produced dunng the 
maintenance of contraction, 3, the relaxation heat. 
The fourth stage (4) is the recovery heat (From Evans, 
Recent Advances m Physiology ) 

HEAT PEODHCnON IN in3SCI.E 
In the case of a muscle contracting isometncally, 

1 e , without shortemng, all the energy which it 
expends appears as heat If, on the other hand, 
the muscle is allowed to shorten and lift a weight, 
from 20 to 25 per cent of the total energy expendi- 
ture on the average, and under optimal conditions 
30 per cent, appears as mechanical work The 
effiaency of the muscular machme, 

mechamcal work performed 

energy expenditure over the ’ 

basal level (restmg state) 
IS therefore much higher than that of the steam 
engine (7 to 20 per cent) and is comparable to 
that of the best types of gas engme (25 to 30 per 
cent) 

The heat production of a musde contractmg 
isometncally m nitrogen shows four phases 


^contraction 
heal 


(1) A large outburst of heat at thej 
commencement of the contrac- 
tion 

(2) A sustained heat production 
durmg contraction (tetanus) , 

(3) A small outburst dunng relaxation— re/oxo- 
hon heal 

(4) A small amount of heat produced after con- 
traction and relaxation are over This so 
called delayed anaerobic heat may continue 
to be oroduced for some considerable time 



The first three of these together are called the 
initial heat (figs 52 3 and 52 4) In a single tu itch 
(2) IS not c\ ident The first outburst of heat and, 
in the case of a tetanus, the mtcrmediary or sus- 
tained heat constitute the waste heat of chemical 
reactions The outburst durmg the relaxation or 
third phase is caused by the degradation to heat 
of the energy exhibited as tension dunng contrac- 
tion, It amounts to about 35 per cent of the entire 
miUal heat This mitial heat is also produced 
when a musde contracts m oxygen but it is evol\ ed 
in the anaerobic phase, i e , it is independent of 
oxidative processes 

The total heat production of a musde contract- 
ing m oxygen is over 2 2 times greater than that 
of one contractmg m mtrogen, for there is the 
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added heat of oxidative processes — the oxtdahve 
heat The delayed anaerobic heat plus the oxida- 
tive heat is referred to as the recovery heat Thus 
the total heat evolved during normal contraction 
IS made up as follows 


nitrogen but its recovery phase is postponed until 
o^gen IS re-admitted Durmg strenuous exercise 
the muscles of the mtact animal behave similarly 
While workmg strenuously the curculatory and 
respiratory systems are mcapable of supplymg 


Initial heat 


arbitrary units 


(1) Contraction heat 

0 

65 





(2) Relaxation heat 

0 

35 


« 






Total 

mibal heat 

1 

0 

Recovery heat 







(1) Delayed anaerobic heat, ue., heat of lactic aad produebon over 

0 

08 





that of phosphagen synthesis 







(2) OxidaUve heat, le., heat of oxidaUve processes over that ab- 

1 

16 





sorbed m resynthesis of glycogen 



Total 

recovery heat 

1 

24 




Total 

heat 

2 

24 


In a muscle poisoned with lodoacebc aad and con- 
tracting m mtrogen, the different phases of the imtial 
heat and its total amount do not differ from those 
occumng m a normal muscle although lactic aad pro- 
duction has been abohshed In such a case the mitiol 
heat production is apparently due mamly to the break- 
down of phosphocreatine and adenjdpyrophosphate— 
an explosive liberation of heat In the normal muscle, 
on the other hand, lactic aad production and its neu- 
tralization by the muscle proteins causes a pronounced 
evolution of heat (exothermic reaction) Why then 
are the imtial heats the same m both instances? Pre- 
sumably, m the case of the normal muscle, the heat of 
lactic aad production and neutralization are masked, 
bang absorbed m the synthesis of phosphocreaUne 
and adenyl-pyrophosphate (endothermic reaction) In 
ather case it is beheved that the mitial heat represents 
the balance of heat production over heat absorption 

The recovery heat is also the resultant of exothermic 
and endothermic reactions — lactic aad oxidation and 
glycogen resynthesis There is also the delayed ana- 
erobic heat It has been mentioned that a proportion 
of the lactic aad production occurs after the contrac- 
tion IS over, and that a proportion of the phosphoaea- 
tine resynthesis also occurs at this time For a long 
time no explanation for the anaerobic delayed heat was 
forthcoming It now appears that it, hke the imtial 
heat, represents a balance between the heat evolved 
dunng delayed lactic acid production and that ab- 
sorbed by phosphagen resynthesis The heat of re- 
covery therefore is made up of this delayed anaerobic 
heat plus the balance between lactic aad oxidation 
and glycogen resynthesis 

Mtjsculae, Contraction in the Intact Animal 
Oxygen debt 

We have seen that an isolated muscle is able to 
contract when stmiulated m an atmosphere of 


adequate amounts of oxygen for the removal (b) 
oxidation and resynthesis to glycogen, of the large 
quantities of lactic aad produced Complete re- 
covery must be postponed until the exercise is 
over, when the accumulated lactic aad is gradu- 
ally removed The muscles of the mtact anunal 
dunng strenuous exertion are therefore compar- 
able to the isolated muscle contractmg anaerobic- 
ally It was shown by A V Hill and his assoaates 
that an athlete dunng great muscular effort such 
as spnntmg cannot possibly mhale more than a 
fraction of the oxygen required That is, the body 
works its muscles but does not furnish them with 
the total oxygen required for the irork until some 
time after this has been completed — it "goes mto 
debt for oxygen" paymg up during the recovery 
penod (see fig 52 5) In a hundred-yard sprmt, 
for example, the oxygen requirement may be over 
6 liters It IS obviously impossible to deliver this 
amount to the muscle m the few seconds m which 
the race is run The maximum consumption pos- 
sible IS not more than 4 liters of oxygen per min- 
ute Furthermore, a sprmter can dash 100 yards 
with the breath held The great value of the an- 
aerobic phase of muscular contraction is thus re- 
vealed Through the ability of the muscles to con- 
tract when depnved of oxygen and to replenish 
their stores of energy dunng the phase of oxidative 
recovery, they are enabled to perform for short 
penods an amoimt of work which otherwise would 
be impossible, that is, were they, as m the case of 
a motor engme, dependent entirely upon a con- 
temporaneous oxygen supply 
The oxygen debt is determmed by measurmg 
the oxygen used durmg the penod of recovery, 
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i e., from the termination of the eserase to the 
time when the oxj'gen consumption has returned 
to normal, and subtracting from it the quantity of 
orygen used dunng a correspondmg restmg penod 
The length of the recmery penod may be 80 
riunutes or more. In very severe exertion the 
OX} gen debt amounts to oxer 10 liters (or about 
0 3 cc. per gram of musde tissue) The maximum 
recorded m man is over 18 hters Dunng less 
strenuous exercise the disaepancy between lactic 
aod production and lactic aad removal is less pro- 
nounced, and the oxygen debt is correspondmgly 
smaller In hght exercise the lactic aad is re- 
moxed durmg the work — the bodj “pa}'S as it 
goes,” and no oxygen debt is mcurred This is 
called the steady state In other words, anaerobic 
and aerobic processes are balanced The aierage 
man cannot mamtam the steady state unless the 
oxygen requirement of the work does not exceed 





Fig 52.5 fflustratme the inaease in Oei consump- 
boii abort the resting level following exercise — "oxy- 
gen debt” (From Hill, lltacuhr iJcnxment tn Hon ) 


about 2 hters per mmute. After severe exercise 
the normal le\ el of lactic aad m the blood may 
not be reached untd an hour or more after the 
exercise has ceased 

Lactic acid production dunng exercise 

The lactic aad produced in a short bout of strenuous 
exercise may amount to as much as 3 grams per second, 
and its concentration m the blood nse as lugh as 0.2 
per cent The lactic aad, though buffered by the 
musde protem thus 

H'*' -f L' K+ 4- p- -> K;+ -f L" -h HP 

lactic potassium potassium aad pro- 

aad protemate lactate temate 

undiaso- 

aated 

and to a less extent by phosphates and bicarbonates 
causes a suffiaent change w blood reaction to stimulate 
por^uUy the respiratory center Urge amounts of 
carbon dionde are "blown off” from the lungs. 

Hih and Lupton have taken the excess oxygen con- 


sumed durmg recovery as a basis for calculating the 
quantity of lactic aad present m the body at the end 
of eierose. They assumed that the recov cry oxy gen was 
used entirely in the ondaPve removal of lacUc aad, 
and that the quantity of lacpc aad removed by on- 
dauon was, as m the case of isolated musde, only 
about one fifth of the total quanUty which disappeared 
Thus, 

CiHiOj + 30r-3C0j + 3HiO 

That is, for every 3 molecules of oxygen consumed 
durmg recovery 1 molecule of lactic aad has been 
ondired, and for every molecule of lactic aad oxidized 
4 have disappeared through synthesis to glycogen. 
Three gram molecules of oxygen consumed therefore 
represent the disappearance of S gram molecules (90 
X 5 •=) 450 grams of lacUc aad Or, 1 gram molecule 
(22 4 hters) of oxygen represents the disappearance of 
i gram molecules (ISO grams) of lacUc aad Each hter 
of oxygen consumed durmg recovery would therefore 
indicate the disappearance of (150/22 4 «=») 7 grams, 
approximately , of lacUc aad 

Non-muscular tissues, hver, heart, bram and 
musdes not actually engaged m the exercise, share 
m the removal of any lactic aad earned to them 
m the general circulation Barr and Himmeh 
showed this m animal expcnmcnls From the 
results of their expenments upon rabbit musde 
with mtact nerve and blood supply, Sacks and 
Sacks condude that, contrary to what is believed 
to occur m isolated frog musde, lactic aad is 
not resymthesized to glycogen m the mammalian 
musde dunng recov ery', but diffuses mto the cir- 
culation to be mamly converted m the liver to 
glycogen A smaller part is oxidized by brain, 
heart and probably by other tissues as wdl If 
produced m large amounts, as m strenuous exer- 
cise, an appreciable amount finds its way mto the 
unne 

The fuel of exercise 

We have seen that m the case of isolated frog 
musde the respiratory' quotient is around unitv, 
which mdicates that the ultimate source of the 
energy for the contractile process is mamly , if not 
entirely, carbohydrate That is, the energy re- 
quired to restore the musde to its pre-contraction 
state is denved from the oxidation of this food 
matenal Though the glycogen of the isolated 
musde is reduced by activnty , no diminution of its 
fat content has been demonstrated It has also 
been shown that if an isolated musde be stimu- 
lated vvhae suspended m Ringer's solution so that 
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the lactic aad as it forms may diffuse away, fa- 
tigue sets m only when the glycogen stores have 
been exhausted (see p 715) If glycose be added 
to theRmger’s, soraethmg like 10,000 twitches can 
be evoked and a total tension of 6 tons per square 
centimeter of cross-section of the muscle de- 
veloped It cannot, however, be concluded from 
experiments upon the isolated frog muscle, which 
for one thing is poorly supphed with oxygen, that 
the muscles of the intact mammal can use only 
carbohydrate fuel Himwich and Rose, for ex- 
ample, by determmations of COj and of Oi of 
venous and arterial bloods of mtact muscles ob- 
tamed an average R Q of only 0 80 Attempts to 
deade the question for the mtact body have been 
made by determmations of the respiratory quo- 


iminediately following the exerase is followed by one 
m which the output of the gas is reduced amt the 
R Q IS IV ell below the normal level of 0 85-^CO^ is 
being retamed to replenish the bicarboni /e^toVs 
(fig 52 6) During a penod of suffiaent lejfgtl}, therV 
fore, one effect (retention) wdl just balaocerthe qtheX 
(blowing off) and the quantity of COy^miina^d dur-\ 
mg this time m excess of the oute(ut„duiing s' pre- \ 
exercise penod will be the extra qpaimty actually pro- \ 
duced by oxidative processes J^i^Value is used m , \ 
calculaUng the R Q of the excess metah'Ohsm resulting’ \ 
from the exercise — 

In experiments on man mvolvmg short penods of 
strenuous exerase, the R Q of the excess metabolism 
has been found by several observers to nse above that 
of the restmg penod and to reach or exceed umty 
Best, Fqrusawa and Ridout obtamed a respiratory 
quotient of between 1 18 and 1 68 for very arduous 



Fig 52 6 Curve of the R Q of the excess metabolism caused by muscular exercise (From Hill, Muscular 
Movement m Man ) 


tient of the excess metabolism of exercise m man 
The results are, however, difficult to mterpret and 
no definite conclusion can be drawn from them 

The excess metabolism of exerase is determmed 
from the oxygen consumed (or of the COi elimmated) 
dunng the work and recovery penods less the amount 
of oxygen used (or COi ehmmated) dunng a corre- 
sponding penod preceding the exerase The ratio be- 
tween the excess quantities of the two respiratory gases 
will, of course, be the respiratory quotient of the ex- 
cess gaseous exchange But certam precautions must 
be taken m order to obtam the true respiratory quo- 
tient, 1 e , the respiratory quotient of the oxidative 
processes, for as already mentioned a large proportion 
of the COi which is ehmmated foUowmg exerase is 
not oxidabve in ongm but is simply gas which has 
been hberated from chemical combmation (p 715) The 
penod of inaeased COi ehmmation and high R Q 


exerase For less strenuous work the R Q was around 
umty and for mild exerase it was considerably lower — 
httle above that for the rest penod The degree of 
exerase required to raise the quotient to umty vaned 
m different subjects The very high quotients (above 
unity) which these observers obtamed have smce been 
observed by others, but GemmiU, m more ngidly con- 
trolled experiments m which the subject was kept 
under basal conditions for a penod of several hours 
precedmg the exercise, obtamed an average respiratory 
quotient for the excess metabohsm of a httle less than 
umty Determmations of the oxygen consumption and 
carbon dioxide e limin ation were made over a recovery 
(post-exerase) penod of 3 hours 
The R Q of the excess metabolism has also been 
detenmned by a number of workers upon diets high, 
respectively, m fat or carbohydrate Benedict and 
Cathcart, for example, found an R Q of 0 90 on a 
carhohydrate-nch diet and one of 0 82 (indicatmg the 
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utiljzaUon of fat) on the fat-nch diet They concluded 
that the fuel of exercise was not exclusively carbohy 
drate but depended largely upon the previous diet 
Krogh and Lindhard decided that the food material 
oxidized during work was the same as that during 
rest, and that m either case the relative quanhties of 
fat and carbohydrate oxidized varied with their pro- 
porUons in the diet Work, however, was performed 
less economically (by 10 per cent) upon fat than upon 
carbohydrate Others have observed an increase in 
effiaency upon high carbohydrate diets, though, as a 
rule, the increase was not as great as that found by 
Krogh and landhard 

Carpenter and Fox earned out two comparable 
groups of experiments In one group SO grams of glu- 
cose were given just prior to the commencement of 
the exercise In the other group the subjects were 
fastmg The R Q of the excess metabolism of those 
which had received the glucose was considerably higher 
than those of the other group 
Anderson and Lusk obtamed m a starvmg dog work- 
mg a treadmiU respiratory quotients suggestive of the 
combustion of fat, namely, from 0 71 to 0 73 Also in 
prolonged severe exercise in man Talbot and asso- 
aates observed a fall m the R Q foUowmg an earher 
nse. 

Other hues of approach have yielded more im- 
portant evidence for carbohy drate bemg the mam 
fuel, though not necessarily the only one, used m 
muscular work Other food-stuffs, especially fat 
can serve under certam circumstances, the propor- 
tion of each which undergoes oxidation vary mg 
with the amount available and the seventy of the 
exerose In short periods of light exercise it is 
probable that the energy is denved from the oxi- 
dation of matenals of the same nature as those 
which furnish energy during rest These are small 
molecules of carbohydrate, fat and protem mate- 
nal already present m the circulation (Carpenter) 
Such matenals are soon exhausted, however, by 
heavier work, when the glycogen reserves are 
dravm upon There is general agreement that m 
strenuous exerase the fuel used by the muscles is 
mainly if not entirely carbohydrate. If the exer- 
ase IS long contmued, as m a marathon race, 
hypoglycemia results The administration of glu- 
cose at the commencement of the race prevents 
the fall m blood sugar and exerts a defimtely bene- 
fiaal effect upon the athlete’s performance The 
production of large quantities of lactic aad in 
strenuous muscular exerose also pomts to carbo- 
hydrate material as the source of energy In short 
but strenuous bouts of work a nse m blood sugar 


up to a concentration of nearly 200 mg per cent 
has been observed The mechanism govemmg 
this mobilization of the carbohydrate reserves 
has not been definitely determined It does not 
appear to have an emotional basis (liberation of 
adrenaline or stimulation of the sympathetic) 
Gemmel suggests that the high blood lactate 
stunulates the production of glucose by the liver 

In prolonged and exhausting exercise the carbo 
hydrate stores become depleted Fat and, to some 
extent, protein are then utilized to drive the 
muscular machine Both these matenals are used 
mdirectly, i e., after then conversion to carbohy- 
drate. As the carbohydrate stores are used up 
physical exhaustion ensues Dogs can be worked 
for 17 hours or so before they are completely 
fatigued if fed carbohydrate, but become ex- 
hausted m less than 5 hours if worked without 
food (Dni and assoemtes) The fatigued animals 
are capable of further work if then given carbohy- 
drate. 

The use of protem as fuel has been a subject of con- 
troversy for a number of years It has been common 
teaching that this food matenal, except in minimal 
quantities when fat and carbohydrate are unavailable 
u not a source of energy for muscular work, but served 
merely to repair tissue "wear and tear” This con- 
clusion was arrived at chiefly from studies of the ni- 
trogen excretion Ordmary exercise, for example, dots 
not inaease appreciably the output of nitrogen In 
the unne not does it increase the non protem mtrogen 
of the blood More strenuous work causes a slight 
nse m the blood non protem nitrogen and n moderate 
mcrease m the urinary mtrogen m man and in am 
mals. In work experiments upon fasting dogs it has 
been calculated that at the most not more than 7 per 
cent of the energy required for the exerose could ha\ e 
been denved from protem, the great part of the cn 
ergy had apparently been obtamed from the com- 
biishon of fat In prolonged starvaUon after exhaustion 
of the stores of carbohj drate and fat, protem (carbon 
part of the ammo aads) must then, serve as the sole 
source of energj 

It has been pomted out by Cathcart, however, that 
the nitrogen excretion dunng short periods of exercise 
may not be a true entenon of protem metabolism 
smcc the mtrogen released m the breakdown of protem 
may be utilized in synthetic processes and consequently 
not appear in the urme Or, muscle protem may be 
catabolued and its mtrogen excreted, yet if, as is quite 
^ssible, an equivalent amount of mtrogen denved 
from the food were diverted to the muscles to replace 
that which had been lost, the total mtrogen eicreUon 
would remam unchanged This observer also con- 
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siders that, in the long run, muscular work exerts a 
very definite influence upon protem metabolism and 
cites the famihar observation that persons engaged m 
heavy muscular work demand a diet nch in protem, 
parbcularly meat It has also been shown by several 
mvestigators that a retention of mtrogen occurs dur- 
mg a period of framing — apparently for the manu- 
facture of muscular tissue 

Such views are m harmony with modem conceptions 
of protem metabohsm (p 631) Smce catabohsm and 
synthesis may go hand in hand the total quantity 
of mtrogen excreted gives no mdication of the mter- 
changes which are takmg place between food and 
tissue mtrogen It is scarcely reasonable to assume that 
after deamination the non-protem portions of the 
ammo aads can not serve as a source of oxidative 
energy A carmvorous animal, for example, can sub- 
sist upon a diet composed almost exclusively of pro- 
tem Canzanelh and Rapport also draw attention to 
the irrelevancy of the nitrogen excrebon and insist 
that it can give no mformabon respectmg the non- 


mtrogenous part of the catabohzed protem From a 
study of the respiratory quobent of the excess metab- 
ohsm of exercise performed by a dog on a high protem 
diet, they conclude that oxidabve energy for muscular 
exerase can be supphed qmte as readily by protem as 
by carbohydrate or fab 

The quesbon whether or not alcohol can furnish 
energy for muscular work has been mvesbgated re- 
peatedly The results obtamed by different workers 
are not enbrely m agreement Some have reported 
that muscular exercise hastened the disappearance of 
alcohol from the blood, presumably by mcreasmg 
combusbon (see MeUanby) On the other hand. Car- 
penter and his assoaates m a recent careful study did 
not find that work exerted such an effect They con- 
clude that alcohol disappears from the human body 
at a uniform rate whether the subject is at rest or 
performmg muscular exercise Nor did muscular work 
alter the concentrabon of alcohol m the expired air 
(i e the amount ehmmated per hter of COj remained 
unchanged), m the urme or m the blood 



Chapter 53 


THE BODY TEMPERATURE HEAT BALANCE 


The normal body temperature, recorded from 
the mouth, is usually given as 98 dT (37 0°C ) 
The rectal temperature averages of a degree F 
higher than this and the axillary temperature 
about i a degree F lower No absolute figure can 
be given, for there is a wide variation between 
mdividuals The oral temperatures of a large group 
of normal persons range from 96 6° to 100 0°F 
(35 8-37 S°C ) the average lymg around 98 4“F 
(36 9°C ) Ivy, m a study of nearly 300 medical 
students, obtamed a mean oral temperature of 
98 1°F Variations m the body temperature also 
occur m the same mdmdual throughout the day 
— a difference of 0 5° or even 1 0°F occumng 
between the maximum m the late afternoon or 
early evenmg, and the mmimum at about 4 or 5 
o’clock m the mommg In mght workers the tunes 
of the maximum and mmimum temperatures may 
be reversed The temperature of the mtemal or- 
gans is higher by from 2° to 3'^F or more than the 
temperature of the skm The temperature of the 
bver, for example, is about 100’’F whereas that of 
the skm covered with clothes is from 85® to 93®F 
The temperature of the bare skin vanes widely, of 
course, with the envuonmental temperature The 
influence of the latter upon the temperature of the 
covered skm will depend upon the heat-msulatmg 
properties of the dothmg, air movement (breeze, 
wmd), atmospheric moisture, etc. Strenuous mus- 
cular exercise causes a temporary nse m body 
temperature of 1 0° to 4 0°F or more, a tem- 
perature of over 104°F during exercise has been 
reported (L Hill) 

The heat-regulatmg mechanisms are not fully 
developed at birth The body temperature of the 
newborn child, though m general the same as that 
of the adult tends to be irregular and unstable 
Spontaneous vanabons of from 1 to 2 degrees are 
common dunng the first year Excitement or other 
strong emotion, even in older children, may raise 
the temperature by as much as 2°F 

The Regulation of Body Temperatohe 

Mammals and buds possess effiaent mecha- 
nisms for mamtammg a constant body temperature 
agamst extreme changes m envuonmental tem- 
perature It IS a remarkable fact that the tem- 


perature of a warm blooded (homoiothcrmic) ani- 
mal remams practically unchanged though the 
surroundmg temperature may vary between 0 F 
or less and 100°F or upwards On the contrary, 
the body temperature of a cold-blooded (poikilo- 
thennic) animal such as the frog, turtle, etc is 
practically that of its environment (fig 53 1) 

The body temperature of the homoiothcrmic 
animal represents the balance struck by the heat 
produced m the tissues (and heat acquired in 
warmed food) and the heat lost to the environ- 
ment The body also absorbs heat radiated from 
surroundmg objects with temperatures higher 
than its own, and from direct or reflected sunshme, 
a stove or an open fire Heat production is the 
result of chemical reactions and is therefore spoken 
of as the chemrcal rcgidalion of body temperature 
Heat loss is dependent upon physical (and physio- 
logical) factors — physical tcgiilatwn 

The body’s heat-regulating mechanism is sup- 
pmsed to be m abeyance below an mtemal tempera- 
ture of 75®F , the body then gaming or losing heat 
like an mammate object 

PHYSICAL REGULATION— HEAT LOSS 

Heat is lost from the body through 

(a) Radialton, convection and conduction 

(b) Evaporation of water from the lungs and skin 

(c) Raising the inspired air to body temperature 

(d) Unite and feces 

Under the ordmary conditions of every day life 
over 95 per cent of the total heat loss occurs 
through (a) and (b) The heat lost in raising the 
temperature of the mspued au to body tempera- 
ture (c) wDl, of course, vary w ith the au tempera- 
ture, but at ordmary room temperatures it does 
not amount to more than 2 or 3 per cent of the 
total The air is a very poor conductor, so m 
terrestrial animals conduction plays a very minor 
role except under special circumstances, as when 
the body is m contact with a cool object, cold 
ground or immersed m water Radiation is respion 
sible for about 50 per cent of the total heat loss 
and convection for about 15 per cent (see table 
below) The heat lost m the urme and feces ac- 
counts for only 2 per cent or less of the total heat 
loss 
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The total quantity of heat lost in twenty-four 
hours must, of course, ]ust equal the amount pro- 
duced, otherwise the body temperature would nse 
or fall The heat production of an average man 
domg hght work is about 3,000 Calones The 
proportions of this which are dissipated through 
the vanous channels at ordinary room temperature 
are given m the foUowmg table, m approximate 
figures 

Calones Per cent 

(a) Radiation, convection and con- 

duction 1950 65 

(b) Evaporation of water from skm 

and lungs, and bberation of COi 900 30 

(c) Warmmg mspued air 90 3 

(d) Unne and feces (i e , heat of these 

excreta over that of the food 

and water) 60 2 

Total daily heat loss 3000 100 

Radiation and convection 

The loss of heat by these means vanes with (a) 
the air temperature and other environmental con- 
ditions, e g , humidity and air movement, (b) the 
nature and amount of dothmg, and (c) the quan- 
tity of heat produced withm the body, i e , with 
flie metabolism 

The rate of coolmg of any warm object vanes 
with the temperature of the air and of colder ob- 
jects m contact with or near it. When a large 
temperature difference exists between the two, the 
warm object loses heat rapidly through radiation 
and convection, the rate of heat loss, however, 
becommg gradually less as the temperature of the 
object approaches that of the environment The 
dead human body behaves m a manner similar to 
that of any manimate object, takmg from ten to 
twenty hours on an average to reach the tempera- 
ture of its surroundmgs in the hvmg body, on the 
other hand, factors operate to encourage or mim- 
mize heat loss, respectively, when the envuon- 
mental temperature is high or low, or correspond- 
mg changes m the body’s heat production occur 
The factors mvolved m heat conservation or heat 
loss are dependent essentially upon reactions of the 
autonomic nervous system The foUowmg are the 
prmapal adjustments which take place m the 
blood-vascular system (a) Redistribution of blood 
The cutaneous vessels dilate or constnct and 
through the diversion of blood from mtemal re- 
gions of the body to the surface, or from the sur- 
face to the mtemal organs, heat loss is mcreased 


or diminished, respectively At a room (ambient) 
temperature of 34‘’C the quantity of blood cucu- 
latmg through the skm may, accordmg to DuBois, 
amount to 12 per cent of the_cardiac putpuL 
These changes may be mitiated m one or all of 
four ways, a change m temperature of the blood 
supplymg the nervous centers, reflexly through 
centers m the bram and cord m response to 
changes m skm temperature (stimulation of hot 
or cold spots, p 934) , through local axon reflexes, 
and finally through responses of the vessels to di- 
rect stimulation by changes m external tempera- 
ture (b) Variations in blood volume (see p 25) A 
nse m temperature causes an mcrease m blood vol- 



Fig 53 1 Variation of body temperature of different 
tjTies of animals by sojourn for two hours m an environ- 
ment of 5° to 35°C (After Martm ) 

ume, the blood is diluted by fluid drawn mto the 
orculation from the tissues, chiefly the skm, 
muscles and hver Blood is expelled from the 
spleen (p 70) At low temperatures the blood 
volume IS reduced, the blood becommg more 
concentrated as shown by an mcrease m the per- 
centage of blood solids These changes m blood 
volumes are of paramount importance m the 
regulation of body temperature Barbour has 
shown that when a dog, whose spmal cord has 
been sectioned m the lower cervical region, is 
immersed m a cold bath, concentration of its 
blood does not occur and its temperature falls 
WTien a normal animal is exposed to cold m a 
similar manner, concentration of the blood occurs 
and the body temperature remains practically un- 
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changed (fig 53^) (c) Increased arculalimi rate 
(p 265) 

The cpidennis and the subcutaneous tissues 
Tvhen the \ essels arc constneted are a little more 
effiaent as insulating matenal than a la>er of 
cork of the same thickness (DuBois) The subcu- 
taneous lajer \'anes considerably m thickness m 
different persons and is thicker m women than in 
men This accounts largely, no doubt, for the 


•c 






) bath npondoEWit 
and without nenous heat regulation, tw 

^cs normal dog, lower two canes, dog afto^ectio 

Sr^Tme'bmlfn =^k,conUnu^t 

^ture, brol en hnes, blood sohds Note that normn 
^ temperature from falling hrm^^ 


we are c 

ght, owmg to the better msulaUon provnde 
the excess subcutaneous fat, are better abl 
tand the cold than lean persons, b^tht 
b^me more easilj o^ erheated when, as in mu 
ar cscrcisc, heat production is mcreased 


moist aur m contact mth the skin which tends tc 
become trapped m this situation and m the spaces 
of the clothing In the absence of a temperature 
difference between it and the external air or of 
some movement to cause mmng, this air w'lll 
remam practically stagnant, and httle or no heat 
IS lost through convection However, when the 
atmosphere is cooler, convection currents are set 
up which muc the air Ijnng against the skm with 
fresh air Conv ection is essentially dependent upon 
the relatn e densities of airs at different tempera- 
tures, the warmer and hghter air nsmg, the cooler 
air fallmg Dry air is denser than air possessmg a 
high content of water vapor One would expect 
therefore that changes m the h umi dity of the 
atmosphere should alter the heat lost by convec- 
tion but, as a matter of fact, the relative humidity 
of the external air has httle effect upon heal 
loss through convection Probably the most im 
portant factor mfluencmg heat loss by convection, 
IS air movement, the loss mcreasmg with the 
square of the wnnd veloaty up to around 60 mfles 
per hour, a wmd veloaty beyond this exerts httle 
or no further effect 


OUllCU, UMU 1U» IS 

brought about through radtahon (p 731) The 
human skm (of whatever color) withm the range 
of the infra-red to which it is usually exposed, is an 
almost perfect “black body radiator” That is to 
say. It radiates nearly aU infra-red^ rays (up to 1 oi 
2 per cent) or absorbs to the same extent such 
rays as fall upon it (Hardy and Muschenheim) 
The radiatmg surface of the standmg human body’ 
is only about 85 per cent of the total surface area, 
for apposed surfaces, e.g , axillae, inner surfaces of 
the thighs and upper arms, do not lose heat to the 
environment by radiabon It is for this reason that 
one huddles m the cold and spreads out the limbs 
m the heat The mam factor mfluencmg heat loss 
through radiation is the temperature of surround- 
ing objects relative to that of the skm The body, 
for erample, radiates heat to a block of ice but 

a sorbs heat from a hot stove or radiator It should 

be remembered that the air mtervenmg between 
the bodj and the source of heat is not heated by 
radiant energy, but only bv convection Another 
actor, though a very mmor one, is the humidity 
of the atmosphere. Air with a high water vapor 
content is more opaque to radiant heat than dry 

This has been called the “nrofile^™'^ 
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air Heat lost through radiation is therefore shghtly 
reduced ivhen the relative humidity is high 

Evaporation of water 

It IS obvious that the nearer the temperature of 
the envnronment comes to that of the blood the 
smaller will be the amount of heat which can be 
lost by radiation and convection At an air tem- 
perature of about 98 6“F heat loss by these means 
must cease At higher air temperatures than this, 
the body, were no other means of coolmg avail- 
able, would actually gain heat Through the secre- 
tion and evaporation of sweat and the exhalation 
of water vapor (expired air is practically saturated 
with moisture) large quantities of heat are lost to 
the body Its temperature can, for this reason, 
be maintamed constant when the atmosphere 
(diy) has a temperature about 150°F above that 
of the blood (see p 734) The heat absorbed m 
the evaporation of 1 cc of sweat amoimts to 0 58 
Calone Even at ordmary room temperatures 
when there is no obvious perspuation the heat lost 
through evaporation from the lungs and skm 
amounts to from 25 to 30 per cent of the total heat 
loss At higher temperatures the mcrcase m the 
proportion of heat lost by evaporation of water as 
compared with that lost by radiation and convec- 
tion IS shown m figure 53 3 It will be seen that 
evaporation plays little part in heat regulation 
imtil the air temperature reaches betw'een 28° and 
30°C , the heat loss by this means remaimng nearly 
constant below this level but mcreasmg rapidly 
above it At a temperature above 35°C evapora- 
tion accounts for all or nearly all the heat lost from 
the body 

It IS to be remembered that evaporation from 
the body surface occurs quite mdependently of 
sweat secretion, for the skm is not entirely im- 
pervious to water, fluid extravasated from the 
cutaneous capiUanes seeps mto the epidermis It 
has been shown m persons m whom sweat glands 
were absent from burth that some 18 grams of 
water per square meter of body surface may be 
lost hourly by evaporation This is about the same 
as that of a normal man under ordmary con- 
ditions, and represents a total daily heat loss of 
about 450 Cal for a body of average size (surface 
area 1 8 square meters), which is not far from the 
normal At high temperatures, or even during mild 
exercise, however, a person without sweat glands 
is at a great disadvantage, his body temperature 
is likely to nsc. 


The respirations are mcreased by a nse m air 
temperature or by a greater heat production, the 
heat loss through warmmg the mspired air and 
the vaporization of water from the lungs, and the 
liberation of COj , is thereby mcreased H}'perpnea 
(pantmg) is the chief means possessed by the dog 
(m which functionmg sweat glands are largely con- 
fined to the foot-pads) for mcreasmg the vaporiza- 
tion of water and combatmg a nse m body tem- 
perature 

The rate of evaporation of water is influenced 
mversely by the degree to which the atmos- 
phere IS already saturated w ith moisture, i e , 
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Fig 53-3 Rubner’s chart showing the manner of heat 
loss m the dog at different room temperatures Stipi- 
pled area, heat loss m calories through evaporation of 
water, cross-hatched area, heat loss m calories through 
radiation and convecUon The distance between opi- 
jiosite points on the curved boundary lines represents 
the total heat production at a particular tempera- 
ture (Redrawn and shghtly modified from Lusk ) 

by its relative humidity ’ Sweat which is not 
evaporated but simply dnps from the skm, of 
course does not mcrease heat loss For this reason 
the sweatmg mechanism for the ehmmation of 
heat is badly cnppled when the relative humidity 
IS high * We are all famfliar with the msufferable 

*It IS dependent essentially upon the difference m 
the vapor pressure at the skm and of the surroundmg 
air 

*■ The relaUve humidity is defined as the ratio of the 
weight of water vapor contamed m a given volume of 
air to the weight which the same volume of air would 
contam when saturated The quantity of water vapor 
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heat of a hot humid day, and the comparati\e 
comfort when the air is simply hot and dry A 
man can maintain a normal temperature m an 
atmosphere of from 240° to 260°F (a temperature 
that \m 11 gnil a beefsteak) pro\'idcd the air is 
perfectly dr^ , the ability to siseat profusely is 
sustamed by large droughts of water and evapora- 
tion is facilitated by stripping the greater part of 
the body’s surface On the other hand, a damp 
atmosphere with a temperature of 120°F causes 
the body temperature to rise rapidlj , and cannot 
be endured for more than a few minutes Ei apora- 
tion and consequently heat loss bj this means is 
greatly hastened by air movement The la>cr of 
air nearly saturated with water vajior l>mg next 
the skin is thus replaced b> dner air 


Sweating 


Sweat IS a weak solution of sodium chlonde in 
water together with urea and small quantities of 
potassium and lactic acid It has a spcaflc grav tty 
of from 1 002 to 1 003 Its pH as reported bv 
different observers vanes from 4 2 to 7 5 The 
percentage of sodium chlonde vanes between 0 2 
and 0 5 Muscular exerase mcrcases the salt con- 
centration, which IS also higher in sweat scaeted 
by clothed than by naked skin The quantitj of 
non-protein nitrogen ordmarD) exacted in the 
sweat, per day, is accordmg to Benedict 0 071 
gram, on the other hand, if the sweating is copious 
from 0 5 to 1 0 gram maj be eliminated per hour 
The actual concentration of nitrogen in the sweat 
falls, however, when sweating becomes profuse, 
whereas the concentrations of sodium chlonde and 
potassium nse However, when acclimatization 
has been established the pacentage of salt dimin- 
ishes About 3 grams of salt daily arc required 
afta acclimatization to mamtam the salt balance 
Nevertheless, even after acclimatization, if strenu- 
ous work IS performed for a long penod m a high 
temperature, and large quantities of water are 
drunk, depletion of the body’s supphes of chloride 
and a lowered concentration of this element in 
blood and tissue flmds result ‘ Severe cramps 


which air can hold when saturated inaeascs with thi 
temperature. The relative hurmdity is expressed as i 
percentage. Thus, if a sample of air at a certain tem 
perature Mntains 20 per cent of the water vapor whicl 
It IS possible for it to cuntam at that temperature, it i 

f saturated, and so has a relative humidit' 

ot 20 per cent. 

perforiMg heavy work may lose a quar 
per hemr In a very hot envuonment arduou 
work may entaU a loss three tunes this amount. 


occur in the muscles of the limbs and abdominal 
wall (“stoker’s” or “miner’s cramp”) In order to 
prevent these effects it is recommended tliat the 
thirst be qucndicd with a wcil salt solution (0 2 
per cent) instead of with water 

The control oj sueal scerrhon 

The sweat glands, which numlicr over two 
million in a man living in temperate climates, arc 
under the control of the sjmpathctic nervous 
system These glands arc, how ever, anomalous in 
m their responses to sympathttic and parasym 
pathetic drugs, in that they arc stimulated by 
muscanne, pilocarpine and acetv Icholmc, and in 
hibitcd by atropine (ch 72) \ccording to Coon 
and Rothman, the action of acetv Icholmc is two 
fold, — stimulation of Uic glands directly through 
a muscarine hie action and through the initiation 
of axon reflexes (nicotine like action) In man and 
most animals, they arc not exated by adrenaline 
nor paralyzed by ergotoxine Tlic usual stimulus 
to sweat seaction is a rise in blood temperature 
which exerts its effect m two wavs — directly upon 
the nervous centers, which is of more importance, 
and rcflcxlv by stimulation of heal neeptors in 
the skin The sweat response Vo a rise m tempera- 
ture IS abolished bv sectioning the nerv cs to a part 
and IS therefore not due to direct stimulation of the 
glands That a rise m tcmpcraturi, of the centers 
alone will induce the seaction of sweat has liecn 
showTi by heating the carotid blood in the cal 
(whose SI cat glands arc confined to the paw pad'), 
sweating then occurs though the paws themselves 
remain cool The centers tnay also be slimuLatcd in 
man bv the injection of piluitnn into the lateral 
vcntnclc (p 798) In the initial stages of muscukar 
c.xcrasc sweating is apparcntlv due to the dis- 
charge of impulses from the motor cortex It occurs 
before there is any change in rectal temperature 
Later on, the effect of a nse in body temperature 
comes into play In a man (indoor clothing) at 
rest, visible sweating usuallv commences at an 
air temperature between 80° and 90°r Sweating 
may be induced by the cxpcnmcntnl stimulation 
of regions of the dicncqihalon (hvqxithalamus, p 
1026) Spinal centers also exist, since after con- 
pletc transection of the cord, reflex sweating occurs 
in the parts of the boily below the level of the 
lesion interruption Destruction ot the sy mpalhctic 
nerv'c supply to a part completely abolishes tlic 
sweating response to a nse in temperature The 
sweat glands, however, still respond to pilocar- 
pme and adrenaline The former drug, whidi has 
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been employed m the past for the purpose of de- 
marcating areas depnved of their sympathetic 
supply, IS of no diagnostic value, for it acts penph- 
erally, i e , directly upon the gland cells Sweating 
IS not dependent upon the curculation for it occurs 
after occlusion of the vessels and am even be 
induced by stimulation of the nerves in an ampu- 
tated bmb Though usually associated with cutane- 
ous vasodilation it may occur with constneted 
vessels — cold sweat This is usually the result of 
psychic influences, e g , nervousness, fear, fatigue 
or mental work The sweabng occurs most notice- 
ably in these instances on the forehead, the palms 
of the hands, and the soles of the feet, which do not, 
as a rule give a pronounced response to heat In 
many persons reflex sweatmg, confined to the face 
and neck is induced by eatmg spic}' or appctizmg 
food (gustatory sweating), or sometimes sweating 
over a remote part, e g , the knee, occurs Faradic 
stimulation of the human skin over the forearm 
induces local sw'cating due apparently to direct 
stimulation of the glands, for it occurs after section 
and degeneration of the nerve supply 

The few observations that ha\e been made upon the 
secretion pressure of sweat indicate that it is high — 
250 mm of mercury or more Sweat is thcrelore a true 
secretion and not simply a filtrate The sccreUon rate 
may be enormous, amounting to a liter or more per 
hour, and may be increased some 80 times o\cr the 
normal by immersing the body m a bath at lOS'E 
At ordinary room temperatures the sweat evaporates 
as quickly as formed, so that there is no apparent se- 
creUon The loss of sweat m this way together wnth the 
evaporation of water from the lungs and from the 
surface of the body independently of the sw eat glands 
IS called insensible perspiration Its amount vanes 
directly with the basal ractabohsro 

THE CHEMICAL REGULATION OF BODY 
TEMPERATURE — HEAT PRODUCTION 

The several factors which stimulate the chemi 
cal processes of the body and so increase the heat 
production have been dealt with in chapter 46 
An account of the manner m which chemical and 
ph3^ical factors mteract to maintam a constant 
body temperature remams to be given 

A low environmental temperature is a potent 
mfluence m stimulatmg heat production At air 
temperatures below about 28°C the body (nude) 
loses heat rapidly Within the temperature range 
between 28“ and 30° or 31°C the naked male 
body IS able quite easily to maintam the balance 
between heat loss and heat production There is 
neither sweating nor shivering and a male sub- 


ject feels comfortable This range of temperature 
IS therefore called the comfort zone For reasons 
given below the comfort zone is broader (27° to 
32° or 33°C ) for women The external temperature 
(about 23°C ) below which heat production must be 
mcreased m order to mamtam a normal body tem- 
perature IS sometimes called the critical tem- 
perature 

Below the cntical temperature radiation of heat 
from the body mcreases progressively -with falhng 
am temperature, but heat loss by convection and 
vaporization shows httle change The naked body 
at a temperature below the cntical level (28°C ) 
loses more heat than it can produce m the basal 
state, and at about 23°C , a chill (shivenng) occurs 
Heat production is thus mcreased m an effort to 
raise the body temperature to the normal level In 
the human subject heat production is not mcreased 
until the onset of the chiU and m nude men imder 
basal conditions the metabolism remams constant 
withm the range of air temperature from 35° to 
23°C * It has been shown by Hardy and DuBois 
that this IS not true for women They show a 
reduced heat produebon of from 14 to 20 per cent 
at temperatures between 30° and 32°C Also, owmg 
to the greater insulation afforded by the thicker 
layer of subcutaneous fat the heat loss of the 
female body m a cold environment is some 10 per 
cent less than that of men Thus women have a 
more effiaent thermo-regulatmg mechanism than 
have men, bemg better able to mamtam the heat 
balance at lower temperatures without shivenng, 
and also to be more comfortable at higher tempera- 
tures 

The cnbcal temperature and the temperature 
of comfort will vary of course with the amount 
and nature of the dothmg The coolmg effect of 
water is some 20 times greater than that of air — a 
cold bath at 40°F mcreasmg the heat produebon 
some 5 bmes above the basal level Few men can 
survive for long m very cold water — below 4°C 
(about 40°F ) which is around the wmter tempera- 
ture of the sea m temperate labtudes Heat produe- 
bon becomes depressed after immersion for 20 

® Rubner bebeved that chemical reg^ation at low 
environmental temperature involved some factor other 
than an obvious mcrease of muscular activity In am- 
mals, adrenahne is hberated during short exposures to 
cold and stimulation of the thyroid for prolonged pe- 
riods has been demonstrated (p 826), but chemical 
reflation of this nature has not been shown for man 

'In cold-blooded animals, which piossess no chemi- 
cal regulation, the metabolism as measured by the 
carbon dioxide output falls with the environmental 
temperature 
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nunutfe. or eo, and the bod% temperature {aDs In 
an eipeninent m Gennanv during the last var, one 
TU!»n sumied a temperature of Sj°C (42®F) for 
three hours His bod^ temperature -nas then 
77 j°F 

It vUl be seen from figure 53 4 that heat loss in- 
creases both abo\e and belo"^ the cnUoil tem- 
perature. At the lo-rer temperatures heat is lost 
maml% b\ radiation and con\ection, at the higher 
temperatures mamlN bj \aponzatvon It vrill also 
be noticed that at the lo-rer temperatures the skin 
temperatures folloiv a straight hne, but that the 
nirvp commences to flatten out at around 30’C 



This IS attributed to dilatation of the cutaneous 
% K=els and the floodmg of the skm ivith blood 
The muscular tissues (parUcularU of the ex- 
tremities) and the h\ er, wherein numerous chemi- 
cal reactions are earned out, are the mam sources 
of the bod>-'s heat. The nse in metabolism which 
results from a fall m atmosphenc temperature is 
egected through an mcrease m tone of the skeletal 
musdes and m some instances b\ fine inioluntarj 
contractions, e.g , shii ermg and chattering of the 
Contractions of the smooth musde of the 
skin, giimg nse to “goose flesh” also contribute. 
In some mammals and in birds, the contraction of 
the cutaneous musdes also curtails heat loss 
through ruffling of the hair or feathers After the 
skeletal musdes are paralj-zed bj curare, an ani- 


mal loses the power to mamtain a normal bodv 
temperalure m a cold cn\'ironment. Its phsTcal 
mechanisms of control arc, ho'-cser, intact so that 
It can resist high air temperatures Isolation of 
the muscles from control bs section of the cord in 
the lower cemcal region (C 6) also abok'hes the 
chemical regulation This operaUon abolishes 
ph>-sical regulation as well, for, as alreadi men 
tioaed, concentration of the blood docs not occur, 
vasoconstnetor reactions are reduced and the bods 
temperature falls when the animal is exposed to a 
low temperature (fig 53.2) The rise m bodi tem 
jierature m strenuous mu'oilar eflort is apparcnlli 
due, not to an\ falurt of the heat-dissipating 
mechanisms, but rather to the “thermostatic” 
control bemg set at a higher lit-d, for the tempera- 
ture nse IS about the same whether the cxcrasc is 
performed at an air tcmpieraturc of 3° or of 23’C 
There is a great mcrease in the beat lo's after the 
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cxerose, the heat retained during the exertion 
bemg then dissipated 

Food, eqieciall} p-olcin through its t^rnre 
dyratrtc atiwr, is an important factor in the 
chemical regulation of bod\ temperature. At high 
cniironmental terajieraturea the spcafic dimamic 
action of food acts counter to the phi sical mech- 
anisms which hasten heat loss For this reason a 
low prolcm diet is more suitable m hot weather 
At le^ atmosphenc temperatures, on the 
contrarj, the specific dimamic effect of food is 
almoit complctd> masked, since it sunpli replaces 
the cninronmental effect (cold) upon heat produc- 
tion. That is to sai, the neuromuscular mecha- 
nisms called into pla> to increase heat production 
at lo- temperature are less necessan since the 
food itself raises the k% el of metabolism Protein 
food m cold dimates is therefore a \niluable aid to 
the chemical regulaUon of bod\ temperature. 

The effect of protem ingestion upon the heat 
producUon of a dog at different temperatures is 
shown m table 73 (Lusk) 
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CONTROLLING CENTERS 

Section of the neuraxis through the mid-bram 
at the level of the supenor colliculi, or at any level 
posterior to this and anterior to the lower cervical 
cord, renders an animal poikilothermic (fig S3 5) 
Section of the cord m the upper thoracic region, 
1 e , above the level of the outflow of the greater 
part of the sympathetic fibers, abolishes physical 
heat regulation but leaves chemical regulation to a 


HEAT REGULATIOH 



from Martin) 

large extent intact, since the muscles of the fore 
part of the body remain in communication with 
the central nervous system The effect of section 
through the brain stem indicates that the mam 
center or centers controlling heat regulation must 
he antenor to the supenor colliculi Removal of 
the cerebral cortex, thalamus or corpus stnatum 
does not destroy the controlling mechanisms so 
long as the hypothalamus remains intact De- 
struction of this region alone, however, was found 
by Keller and Hare to abolish the ability to main- 


tam a normal body temperature upon exposure to 
cold The heat-dissipatmg mechanisms remamed 
intact and were, m fact, released from restramt 
by the hy^iothalamic lesion, as evidenced by pro- 
nounced pantmg, vasodilatation, and sweatmg of 
the toe pads (of cats) 

The thermoregulatory centers have been located 
more precisely by Ranson and his associates 
From the results of them experiments upon cats 
and monkeys they place the centers controlhng 
heat loss (sweatmg and panting) m the preoptic 
and supraoptic regions between the antenor com- 
missure and the optic chiasma Heatmg this area 
causes sweatmg and panting or rapid breathmg 
and a fall in body temperature Destructive le- 
sions m this location are followed by hyper- 
thermia when the animal is exposed to a degree of 
heat that would cause little effect upon the body 
temperature of a normal animal Sweatmg or 
panting does not occur though the temperature 
rises to over 106°F Such lesions have little effect 
upon the animal’s abihty to resist cold The 
centers controlling heat production and heat con- 
servation, 1 e , the mechanism whereby an animal 
is enabled to mamtam a normal body temperature 
when exposed to cold, is situated, accordmg to 
these mvestigators, m the caudal part of the lateral 
hypothalamus, it appears to be identical with the 
sympathetic center The existence of a center for 
shivenng (heat production) m the hypothalamus 
IS suggested by the fact that under certain circum- 
stances shivermg m animals is accompamed by 
some of the manifestations of “sham rage” (Bar- 
croft and Izquierdo) That the postenor part of 
the hypothalamus contams the mam shivermg 
center is mdicated by the experimental results of 
Kellar and his assoaates and of Ranson and his 
colleagues who found that, m cats, shivermg was 
abolished by a destructive lesion m this location 
The efferent pathway for shivermg is unknown, 
but an observation upon a patient m whom both 
spmo-thalamic tracts had been sectioned and who 
did not shiver when the legs were immersed m 
cold water, suggests that the impulses descend the 
cord by these paths The impulses are not trans- 
mitted by sympathetic nerves, smee shivermg 
occurs m sympathectomized parts Shivermg is 
reduced or abolished by certain drugs, espeaally 
calaum chlonde and ammop 3 Tme which most 
probably act upon the shivermg center 

From observations of patients with intracranial 
lesions mvolvmg the base of the bram, it seems 
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most likdy that m man the centers are situated as 
descnbed by Ranson and his assoaates for ani- 
mals Lesions m the supraoptic region are some- 
Umes assoaated with hyperthermia, hypothermia, 
on the other hand, may accompany lesions involv- 
ing the postenor part of the h 3 rpothalamus 
The mam heat-regulatmg centers are apparently 
influenced m two ways— reflexly from the skm 
and by the temperature of the blood flowmg 
through them 

The postenor hypothalamic center apparently 
exerts its controUmg influence upon temperature 
through the transmission of sympathetic im- 
pulses to the cutaneous vessels, sweat glands and 
pflomotor muscles, removal of the sympathetic 
renders an animal unduly susceptible to cold (ch 
72) 

THE ENDOCRINES IN THESilOREGULATION 

The thyroid and adrenals also play their r6Ies, 
probably important ones, m the regulation of body 
temperature. The calongenic effects of the secre- 
tions of these glands are well known (chapters 58 
and 59) Cannon observed that exposure to cold 
caused an mcrease m the rate of the denervated 
heart It has also been reported that the serum 
taken from an animal e.xposed to cold raises the 
metabolism of a second animal mto which it is 
rajected If the first anunal has been thjToidec- 
tnmized, the effect upon the metabolism of the 
second is not observed The adrenal secretion 
exerts a calongemc effect which is immediate and 
of short duration Its hberation follows short 
periods of exposure to cold But owmg to the 
delayed action of the thyroid hormone, and the 
persistence of its effects, it does not seem possible 
that the thjToid could play any part m mcreasmg 
heat production unless the cold stimulus were con- 
tmued over a long penod Rats exposed over a 
penod of weeks to low temperatures (7 8 to 
12.2°C) showed thyroid hyjierplasia and a nse 
m metabohc rate of as much as 16 per cent which 
was not reached, however, until the lapse of from 
2 to 4 weeks Thyroidectomized rats, on the con- 
trary, show httle nse m metabohc rate under the 
same conditions The expenments of Uotila pomt 
to the pituitary as being responsible (influenced 
through the hypothalamus) for the thyroid re- 
sponse to cold, for hypophysectomy causes thyroid 
atrophy as usual, though the anunals are exposed 
to a low temperature for long periods It may be 


mentioned m this connection that the temperature 
tends to be subnormal m suprarenalectomized or 
thyroidectomized animals, m Addison s disease, 
and m cretinism 

Disturbances oe Heat Regulation 

Since the body temperature represents the bal- 
ance struck betw een heat production and heat loss, 
an alteration m the value of one of these factors 
m relation to the other obviously will be followed 
bv a change in body temperature 

Temporaiy rises m temperature may occur in 
health asa resultof hot baths, which prevent heat 
loss through conduction, radiation and the evapo 
ration of sweat, as well as by actually adding heat 
to the body, or during vnolent muscular exerase 
which mcreases heat production Owing to the 
high efiSaency of the chemical mechanism of con- 
trol, a fall m the temperature of a normal person 
IS much more difficult to produce than is a nse 

The heat regulatmg mechanisms are depressed 
by anesthetics, during sleep and hypnosis and by 
general bodily fatigue 

heat stroke and heat exhaustion 

In heal stroke the subject, previously well, suddenlj 
becomes unconscious Cessation of sweat secretion ira 
mediatelj precedes the loss of consaousness The bodj 
temperature (rectal) is found to be around 1I0°F 
(Waterlow) There appears to be a complete break- 
down of the heat regulating mechanisms The hyper- 
thennia maj senously damage the nervous centers and 
prove fatal The blood chloride is reduced, but the 
reduction is due to dilution, for the plasma volume is 
considerablj mcreased The unne volume is increased, 
and chlonde is excreted m normal amount. 

Beal exhaustion develops more graduall) than does 
heat stroke The subject suffers from abdommal 
cramps and vomiting, and shows signs of circulatory 
collapse. When standing his pulse is rapid and his 
systolic blood pressure low The plasma volume is 
reduced, sometimes bj as much as 50 per cent. The 
diastohe pressure m the recumbent position tends to 
be higher than normal due to peripheral vasoconstric- 
tion, which IS evidentlj a compensatory response to 
the reduced blood volume. The unne is of very small 
volume and is almost or quite free from sodium chlo- 
nde, the blood chlonde is greatly reduced due to the 
loss of salt in the sweat for some time preceding the 
onset of the symptoms The amount of salt lost in the 
sweat may exceed 25 grams dailj According to Water- 
low, heat exhaustion is seen also in another form, the 
chief manifestations of which are dizziness, palpita- 
tion, dyspnea, insomnia, a cutaneous rash and sub- 
normal sweating 
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Sunstroke is simply a form of heat strolc or heat 
exhaustion, but in addition to the reduction in heat 
loss as a result of the high almosphenc temperature 
there is an absorption of solar radiant energy This 
may cause a local elevation of temperature above that 
of the body generally in regions such as the brain or 
cervical cord, v.hich arc unprotected from the heating 
cfTccts of the sun’s raj-s Powerful sunshine itself, how- 
ever, will not cause sunstroke provided heat dissipa- 
tion 15 adequate to keep pace wnlh heat production, 
1 c , when the air is dry and cool and strenuous cxerase 
is not undcrtal en 

FEVFR (pyrexia) 

Tjtcs of fever 

(1) Iiifatious fever, c g , sepsis, typhoid, pneu- 
monia, etc 

(2) Surgical fever whiclt anscs after an exten- 
sive ascjitic operation and is apparently due to 
toxic substances liberated by tlie injured tissues 

(3) Nettrogcutc fner from injuries to nen'ous 
centers, espeaally lesions in the neighborhood of 
the third ventricle, internal capsule, medulla or 
upper part of spinal cord 

(4) Fever of dehydration due to a reduction of 
blood-water (anhydrcmia, p 24) Tins is par- 
ticularly 111 cly to occur in young children 

(5) Fever produced by drugs and other chemical 
substances 

Body temperatures as high as 113°F liave oc- 
casionally been reported, but survival with a 
hyperpyrexia above 1I2°F is rare In the great 
majonty (over 95 per cent) of fevers, from what- 
ever cause, the temperature docs not exceed 106°F 
Temperatures higher tlian lOT^F become harm- 
ful or dangerous from the high temperature itself 
The infrequency of temperatures above lOG^F 
suggests that some safety thermostatic mechanism 
comes into operation around this level 

Intravenous injections of concentrated solutions of 
glucose or salt induce fever by causing anhydrcmia (p 
24) Drastic cathartics, by drawing water from the 
blood into the bowel, may cause fever in a similar 
manner Caffeine and cocaine in large doses induce 
fever by increasing muscular tone (greater heat pro 
duction) and by causing blood concenlmtion (reduced 
heat loss, see also p 731) Uemoglobin solutions when 
Injected into the blood stream exert a pyretic action, 
the hemolysis resulting from the intravenous injec- 
tion of distilled water acts similarly The manner in 
which the fever is jiroduced is unknown Bela-lelra- 
hydronaplilhylamine injected subcutaneously raises tlic 
temperature by its action upon the central and periph- 
eral sympathetic mechanisms, causing cutaneous 


vasoconstnction and consequently a greater conserva- 
tion of heat It also, through its action upon the 
muscles, causes increased heat production The ad- 
renal medulla is also probably stimulated by this drug 
and the outpouring of adrenaline may be an added 
factor in the temperature rise Ergoloxtne causes a nst 
in temperature in some animals (cat), prcsumabl> 
through a direct action upon the heat centers Dinitro 
phenol, a drug sometimes used in the treatment of 
obesity (p 710), and injections of foreign prolan also 
raise the body temperature Dmitrophenol acts by 
sbmulating oxidative processes in the tissues Adren^ 
aline and thyroxine in large doses may also, through 
their stimulating clicct upon the metabolism, cause a 
nsc in temperature 

Infectious fevers 

At the onset of an acute infectious fever the 
heat balance is upset by a reduction in heat loss 
as a result of vasoconstnction and a reduction in 
blood volume, combined with an increase m heat 
production That is to say, those mechanisms 
whicli in health prevent a fall in temperature when 
the body is exposed to cold, arc called into play 
by a stimulus within the body itself, namely, the 
toxin of the infecting organism 

The reduced heat loss by radiation and convec- 
tion in the early stages of the fever is evident m 
the cold, pale or slightly cyanosed skin At this 
time, though the body temperature may be higher 
than at any subsequent stage, the patient often 
experiences sensations of extreme cold (chills) 
with shivering, chattering of the teeth and "goose 
flesh" In health, the comfortable feeling of 
warmth depends not upon the temperature of 
the deeper structures but upon the stimulation 
of the cutaneous sense organs (corpuscles of 
RufTini) by the warm blood coursing through the 
superficial vessels The chills arc due to the spasm 
of these vessels and the exclusion from them of the 
warm blood of deeper regions The fall in skin 
temperature acts as a stimulus which calls into 
play the mechanism of chemical regulation 
Shivering, whidi consists of fine contractions of 
the muscles, occurs, muscle tone increases, and 
the smooth muscle of the skin contracts The in- 
creased heat production thereby induced is an 
additional factor in the elevation of the body 
temperature Later, when the body temperature 
reaches a certain height, a heat response is evoked 
from the centers, the vessels arc released from 
spasm, the blood flow through the skin increases, 
the body surface becomes flushed, and the pa- 
tient feels intensely hot The balance between 
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beat loss and heat producUon is again restored 
but set at a higher level than in health The body’s 
“thermostat” is turned up a pomt or so 
DuBois, in an experiment upon a normal man 
and a malarial fever patient, demonstrated the re- 
duced beat elimination which occurs dunng the 
chill The normal subject imitated as closely as 
possible for a penod of 34 mmutes the shivering of 
the patient and thereby inaeased his heat produc- 
tion by nearly 200 per cent Most of the extra 
heat was eliminated as it was produced, the body 
temperature showmg only a shght nse In the 
malarial patient, on the contrary, m whom the 
heat production dunng the chill was mcreased to 
about the same degree, all the extra heat was re- 
tamed • The heat retention caused a nse of 2“C 
m body temperature After the chfll the heat 
ehmination rose and the temperature feU 
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Fio 53 6 Relationship between basal rnetabobsm 
and body temperature in fever Results m six different 
fevers grouped m one chart The continued line shows 
the average metahohsm, the mtemipted lines the 
metabohsm 10 per cent above and 10 per cent below 
the average reflectively (After DuBo& ) 


The continued fever, which usually follows the 
initial chill of an infectious disease, or which de- 
velops m other instances without this preliminary, 
IS due essentially to the raised threshold for heat 
loss There is, of course, mcreased heat produc- 
tion but this IS mainly secondary — the veloaty of 
the oxidative processes of the tissues bemg in- 
creased by the nse in temperature mduced by the 
dimmished heat ehimnation’ That the latter, 


• The water equivalent of the human body is 0 8: 
times us waght m kilograms (W) per "C nse m tem 
1^ C ) , the retained heat may therefore b 
calculated from the formula t° X W X 0 83 
’ The incre^ m metabohsm with nse in tempera tur 
follim van t Hoff’s law which states that the velocit 
of chemical reactions increases from 2 to 3 tunes for 1 
^perature nse of 10°C That is, the tcmperalur 
between 2 and 3 The W mct^ohsi 
P®"" ““t for each degre 
t^Umde 1 ^ in tedy teroperaluie or 7 per cent !o 
eadi degree Fahrenheit (fig 53 61 


rather than inaeased heat production, is the prm- 
apal factor m the elevated temperature is indi- 
cated by the fact that m fever a temperature of 
KMT (40°C) IS accompanied by an maeased 
heat production of only about 35 pa cent, whereas 
m health the heat production must be maeased 
sevaal fold (as m muscular exercise) m orda to 
raise the body tempaature even transiently to 
this extent Also, the metabolism may be raised 
40 pa cent or so m an animal by protem feedmg 
(see specific dynamic action, p 640) without the 
occurrence of a temperature nse Furthermore, 
the maeased metabohsm in ordinary fevers oc 
curs sunultaneously with the temperature nse 
If the latter were the result ratha than the cause 
of the former, it should be possible to demonstrate 
by indirect calonmetry a penod of maeased me- 
tabohsm preceding the nse m temperature, this, 
honever, does not occur 

With the termmation of the fever, sweatmg (or 
at least moistening and coolmg of the skin) occurs, 
the heat balance is restored to its normal level, 
the heat which had been retamed is elimmated 
eitha gradually or with comparative abruptness 
(aisis) and the temperature falls 

In mfectious fevers the bactenal toxins act either 
directly or indirectly upon the heat center or centers 
In decerebrate animals, or in those m w'hich the cord 
has been divided in the lower cervical or upper thoraac 
regions, the injection of infective agents does not cause 
fever nor is a nse m temperature so produced in am- 
mals possessing no beat regulating mechanisms Bar- 
bour suggests that the first effect of the tonn is not 
directly upon the heat regulating centers but upon the 
penpheral tissues In these, it is conceived, chemical 
changes are initiated which result m the withdrawal of 
water from the blood The reduced volume of circu- 
lating fluid causes blood to he dramed from the shin 
vessels and thereby calls forth a reflex cold response 
from the heat regulating mechamsms That is, the 
nervous centers respond by causmg vascular spasm, 
sbivenng and a further increase m blood concentration 
The mechamsm involved at the onset of fever is there- 
fore comparable to that which produces a nse m tem- 
perature of a healthy man after a cold plunge The 
cold water causes, through vasoconstnebon, diminished 
heat dissipation and through shivering, increased heat 
production The body temperature may nse for a few 
minutes After the first effect of the plunge the vessels 
are released from spasm, the stored heat is eliminated, 
the surface of the body glows and a feeling of com 
fortabie warmth is eipenenced This consbtutes the 
“healthy reaction" of a cold shower and may be com- 
pared to the Denod foUomng the fever chill, except 
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that m the latter case the heat balance is set at an 
abnormally high level The factors causing the con- 
bnuance of the fever, on the other hand, are similar 
to those which cause a nse m temperature dunng the 
immersion of the body m a hot bath Heat dissipa- 
tion IS greatly reduced and heat production is mcreased 
purely as a result of the elevation in temperature of 
the tissue cells 

Special metabolism in fever 

Water and salt At the onset of a high fever the 
blood volume, as already mentioned, is reduced, 
the reduction bemg due to the loss of water (an- 
bydremia) Later the volume of the blood tends to 
mcrease (hydremia) as a result of the shift of 
water from the tissues to the vessels During the 
course of the fever the urine volume is markedly 
reduced, but is mcreased above the normal when 
the temperature falls The vaporization of water 
from the skm and lungs is mcreased m fever, 
owing to the high temperature itself and to the 
more rapid brea thin g 

There occurs a retention of chlonde which ap- 
parently IS deposited m the tissues, the chlonde 
concentration of the blood bemg normal or below 
normal The urmary chlondes m most fevers are 
greatly reduced At the termmation of the fever 
the retamed water and chlonde are ehmmated by 
diuresis and sweatmg Chlonde retention is es- 
peaally pronounced m pneumonia 

Protein The excretion of nitrogen m the unne 
IS greatly mcreased m most infectious fevers This 
IS furnished by body protem, the protem mim- 
mum, 1 e , the "wear and tear” quota of protem 
metabohsm (p 638), bemg much higher than 
normal In very severe infections from 300 to 400 
grams of body protem may be destroyed daily 
It has been found impossible to mamtam the 
fever patient m nitrogen equilibnum (p 638) by 
givmg hberal allowances of protem combmed with 
supphes of carbohydrate which under ordmary 
circumstances would be considered quite adequate 
for energy purposes It has, therefore, been held 
that the toxins of the disease were responsible for 
the protem destruction, the so-called “toxic de- 
struction" of protein It has been shown, however, 
by Shaffer and Coleman that if a diet be given 
possessing a calonc value 50 to 110 per cent m 
excess of the patient’s requirements, as actually 
determmed by calonmetry, and containmg a 
hberal supply of protem (160 to 200 grams), mtro- 
gen equihbnum can be established The high 
protem catabolism which has been observed m 


fever patients on the usual diet is therefore thought 
to have been due m large measure to the fact that 
the calonc mtake was far below the requirements, 
which owmg to the higher metabolism m fever 
are considerably greater than has been supposed 
In other words, a fever patient upon a diet which 
has been considered adequate m the past is actu- 
ally m a half-starved state, and is, m consequence, 
forced to consume his own tissues 

Nevertheless, even on a high calonc diet com- 
posed of carbohydrate and a small quantity of fat, 
the mtrogen excretion still remains well above that 
of a normal person Moreover, a protem allow- 
ance equivalent to that of a healthy man, together 
with carbohydrate somewhat more than sufl&aent 
to cover the calculated calone requirements of the 
febrile state, will not mamtam mtrogen equilib- 
num As just mentioned, the calone allowance 
must m some mstances be double the heat pro- 
duction of the patient It therefore appears that 
the toxic process itself must be responsible m part 
for the mcrease m protem metabolism Creati- 
nme, unc aad, punne bases and phosphates also 
appear m the urme m mcreased amounts — ^further 
evidence of a destruction of body protem The 
manner m which the "toxic” effect is produced is 
not known It does not appear to be due merely 
to the high temperature, for, raismg the tempera- 
ture of a normal person to 104°F by immersion 
m a hot bath does not mcrease the mtrogen excre- 
tion significantly In fevers with much destruction 
of body protem the specific djmamic action of 
food IS absent 

It must be apparent from the foregomg remarks 
that m order to reduce the waste of body tissue m 
fever a hberal diet should be given, provided such 
is not contraindicated by some speaal feature of 
the disease The old adage "feed a fever” holds 
true Smce the very high protem diet required 
for the establishment of mtrogen equilibnum m 
the fever patient has its disadvantages, one must 
usually be satisfied with reducmg the waste of 
body protem rather than aimmg to abolish it 
Special attention, therefore, is directed toward 
furmshmg an abundance of protem-sparmg food 
(p 639), namely carbohydrate, and thus avoidmg 
excessive quantities of protem The more abun- 
dant diet causes a neghgible mcrease m heat pro- 
duction and no elevation of the temperature 

Fats and carbohydrates The metabolism of body 
fat or carbohydrate shows no definite abnormal- 
ity m fever In patients upon a low food mtake 
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body fat and glycogen are utilized as fuel Aado- 
Bis results from the excess combustion of fat only 
if the avaflable carbohy drate is madequate m 
amount 

The Action or Antipyketic (Fever reddono) 
Drugs A list of chemical substances which arc ca- 
pable of inducing a rise in body temperature has been 
given on page 739 Other drugs, eg, anUpynne, 
aspinn, sahcylates, quimne, etc., though they eiert 
httle effect upon the normal temperature, lower the 
temperature m fe\er by inaeasmg heat chrmnation 
Accordmg to Barbour they bring about this effect 
through drawmg water from the tissues into the vessels 
and thus increasing the volume of flmd m the body’s 
heat-radiatmg system They appear to exert httle 
effect upon heat production The effect upon the blood 
volume IS possibly brought about indirectly All these 
substances raise the blood sugar, the greater sugar 
concentration may then through osmotic forces attract 
water mto the vascular system 

Certam other dmgs, e.g , morphine, general anes- 
thebes and alcohol, tend to depress the normal body 
temperature chiefly through blood dilution and dilata- 
tion of superfiaal vessels In the case of morphine and 
general anesthebes, a direct depressant acbon upon the 
heat centers is also mdicated 
The Value of Fever. Fever is frequently the 
herald of serious disease, nevertheless, unless of high 
degree and on this account endangering the funebons 
of vital tissues, it should not be looked upon as a rcac 
bon detrimental m itself On the contrary, there is 
every mdicaUon that its occurrence is an important 
aid to the body m its combat with the disease. The 
rile which fever plays in the defensive process is, how 
ever, unknown It baa been suggested that the forma- 
boa of antibodies can be elaborated only at higher 
temperatures It is well known, for instance, that m 
infecbons which overwhelm the individual the tern 
perature reacbon is depressed. In support of the behef 
that moderate fever is not mjunous m itself but is 
actually benefiaal the followmg observabons upon am- 
mals may be ated (a) The body temperature of rab- 
bits has been mamtained by the applfcabon of external 
heat at a level of over 10S°F for weeks at a time mth 


out ill effects (b) In animals infected mth certain 
microargamsms the disease runs a milder course when 
the temperature is raised (to 40°C ) artiCciallj High 
temperature is thought to be fn\orablc for the clabora 
lion of anbhodics (c) It has been reported that with 
moderate overheabng the formation of various anti- 
bodies IS increased, but at higher temperatures the 
process, apparently, is depressed The immunity of fowl 
to the ordinary pyogenic infecbons is ascribed to their 
higher body tempcmlure which is mimical to the growth 
of pus-forming bacteria (d) Fevers induced artificially 
by means of foreign proteins or injections of malarial 
blood arc used as therapeutic agents in arthntis and in 
chrome nervous disease due to the pathogen of sy philis 
(Treponema pallidum) Short wave diathermy has been 
employed wath success m the treatment of certain in 
feebons — the high temperature produced in the tissue 
exerting a lethal acbon upon the microOrganisms (c) 
In the past it has been common pracbcc to reduce fever 
(above 104°r ) by cold bathing, but it was found that 
the patients did not do well and the practice, except m 
extremely high fevers, has been abandoned 

Refrigeratios — Cryuothi-ratv In chronic in 
curable disease, eg , caranoma, rcfngerition of the 
patient is somebmes resorted to for the relief of severe, 
intractable pain Ice is packed around the patient or 
some other means is used to reduce the temperature 
of the body to between 80° or 90°F This temperature 
IS maintained for hours or days The patient becomes 
unconscious, passing into a state of "suspended am 
mation”, which in many respects is comparable to 
that of an animal during hibemaUon The heart rate 
and rcspirabons arc slowed and the radial pulse may 
be imperccpbbic. The blood pressure falls below the 
level at which it can be measured, unne produebon 
IS greatly diminished or suppressed and gastroin 
tesbnal acbvity is minimal The blood volume is 
reduced as a result of the loss of water (hemoconcen 
Irabon or anhydrcmia) The metabolism, in accord 
once with van't Hoff’s law, is reduced by from 20 to 
SO per cenb The respiratory quobent is probably not 
greatly lowered, but in hibcmabng animals, m which 
the metabolic processes arc altered quahtabvely as 
weU ns quanbtabvcly, it is around 0(50 
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Introduction Noiienciatdre 

In 1911, Casunir Funk, as a result of his investi- 
gations into the cause of ben-ben, obtained a 
crystalline substance from nee pohshmgs which 
was capable of preventmg or cunng this nervous 
disease He named the substance vitannm m view 
of its quite eindent importance to life, and behev- 
mg, though erroneously, that it was an amme 
Subsequently a number of similar substances play- 
mg an essential r61e m nutation were discovered 
for which the general term vilaimn was agreed 
upon, the mdividual vitamins bemg designated by 
letters of the alphabet In the state of knowledge 
at the time such a method of designation had the 
advantage of bemg non-committal as to the chemi- 
cal nature and other properties of this group of 
substances The foUowmg is a classification of the 
known vitamins and their chief physiological 
effects 

Vitamm A (antixerophthalmic) 

thiamm^ (Bi) 
riboflavm (Bj) 
mcotimc aad 
pyndoxm (Bg) 
fohe aad 

_ , antipermaous anemia fac- 

Vitamm B complex ■ 

pantothemc aad 

mositol 

biotm 

para-ammobenzoic aad 
chohne 

Vitamm C (antiscorbutic) 

Vitamm D (antirachitic) 

Vitamm E (antisterflity) 

Vitamm K (antihemorrhagic) 

Vitamins A, D, E and K are fat-soluble The 
others, namely, those of the B complex, and vita- 
mm C are water-soluble Riboflavm is also called 
vitamm Bj and sometimes vitamm G (see p 752) 

MODIFYING FACTORS IN THE ACTIONS OF VITAMINS 

Aniivitamins, loxaimns Eijkman, many years 
ago, as a result of his pioneer experiments on 
polyneuritis m fowl (p 749), postulated that the 
nervous disease was caused by a toxic prmaple m 
pohshed nee which was antidoted by a second 

' Ako spelled thiamine 


factor present m the covermgs (pohshmgs) of 
the nee kernel removed m millin g But after 
Hopkins showed that nutational defects resulted 
from defiaenaes of essential dietary elements, 
the notion of a toxic substance m food was for- 
gotten until Mellanby, some years later, demon- 
strated the anticalofymg and rachitogemc proper- 
ties of cereals He suggested that these effects 
were due to the presence of a toxic prmaple which 
antagonized the action of vitamm D He named 
it toxamin (see ph 3 rtic aad p 767 and p 768) 
A toxic prmaple m maize, also first postulated by 
Mellanby, has been shown to antagonize the ac- 
tion of mcotimc aad Several other substances an- 
tagonistic to the action of vitamins have smee 
been recognized Thus, carbohydrate, m a sense, 
IS an antmtamm for thia min (p 750), pigs fed 
upon yeast, which is nch m high quahty protem 
and vitamins of the B complex, become rachitic 
unless the diet is supplemented with vitamm D 
A radutic factor m young green cereals used m 
New Zealand as sheep fodder has been demon- 
strated, its effect IS prevented by vitamm D, but 
not by exposure to sunhght The actions of vita- 
mins A and E are antagonized by ranad fats 
(p 746), and vitamm K by dicumarol (p 118) 
Other examples of antmtamm action are the 
inactivation of biotm by avidm (p 756), of fohe 
aad by ammopterm (ch 9) and certam others of 
its analogues, a substance m ergot of rye which, 
as shown by Mellanby, antagonizes the action of 
vitamm A, and an enzyme factor (thiammase) m 
fresh, raw fish which destroys thiamm, ranch foxes, 
upon a diet contammg 20 per cent of raw fish, 
develop a paralysis which is cured by added 
thiamm Several chemical analogues of vitamms, 
owmg to their structural resemblance, are an- 
tagonistic to certam vitamms, competmg with 
them for a position m some vital metabohe proc- 
ess The outstandmg example of this action is 
the antagonism between sulfanilamide and par- 
ammobenzoic aad (PABA) a factor of the B 
complex The drug owes its bacteriostatic effect 
to its affimty for the same component of the bac- 
terial ceU with which PABA normally reacts (p 
756) Most of the analogues of vitamms shown 
to be antagonistic are artificial products and are 
therefore of httle practical importance. Examples 
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of such antagonisms arc those between pynlbtamine 
and thiamm, between paiitoyllaiiniie and panto- 
thenic aad, between nboflavm and 6 ,7-dtchloro 
9-nhlyl-waIloxoztne and between pyndoxine and 
a structurally similar compound containing tellu- 
rium m place of nitrogen m the pjTidinc nng 
The action of vitamm C (ascorbic acid) is an- 
tagonized by glucoasNirbic aetd ^^^lcn this com- 
poimd IS admmistered to guinea pigs, a scurvy' like 
condition develops but can be completely pre- 
vented if sufficient amounts of ascorbic aad arc 
gi\cn at the same time 

Hypcmlaminosts — vitamin imbalance Certain 
\'itamms when given in excessive dosage give 
nse to toxic manifestations These, in some cases 
at least, are thought to be due to a disturbance in 
the vitamm balance Oicrdosage with vitamm A, 
for example, may cause a hemorrhagic state sug 
gestive of scurvy , irregular thickening of the cortex 
of bone, sometimes with hj pcrostoscs, and general 
sy'mptoms, loss of appetite and muscular v cal ness, 
rarefaction and fragility of the bones have also 
been observed Massive doses of vitamin D have 
long been recognized to be followed, cspcaalty in 
children by mtcnscly toxic clTccts (p 857) Thiamin 
in excessive amounts mav give nse to svmptoms 
and signs resembling those of th) rotoxicosis, c g , 
nervousness, tremor, tachycardia and sweating 
Or anaphylactoid effects may be produced, c g , 
asthmatic attacks, dyspnea, urticaria, nausea etc 
Death from a state closely resembling anaphv lac- 
tic shock has also been reported as a result of 
overdosage with this vatamin 

Of the other vatamins, naturally occurring v ita 
mms Ki and K« arc non-toxic even in massive 
doses, but the synthetic naphthoquinone and 
naphthohydroqumone compounds cause porphy- 
nnuna and vomiting, the first of these in large 
doses prolongs the coagulation time Riboflavin, 
pantothenic aad, inositol, nicotinic amide and 
biotm, and vitamins C and E, appear to be cn 
tirely free from toxiaty Nicotinic aad and pyn- 
doxme may produce mildly toxic effects, but only 
m extremely high dosage 

Vitamin A (ANiKEROPimiAtuic) 

This was discovered as a result of the invcsU- 
gations of Hopkins m England and of Osborne and 
Mendel, and McCollum and Davis m America 

Sources 

"^6 Aief sources of vitamm A arc mammalian 
and fish hver, egg yolk, butter, acam and a num 


ber of vegetable foods Cod liver oil has a very 
high vatamin A content, and halibut oil a much 
higher one Vegetable oils with the exception of 
com oil and red palm oil contain little or none 
Lard and beef fat arc, as a rule, poor sources 
Their vitamin A content vanes considerably , lio v- 
cver, with the animal’s diet Cereals, vilh the ex- 
ception of maize, arc relatively poor in vitamin 
A In plant tissues there is a definite relationship 
between their green or ycllov coloring and their 
vatamin \ activitv (sec below) Tlius, the si ett 
(y'cllow) potato is a good 'ourcc, \ hcrcas the 
ordinary potato postesses very blilc or none, the 
outer green leaves of lettuce contain 'omc 30 
times more of the vatamin than do the inner white 
leaves Carrots, yellow maize, escarolc, spinadi, 
cress stnng beans, green peas, punipl in, bananas 
and cantaloupe are rich in tlic vitamin, whereas m 
white com, celery, cauliflower, white turnips, cab 
bages, radi'hcs and other colorlc'S vegetables it is 
present in small amounts or entirely lad ing 
The daily vitamin A reqiiireirrnt for adult man 
IS from 5000 to 6000 international uniL*, and from 
1500 (under 1 year) to 5000 (at 15 vears) 


Chemical properties and h lory in the tody 


Vitamin A is soluble in fats and fat solvents It 
IS present in the unsaponifiablc fraction of the fat 
It IS resistant to heat in the ali'cnce of air but ts 
rcadilv destroved In oxidation at all temperatures 
Though colorless itself it gives a blue color with 
antimonv tnchlondc in the presence of oxvgen 
In oih solution, v itamm A, or its esters in alcoholic 
solution, show a green fluorescence v hen exposed 
to ultraviolet light Tins property has been cm 
ployed to demonstrate miaoscopicallv its distri 
bution in the body tissues, eg, Kupflcr cells, 
retina, adrenal cortex, tcstcs and corpus lutcum 
It is also seen in activclv secreting mammary 
glands and in tumor tissue Tlic fluorescence 
gradually fades, presumably as i result of the 
destruction of the vitamin by the ultraviolet ravs 
Vitamin A is an unsaturated alcohol with the 
empirical formula Callj^O and is derived from the 
orange yellow pigment f-r/a-fare'aic— C ijHh— one 
molecule of the latter being split into tv o mole 
cules of the vitamin, thus, C.jH^ -f 211,0 — » 
2 C-oH:dO - Vitamin A has been isolated in erv stal- 
hne form and was svaithesizcd bv Milas in 19-16, 
its formula is showm on page 745 Euler, in 1928, 
showed that pure carotene from carrots was ca- 


‘CaroUnoid pigments of vegetable food arc also 
largely responsible for the fat pigment of animals 



Chapter 54 


THE VITAMINS 


745 


pable of replacing vitaniin A in the diet Moore 
later found that feeding rats with pure carotene 
caused a great increase in the vitamin A contents 
of theur hvers It is now established that caro- 
tenes, of which there are three forms, alpha, beta 
and gamma, and possibly other plant pigments 
(e g , cryptoxanthm) are the precursors of vitamm 
A These pigments are therefore called provita- 
mins A ® Beta-carotene is of chief importance, 
the alpha form gives nse to one molecule only of 
vitamin A The vitamm is stored mainly (95 per 
cent) in the hver, but also m the adrenal cortex, 
retma, corpus luteum and body fat The polar 
bear stores enormous amounts — 26,000 mter- 
national umts (per gram) — m its hver From the 
observations of Moore it has been presumed that 
the carotene-vitamm conversion also takes place 
mamly m the hver (Kupffer ceUs), but the evi- 
dence for this IS not entirely satisfactory Olcott 
and McCann obtamed evidence (from ultra violet 
absorption spectra) that vitamm A was formed 
from carotene when meubated with hver slices 
The conversion was thought to be catalyzed by 
an enzyme, caroknase This observation has been 
both confirmed and denied Drummond and 
McWalter, though they found an maease m the 
vitamm A content of the hvers of rabbits eight 
lays after the mtravenous admmistration of caro- 


of vitamm A defiaency The possibflity is sug- 
gested that the carotme-vitamm A conversion 
takes place m the mtestmal wall The carotene- 
vitamm A transformation is a relatively slow 
process and not complete, probably not more than 
from 30 to SO per cent of mgested carotene is 
converted mto the vitamm 

Vitamm A does not exist as such m plants but 
only m the form of the provitamm ^ Algae, di- 
atoms and other marme plants synthesize the 
provitamm, and serve as food for small marme 
forms referred to m general as zooplankton, i e , 
copepods, molluscs, etc The zooplankton serve 
as food for vanous speaes of small fish (herrmg, 
whitmg, young cod, eta) which thus receive the 
necessary supphes of provitamm The smaller fish 
upon which the larger fish such as cod and hahbut 
feed provide these latter with vitamm A Herbiv- 
orous animals obtam the provitamm from fodder 
(alfalfa is a particularly rich source) Dairy cattle 
convert it m part mto the colorless vitamm A ^ 
This, as well as unchanged carotene, is secreted m 
the milk Man may therefore acquire a supply of 
this vitamm by consummg either plant foods rich 
m the provitamm or animal tissues which contam 
it preformed 

The concentration of vitamm A m the hver of 
the new bom mfant is low, for the placenta trans- 
mits Uttle from the mother The concentration m- 
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tene, did not observe any transformation of caro- 
tene to vitamm A tn vitro More recently Sexton 
and Deuel and then: associates have shol^^l that, 
whereas carotene given orally was followed by an 
mcrease of vitamm A m the liver, when given 
parenterally, it accumulated m the hver and no 
increase m the hepatic stores of vitamm A was 
bbserved Carotene administered parenterally was 
also relatively meffective m correctmg the effects 

^ The provitamins are synthesized m the leaves and 
stalks of plants imder the influence of sunhghL The 
high content of carotene in root structures, e g , car- 
rots, suedes, etc, is difficult to explain unless it is 
the result of transference as some water soluble pre- 
cursor from the leaves to the roots 


creases gradually durmg the first few weeks of life, 
the vitamm bemg supphed to the off-spnng m the 
milk The quantities of vitamm A and carotene m 
human milk are relatively high, and are highest m 
colostrum and early milk Bile, though necessary 
for the absorption of carotene, is not required for 
the absorption of vitamm A Absorption of both 

* Smee the actual and only important effect of caro- 
tene after ingestion is that of produemg vita min A, it 
still remams the custom to speak of the vi tamin A 
value of a food rather than of its carotene content. 

* The proportion of carotene converted, and so the 
color of the milk , vanes in different breeds of cattle. 
It IS evident that a pale-colored milk may have a vita- 
mm A value as high as or higher than one more nchly 
colored (due to carotene) 
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enect hr ac^.r as an antnimatnrt agent m the 
gastro-mtslmnl tract (p 769) Raced fats and 
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IntesI tn-vt me cppnsite cnect, teaemg to m- 
actmate vitamni \ mroaga cmnatien- 
^'ztnann n has oeen green tne IcZcrrmg strac- 
taral fcrmcla b~ Kar-er 
Bio— IS a cctnpirtscn c: the p*cpert:es c' 
carcteae ana mtanan ,i. 
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The marmer m -Ecn vitamm A exerts its action 


s not hro— a p-e—sdv, bat it prebsahV plays a 
ro’e in the tsraes as part of an cardafcon-recactrnn 
ena me svstean 


A secena •ntanaa A, called mtamn A , ^ p-es 
ca* tn sxne Ssn-Ir-er oZs, tat, except m these fro: 
fresn-Trater feh its ccncentiatiEn is ver— mac 
lo— er than the vitanan ceirrea from 3-caroten; 
Tins latter ferm is an— referred to as "iatamri A 
~ to dSer chemically froi 

n.j fn pDssessmg aa aco-tioaal CHj groap aaa a 
doaale boan. In anfcmonv m 
ch.^ me it snores ahso*pt:on band rr^TT~-i ^ 
the p-edoaanant fcaa foand ra th 


livers cl £ri£n--va‘er £sh bat has not been ob- 
tamea from me Irr ers cl mammals 
Tee 'clntion cl m.am.n Ai to 'hodTsm and of 
A- to p 3 -ph>tr?rni oatlmed in cnapter 74 


gf ~ O'— .4 r rjini cr- cri 
c~dZ^ -n^'crc 

The feZemng enects rerait *rom mtamm A 
cenesaer , '-'a.ai mar be c^e not cal, to a d-etam 
lacc bat als-n to fadme m abr-a-ptren, as m ob- 
Etmcti-e y;_ac.a and sp-ae. c' to sercrc Iner 
csease (e.g cr'ccms) m — h ch me caro ere cen- 
rersion p'oeess m napaned. 
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fa) r jh->- la r-a-i one o' the 

eaiLfst mannesmticas cr rntamm \ deScencr is 
emmesse tneshm febofed b** a papdar ercpticn 
dae to chaanei n the hnir icliides, the sebaceems 
glands and s— eat glandi atrophr H'perheratosis 
and the femaat-on o kerato_c p’ogs m the hiir 
loILdes are seen m man anc m rats. 

(h) Xcrop'tirzl—,': ced *-'cr-*n-ico Cji cernf - 
t nor In leropathalnia. the piraary cnange ap- 
pears to be m the lacmymal giancs irhose secre- 
t-on -s sapp-essed. The cemeal r.^rface becomes 
dm, and, hairnglcrt the p-o‘ective and lab-eat- 
ing erect o the ‘ears, becomes invadea b, micro- 
o-gamsms (ng. 54.1) Infiammapon and thicken- 
Eg o tee conjanctivae — ith a pnmlent discharge. 
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and softening (keratomalaaa) leading to ulcera- 
tion of the cornea result Osborne and Mendel ob- 
served this condition in 80 per cent of rats placed 
upon a vitamin A deficient diet It occurs in the 
human subject when the diet is lacking m this 
vitamin and there is no doubt that it is a specific 
manifestation of such defiaencj', smce it cannot be 
produced m animals by the lack of any other 
vitamin 

(c) Cormficalton of epithelial surfaces The epi- 
thelial Imings of the respiratory, alimentary and 
urinary tracts and the ducts of vanous glands, 
tend to become converted to the stratified squa- 
mous type with consequent dtying up of theu- se- 
cretions Evans and Bishop obsen'ed that the 
comified vaginal cells characteristic of the estrus 
penod of the rat (p 876) appeared in animals upon 
a diet deficient m vitamm A even though the 
ovanes had previously been removed The changes 
in the lachrj-'mal glands, hair follicles and cutane- 
ous glands mentioned above, as well as several 
other manifestations are special examples of the 
general tendency toward comification of epithe- 
lial tissues when the diet is deficient m vitamin A 

(d) Night blindness {nyctalopia) This is the fail- 
ure of vision in dim light which occurs in man 
and animals as a result of vitamm A deficiencj' 
It IS not uncommon in the tropics, and an inter- 
esting example of custom antiapating saence is 
the fact that the native treatment for the con- 
dition was a poultice of liver to the eyes and the 
addition of liver to the diet Night blmdness is 
also seen m Labrador and certam parts of New- 
foundland where the diet in wmter is deficient 
The condition is due to the failure m regeneration 
of the visual purple (ch 74) after the e3'es have 
been exposed to bnght light In health, regenera- 
tion of the pigment occurs after the eyes have 
been a few mmutes in the dark, whereas in vita- 
mm A deficient animals (rats) the regeneration 
occurs very slow'ly or not at all 

It should be emphasized that vitamm A defi- 
aency is not the only cause of night blindness, 
and even w'hen it is the cause the visual defect 
cannot always be attributed to failure m the re- 
generation of visual purple, for degenerative 
changes m the visual receptors or of the neural 
elements of the retma may be a relatively early 
effect of vitamm A deficiency 

A method has been devised for detecting mild grades 
of vitamm A deficiency based upon the measurement 
of the rate of dark adaptation The eyes are first 


accustomed to complete darkness for a penod of 10 
minutes and then exposed to a bnght light seen through 
the eyepiece of a specially designed photometer (or 
adaptometer) for 3 mmutes The light is then switched 
off and the rate of dark adaptation determined for a 
penod 10 mmutes The cluneal value of this test 
is m some doubt. The determination of the concen- 
tration of the vitamm m the plasma is a more sensitive 
and rehable test Some beheve that impairment of the 
faculty of dark adaptation, due to mild grades of vita- 
min A deficiency, may be a contnbutorj’' factor in 
many motor acadents occurrmg at mght 

(e) Maldcvelopment of bone Vitamm A is an 
essential dietary constituent for the normal and 
orderly development of bony structures In Mel- 
lanby’s experiments on defiaency of this vitamin 
m puppies, gross abnormalities in bone growth 
w'ere observed The cancellous tissue is greatly 
thickened and the entne bone misshapen The 
bones m relation to the central nervous system, 
the cramum (sphenoid, basi-ocapital, and laby- 
rmth) and vertebral column were studied es- 
peaally because of the very senous effects which 
the osseous deformities exert on the neighbonng 
nervous structures But all the bones of the body 
were found to be affected more or less by vita- 
min A defiaency The vitamm exerts a specific 
action upon the osteoblasts and osteoclasts of 
the growmg bone When it is lackmg the normal 
balance betw'een the activities of these two types 
of bone cell is disturbed The site of them spe- 
cific actions upon the bone — w'hether to pro- 
vide thickening here or thinning there, as well as 
the degree of activity exhibited — appears to be 
uncontrolled As a consequence, resorption and 
deposition of osseous tissue, which when properly 
directed leads to the moldmg of the bone mto 
its charactenstic shape, does not proceed m the 
normal fashion In the case of the cramal and 
vertebral bones, growth and sculpturmg of the 
enclosing bony tissue is not nicely co-ordmated 
with the development of nervous structures Com- 
pression, distortion of nervous tissue, and bend- 
mg or pinching of nerves m their passage through 
the foramina of the bones are a result 

(f) Degenerative changes in the nervous system 
Mellanby reported that there occurred m dogs 
upon a diet nch m cereals and defiaent m vitamin 
A a condition resembhng subacute combmed de- 
generation of the cord m man (ch 66) Wolbach 
and Bessey conclude, however, from their expen- 
ments upon growmg rats that the effect of vita- 
min A defiaency upon the nervous system is not 
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direct, but is o£ mechanical ongm due to the 
retardation of the growth of the bones of the 
vertebral column 

There is some endence that vitamm A deh- 
aenc> m man m certam instances leads to optic 
neuntis Degeneratiie changes m the laj'ers of 
the retma mdudmg the outer portions of the rods 
hai e been descnbed as resultmg from vitamm A 
defiaencj and it is probable that the changes m 
the rods are responsible, m many instances, for 
night bhndness m vitamm A defiaency Degenera- 
tion of other cramal nen es, espeaallj of sensory 
fibers, were also obsened m Mellanby’s animals 
The degenerative changes are mdirect effects of 
malformation of neighbormg bony structures 


Cervical Se^rriatJ / 



Fig 54^ Degeneration m spinal cord of dog fed on 
a ntamm A-defiaent diet (After E Mellanby, Nuln- 
lion and Disease ) 


(g) An antagonism between vitamm A and the 
tb>TOid hormone has been demonstrated The loss m 
weight of rats caused bj dail> mjections of thjToime 
can be prevented b> the administration of carotene. 
It has also been shown that the stores of vitamm A m 
the h\ ers of gmnea pigs are reduced by mjections of 
thyronne and the metamorphosis of tadpoles treated 
with thjTOnne can be delayed by treatment with 
vntamm A. It appears that the thyroime effect is 
due to Its causmg rapid destruction of the vitamm and 
not because it prevents the conversion of the pro- 
vntaimn Indeed m /ly/iothvroidism the conversion of 
carotene to the vitamm is defective, the milV of goats, 
which ordinarily is pure white, becomes yellow after 
thyToidectomy , due to the excretion of unchanged 
carotene, 

(h) Renal function Pathological changes m the 
Udnevs have been reported by several workers as 
resultmg from vntamm A defiaency m animals as well 
as m man. Vacuolization and calcification of the rriu 
of &e convoluted tubules, cloudy swelhng of the cells 
of the collecting tubules and hyperplasia and comifica 
bon of the epithehum of the renal peIvTs have been 
described. The experiments of Hemn and Nicholls 
m cate that vitamm A plays an important rflle m 


renal phymology They demonstrated a reducUon up 
to 40 per cent m the urea clearances of dogs upon vita 
mm A defiaent dieU The clearances were restored to 
normal by the administrabon of adequate amounts of 
the vitamin On the other hand, the urea clearances 
were raised 42 to 100 per cent above the normal 
m dogs receiving large doses of vntamm A. 

(i) The relabonship of vitamm A to unnarv hthiasis 
13 discussed on p 870 

For a time it was thought that vitamin A had 
a specific anti-infective action The admmistration 
of this vutamm m relatively large dosage was stated 
by some chnical mvestigators to lower the ma- 
dence of certam infectious diseases, as well as to 
reduce the morbidity and mortabty of such dis- 
eases when given durmg their course These results 
have not been confirmed Vitamm A does not 
appiear to have any specific effect m combatmg 
infectious condibons 

The VrrAiHN B Complex 

The first vitamm to be discovered was called 
the antmeuntic vutamm smee its absence from the 
diet was shown to be the cause of ben ben (see 
below) WTien the practice was adopted of refer- 
nng to the vntamins by letter it was designated 
vitamm B Later work showed it to be a combma- 
tion of several vitamins, one is antmeunbe and 
now known as vitamm Bj or thiamin, the other 
components of the B complex are, nboflamn, 
ntcaUmc acid or niacin, pyridoxin, pantothenic 
acid, inositol, biotin, para-amtnobcnzoic acid and 
choline 

The groupmg together of these water-soluble 
vntamms under the headmg B complex is not 
artificial and simply a convenience, but based 
upon a common wide distnbubon and dose asso- 
aabon m vegetable and animal tissues, and upion 
their mbmate functional interrelabonships They 
are of importance for the growth or metabolism 
of various forms of life from bacteria, protozoa 
and yeasts to mammals Th^r presumably’ form 
an essential part of the enzyme systems underlymg 
bv'ing processes Thiamm, nboflav’m and mco- 
bme amide are present as prosthebc groups m 
certam tissue enzy’mes (ch 32) Ten vitamm B 
factors have been obtamed m pure form and a 
number have been synthesized m the laboratory, 
several are synthesized by the intestmal flora, 
e.g, thiamm, nboflav’m, nicobmc amide, fohe 
aad and biotm 
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THIAinN, VITAinN Bi (ANTINEUIUnc) 

OR ANEtTRIN 

CItemtcal properties of Bi This factor is soluble 
in water and in 70 per cent alcohol or acetone 
It IS a white, crystallme substance with a yeast- 
like odor and a charactenstic nutty flavor In 
aad media it is resistant to heat, remammg ac- 
tive for several hours after heatmg, with free 
access of air, to 100°C It is, however, less re- 
sistant to heat than B2, bemg destroyed at high 
temperatures (autoclavmg), and is therefore 
spoken of as the heat-labile factor of the B com- 
plex, the Bj factor bemg referred to as the heat- 
stable factor Bi IS resistant to strong aads but is 
readily destroyed by alkah, bemg h3'^drolyzed mto 
Its constituent pynmidme and thiazole rmgs It is 
adsorbed from solution by Fuller’s earth It was 
isolated as the chlonde m crystallme form by 
Jansen and Donath m 1926 0 002 mg of this 
preparation was stated to cure pol3meuntis m pi- 
geons It was given the following empincal formula 
by Windaus and his associates — CijHigN^OSCU 
It was named thiamin because it contamed sulfur, 
and at the time was the only known vitamm that 
did Thiamin was synthesized by Williams m 1936 
The folloi\mg is the structural formula of thiamin 
hydrochlonde 

N=C— NHjHCl 

I I Cl 

CH,— C C CHs— N C— CH, 



N— C — H H — C C — CHj CHiOH 

\/ 

S 

Thiamm hydrochlonde (CijHuNaOSCI) 

Distribution The nchest sources of vitamm Bi, 
either as the pyrophosphate (cocarhoxylase) or in 
the free form are, hver, kidney, lean pork, brewer’s 
yeast, germ of wheat, oatmeal, nee pohshmgs, 
bran, soy bean, peanuts, peas and beans Smaller 
amounts are present m egg-yolk, milk, potatoes, 
com meal, turnips, bananas and vanous nut ker- 
nels The several factors of the B complex tend to 
show roughly parallel distributions, for example, 
foods which have a high content of thiamin are 
generally nch m other B factors Thiamm is syn- 
thesized to a moderate degree m the mtestmal 
tract 

The daily adult human requmement is around 
0 6 mg per 1000 calones of diirt The requirement 
IS increased dunng the actively grawmg penod, m 


pregnancy and lactation and, as already men- 
tioned, on a high carbohydrate diet The requure- 
ment is also raised by the increased metabolism of 
fever or hyperthyroidism, and by a low environ- 
mental temperature, but is reduced by raismg the 
fat content of the diet This effect of dietary fat 
is spoken of as its “sparmg effect” upon the Bj 
requirement It does not appear, however, to be a 
true sparmg action, for no significant difference is 
demonstrable between the thiamm content of the 
tissues of Bi-deficient ammals on high and low fat 
diets, respectively The expenments of McHenry 
and his assoaates mdicate a relationship between 
the actions of chohne, thiamm and fat metabolism 
The action of thiamm is antagonized by its pjTidme 
analogue pynthiatmne, and destroyed by a factor 
m raw, fresh fish (p 743) 

Effects caused by vitamin Bi dedciency 

(a) Beri-bcrt — polyneuritis Ben-ben is a disease 
which for centunes has been prevalent m nce- 
eatmg countnes, e g , Japan, Chma, India, Dutch 
Indies, Philippme Islands, etc It is also occa- 
sionally seen m Labrador and Newfoundland and 
in young children upon deficient diets The disease 
is characterized by inflammation of the penpheral 
nerves (polyneuntis) which leads to progressive 
paralysis of the limbs and sensory disturbances 
There is also dilatation of the nght heart The 
disease occurs m two forms one with edema (wet 
type) the other without (dry type) The first 
definite indication that ben-ben was of dietary 
ongm was obtamed (1885) by Takaki, a medical 
officer of the Japanese Navy who, by revismg the 
diet of the sailors, practically eradicated the disease 
from the service He thought however that the 
disease was due to protein defiaency and replaced 
a part of the pohshed nee of the diet by meat, 
milk, wheat and barley The experimental mvesti- 
gation of ben-ben dates from 1890 when the Dutch 
physiaan Eijkman observed a disease m fowl at 
his laboratory m the Dutch West Indies which he 
believed was of the same nature as the human con- 
dition The affected fowl had received a diet of 
polished nee, 1 e , nee from which the pencarp 
(bran) and germ had been removed by milhng 
(see fig 55 6, p 773) It was soon shown by others 
(Fraser and Stanton) that the condition m fowl 
and ben-ben m man could be cured by the ad- 
dition of nee polishmgs to the diet or an extract 
prepared from them The subsequent preparation 
by Funk of a crystalhne substance of high anti- 
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neuntic potencv from nee pobshmgs has been 
mentioned 

PoU-neuntis is ieadil> induced m pigeons bj a 
diet composed exdusii eli of jwfished nee Re- 
traction of the head and paral\-sis of the limbs are 
outstandmg features Bi-defiaent diets cause 
analogous samiptoms m dogs and rats (see fig a43) 
The 0 X 1 gen consumption of the bram tissue is 
reduced An accumulation of lactic aad m the 
hmd-bram (Kmnerslei and Peters), hier, heart 
and muscles of buds occurs m the ad\ anced stages 
of the disease and the lactic aad of the blood is 



Fic 54J Lpper phoiogriph, dog, showing poK- 
neuntis with marl ed paraljsis of hind limbs as a result 
of a diet lacking m nlarnin B Lower photograph, the 
same animal cured b\ vitanun B gn en m the form of 
tomato juice (After Cowgill and Mendel ) 


raised. The head retraction is probable due to 
the mcreased concentration of lactic aad m the 
bram substance, the si-mptom is quicklt abolished 
bj the local mjection of the ntamm A high 
carboh-vdrate diet mtensifies the effects of B, 
defiaenc> v-hich fact taken together with the high 
lactic aad concentration just mentioned pomts to 
a fault m carboh\ diate metabolism as the funda- 
mental cause of the sj-iriptoms Hj-pergl 3 cemia and 
depletion of hi-er glj cogen occur m poljmeunbc 
pigeons Though this maj be due m part to m- 
amtion, for Drummond and Marnan observed jt 


m starred pigeons receitmg adequate amounts of 
\utamin Bn, it is mamlj a direct effect of the a\nta- 
mmosis The abnormally high glucose tolerance 
cur\es (ie, reduced glucose tolerance) of rats 
showmg signs of Bi defiacnc> also furnish c\udcnce 
of a disturbance of carbohjdrate metabolism (Lq>- 
Loy-sk} and associates) In '^Iro c.xpenmcnts indi- 
cate that an action of Bi is to aid m the oxidation 
of carboh> drate m the bram through the lactic aad 
stage For example, sbeed bram tissue from an 
animal (pigeon or rat) suffermg from yntamm Bi 
defiaency does not consume the normal amount 
of oxjgen when lactic aad is added to it, pyrunc 
aad also appears m the a\ntammosis bram tissue 
but not m the normal bram The accumulation of 
pjTuync aad inhibits m turn the remoyal of lactic 
aad Failure m the disposal of both these mter- 
medianes of carbohydrate metabolism therefore 
occurs m the ayntaromosis bram The addition of 
yntamm Bi partially corrects these defects, the 
on gen usage is mcreased and the production of 
pyruync aad is reduced The yntamm exerts a 
neghgible effect upon the respiration of hcalthj 
bram tissue 

ATtamm Bi occurs m the tissues both as the free 
base and as the pyrophosphate, yvhich is knoyvn as 
cocarboi^hsc This latter fotm is present as a pros- 
thetic group of the cnxynne carboxylase yvhich is 
required for the decarboxylation of pynuync aad 
as yvell as of a-ketoglutarate and a-kctobut>Tate 

(b) AnesUd grerxil (fig 54 4) Osborne and 
Mendel found that “protem-free” milk supplied a 
substance necessary for the groivth and yvdl-bemg 
of rats They concluded that this substance yvas 
identical yvith the antmeunVic yntamm It is now 
recogmxcd that Bi as well as other factors of the 
B complex mfluence growth. Loss of appetite, 
y\ hich leads to undemutntion, is, hovrey er, a con- 
tributory factor m the retardation of growth re- 
sultmg from a defiaenej of this yntamm In m- 
fants the failure to gam at the normal rate though 
the diet appears to be adequate, is considered m 
some instances to be due to a low Bi mtake 
TisdalZ has reported that m a group of j oung chil- 
dren to yvhom a concentrate of the B complex 
was administered, the rate of weight gam oy er a 
period of seyen months yvas 1 6 times that of a 
control group on the same diet but recaynng no 
additional supply of the yntamm. 

*(c) Loss of appetite and atony of Be gastro- 
intestinal tract Loss of appeute is an early effect 
of yntamm Bi defiaencj , bemg evident some time 
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before the appearance of polj'neuntis It occurs 
in rats and dogs and m human ben-ben It is 
probable that the anorexia is, in part at least, 
secondary' to a relaxed state of the gastro-mtestinal 
musculature and the reduction in motor actmty 
of the gastro-mtestinal tract which have been 
shown by Cowgill and assoaates to be important 
features of vitamin Bi defiaenej' McCarnson 
produced atony of the bowel and degeneration of 
the mucous membrane of the colon m monkej’s bj' 
feeding diets lacking m the Bj \ntamin but of high 
carbohjdrate content It is not unlikelj that in 
many diets which are assumed to be adequate, the 
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Fig 544 Average weight gam cur\es of rats on 
vitamin B-frce diet plus aailj supplement of ground 
whole wheat of 0 1, 0 2, 0-3, 0 4, 0 5, 0 6, 0 8 and 0 10 
grams Negativ c controls (marked 0 0) recav ed basal 
diet onl> ‘P, point where, on the average, chrome 
sj-mptoms of potjTieunUs appeared Lines broken from 
the points at which some indivnduals died (After 
Chase, from Sherman and Smith, The Vitamins ) 

Bi content is below the optimal level, and that 
gastro-mtestmal abnormalities are not uncom- 
monly the result of mild grades of deficiency of 
this vitamin, or other factors of the B complex 
Yet recent work suggests that the effect of thia- 
min upon gastro-mtestmal function may have 
been exaggerated and that other components of 
the B complex, notabl}', pantothenic and, have a 
greater influence 

(d) Bradycardia (in rats and pigeons) Marked 
cardiac slow ing w as observ ed by Carter and Druiy 
m pigeons fed upon polished ncc, it was showm to 


be due to mcreased tone of the vagus center, it is 
abolished by vagal section or atropmization 
Drury, Hams and Maudsley observed an extreme 
degree of bradj^cardia m rats upon diets defiaent 
in vitamm Bi but m these animals it is not of 
vagal ongm, it arises m the smus node The ad- 
mmistration of matenal nch m vntamm Bi re- 
stores the cardiac rate to normal within an hour 
or so It has been shown by Birch and Hams 
that lactic aad accumulation in the cardiac tissue 
IS assoaated with the phenomenon 

(e) Personality changes and alcoholic psychoses Thi- 
amin defiaenty of a degree msufficientlj se\ ere to cause 
ben-ben may result in psjchic changes, such as de- 
pression, imtabilitj, quarrelsomeness, anxiety or fear- 
fulness Alcohohe ps> choses, e g , Wernicke's encepbalop- 



Fig 54-5 Showing engorgement of the limbic 
plexus and vasculanzation of the cornea m nboflavin 
defiaenej Note the loops of vessels of the limbic 
plexus penetrating more than half way to the pupil 
UTute areas are corneal opaaties 

athy, are believed to be due m many instances, m part 
at least, to a deficiency of the antmeuntic vitamm 
The chronic alcoholic receiv es a large proportion of his 
calonc reqiurement m the form of vatamm-free alcohol 
Wernicke’s encephalopathy is a condition marked by 
vanous neurological manifestations, paraljsis of ex- 
tnnsic ocular muscles, loss of memory, mental confu- 
sion, confabulation and coma. It occurs in chronic 
alcoholics and less commonly m other forms of severe 
undemutntion Though thiamin defiaency is the chief 
cause it IS not the sole one Wtamm Bi deficiency 
rather than a direct toxic effect of alcohol, is held re- 
sponsible for the aggravation of preexistmg cardiac 
disease and the precipitation of cardiac failure (if not 
for ongmaUng it) which is of such frequent occurrence 
in chronic alcohohsm In other words, the drunkard 
may show the cardiac features of ben-ben in vaiymg 
degrees 
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lUBOIXAVIN 

Riboflavin^ belongs to a group of yellow fluores- 
cent pigments called flavins It may be present m 
the tissues as such or conjugated with protem as a 
flavoprotem It is an orange-yellow substance 
which exhibits a greenish-yellow fluorescence in 
aqueous solution It is moderately heat stable, 
especially m aad solution, but is rapidly destroyed 
by light This factor is responsible for a part of the 
growth promoting property of the B complex. It 
is present m the tissues both free and as a pros- 
thetic group m cytochrome C reductase, d-ammo- 
aad oxidase and xanthme oxidase A reducbon of 
these enzymes has been demonstrated m the tissues 
of ammals sufienng from nboflavm deficiency The 
flavins are soluble m aqueous media and for this 
reason are called lyochromes, as distinguished from 
the fat soluble pigments — ^the hpochromes Flavms 
are widely distnbuted in animal and plant tissues 
The chief sources of nboflavm are hver, kidney, 
milk, and the green leaves of vegetables This vita- 
min has been synthesized artifiaally and moderate 
amounts are formed by the mtestmal flora It has 
the foUowmg formula 


Ribose 
H H H 


H 


CH,— C— C— C— CHiOH 


0 0 0 
H H H 


CNN 

/ \ / \/ \ 

CH,— C C C C=0 

! 11 1 1 

CH, — C C C N — H 

\ / \ /- \ / 

C N C 

I li 

H 0 

Riboflavin (Ci,H„N40,) 


The daily adult human requirement of nboflavm 
is between 2 and 3 milligrams 
In man nboflavm deficiency has been recognized 
as the cause of certam well defined ocular lesions 
In the milder grades of defiaency, exammation 
with the slit lamp (ch 75) reveals congestion of 
the vessels of the limbic plexus at the penphery 


to iS f ?i, ? someUmes anses ov 

to the fact that nboflavm is referred to by som( 
Mlamm B, or as vitamin G ^ 


of the cornea and the mvasion of the subepithelial 
layer of the cornea by loops of capillary vessels 
When the defiaency is more severe the vasculan- 
zaUon of the cornea is obvious to ordmary inspec- 
tion, the eyes appear bloodshot (fig 54.5) Bummg, 
itchmg and lachrymation are cximplained of There 
IS photophobia which may be so severe as to pre- 
vent the eyes from bemg opened Interstitial kera- 
titis may be a later development Other eflfects of 
nboflhvm defiaency are, inflammation and sores 
of the labial mucosa, and the development of 
fissures at the mucocutaneous borders, espeaaUy 
at the angles of the mouth {cheilosis ) , and smooth- 
ness with soreness of the tongue simulatmg the 
glossitis of permaous anemia 
Animals on a diet lackmg m this vitamm grow 
poorly, chicks develop a characteristic paralysis 
(curled toe) with myelm degeneration of the 
penpheral nerves, dermatitis, cataract, atrophy 
of the testes and loss of hair are produced m rats, 
and comeal opaaties m dogs 


NICOTINIC Acm (niacin) and nicotinic acid 
A iODE (nicotinic AMIDE OR NICOTINAMIDE) 

(pellagra preventive factor) 

Chemistry, metabolism and function The for- 
mula of mcotinic aad and nicotmic aad amide are 
shown below — 


H 

C 

^ \ 

HC C COOH 

I II 

HC CH 

\ / 

N 

Nicotinic acid 
(Niacin) 


H 

C 

^ \ 

HC C CONHj 

I n 

HC CH 

\ / 

N 

Nicotmic acid amide 
(Nicotmic amide or 
nicotinamide) 


Nicotmic aad, though related to nicotme (from 
which it can be derived through oxidation by 
mtnc aad or potassium permanganate), does not 
exhibit the action of nicotine upon the autonomic 
nervous system and is relatively non-toxia It 
does, however, cause penpheral vasodilatation 
with flushmg of the skm when mjected mtra- 
venously Nicotme absorbed m smokmg cannot be 
converted mto the vitamm Niacm is excreted m 
the urme mainly as N'-methyl nicotmic amide 
The vitamm is stable at high temperature either 
m solution or m the dry form 
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SjTithesis of nicotinic aad has been shown to 
occur in rats, sheep and chicks and is brought 
about largely by bacterial action in the mtestine, 
though in the chick, at any rate, sjTithesis also 
appears to be a function of the body tissues 
This vitamin acts pnnapally as a coenzyme 
in tissue respiration Co-enz}mie I (diphosphopyn- 
dme nucleotide) (ch 32) and co-enz 5 Tne II (tn- 
phosphopyriduie nucleotide) contam it as a pros- 
thetic group A reduction of the former enzyme 
has been demonstrated m the tissues of animals 
suffenng from nicotinic aad defiaency The con- 
centration of these enzymes m the blood of nor- 
mal human subjects, as well as of those suffermg 
from pellagra, is raised by the administration of 
nicotinic acid The function of this vitamm is 
closely assoaated unth the metabolism of carbo- 
hydrates, the requirement bemg raised m diabetes 
when the consumption of carbohydrate or the 
insulin dosage is mcreased 
Sources and requirement Liver (especially pork 
liver), kidney, lean meats, brewer’s yeast, lye, 
heat germ, soybean and peanuts are among the 
nchest sources of this vitamin Com meal and 
white flour contam less than 2 rag per 100 grams 
The daily adult human requirement lies between 
12 and 20 mg This is about the amount contamed 
n one serving of hver or a quart of milk 

Ejfecls of mcoltnic aad deficiency 

Defiaency of nicotinic aad or its amide is the 
cause of the mam symptoms of pellagra and of the 
condition m dogs knoim as "black tongue ” 
Pellagra The chief features of pellagra ( = 
rough skin) are patches of dermatitis, redness, 
edema and soreness of the tongue together with 
mtestinal ulceration, digestive disturbances and 
diarrhea Nervous disorders (muscular weakness, 
tremor paresthesias) may occur, and m the later 
stages melancholia, dementia or dehnum The skin 
lesions consist of redness, dryness and the forma- 
tion of scales upon surfaces exposed to the sun’s 
rays, e g , the backs of the hands (or the msteps 
of persons who go barefoot), the neck, cheeks and 
bndge of the nose A reddish pigment is excreted 
m the urme Degeneration of the spmal tracts, 
especially of the posterior columns, and of nerve 
ceUs m brain and cord is not uncommonly seen 
post mortem 

Just as ben-ben is a disease affecting those who 
subsist mainly upon a diet of polished rice, so 
pellagra is a maize-eater’s disease The condition 


results whether the maize is whole or has had the 
pericarp and germ removed It is prevalent among 
the poor of the southern Umted States, of Spam, 
Italy and other European countnes It is rare m 
England, Canada and the northern United States 
The dietary origm of pellagra was clearly demon- 
strated by Goldberger He earned out an expen- 
ment upon twelve pnsoners, who m return for a 
promise of pardon, volunteered to submit to a 
diet of commeal, cornstarch, rice, syrup, sweet 
potatoes and pork fat At the end of six months 
pellagra was diagnosed m half the subjects The 
other pnsoners who received the ordinary msti- 
tutional fare showed no signs of the disease At 
first, Goldberger thought that the disease was due 
to protem (ammo aad) defiaency but as a result 
of subsequent experiments upon animals he came 
to the conclusion that a vitamm defiaency was 
the prmapal causative factor It soon became 
evident that autoclaved yeast, wheat germ and 
other substances rich m the vitamm B complex 
would prevent or cure pellagra Yet it has been 
found more recently that defiaency of trypto- 
phane IS also an essential factor m the development 
of the disease Zem, the mam protem of maize, has 
a very low content of this ammo acid Rats upon 
a diet, adequate except for a lack of nicotmic acid, 
remam m good health unless tryptophane is also at 
a low level, when the characteristic signs of de- 
fiaency appear Tryptophane appears to be a 
precursor from w'hich this vitamm is synthesized 
by the mtestmal bactena It can replace the vita- 
mm in the diet of rats and when mgested by man 
and other mammals the excretion of nicotmic 
amide is mcreased Another factor m the produc- 
tion of pellagra is the presence m maize of a 
prmaple which antagonizes the action of nicotmic 
aad (see p 743) 

Most subjects of pellagra also suffer from defi- 
aencies of other factors of the B complex, the 
admmistration of nicotmic aad alone being as a 
rule insuflBaent to effect a complete cure 

"Black tongue" m dogs is a condition analogous 
to human pellagra Neaotic areas appear upon 
the tongue and the buccal mucosa, and a pellagra- 
like dermatitis of the saotum develops m animals 
receivmg a diet free from vitamm Bj 

Until the last few years the factor in the B com- 
plex which prevents pellagra (P P factor) had 
eluded discovery Funk as early as 1911 reported 
the presence of nicotinic acid in his extracts but its 
physiological significance was not realized War- 
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burg recognized its presence m assoaation with 
tissue respiratory enzymes and was aware of its 
fundamental importance m the oxidative processes 
of the cell In 1937, Elvehjem and his colleagues 
isolated mcotmic acid and its amide from liver 
and discovered that it cured “black tongue” in 
dogs Shortly afterwards it was used with out- 
standing success by Spies and his assoaates m the 
treatment of pellagra 

Certam mental and neurological manifestations, 
e g , cloudmg of consaousness, ngidities and, m m- 
fants, unusual graspmg and suckmg reflexes have 
been attnbuted to nicotinic aad deficiency Im- 
prov ement has followed adtmnistration of the 
vitamin. 


PYRmOXINE 

Pyndoxtn or adermin, Vitamin Bi (antiderma- 
titis factor) Rats upon a diet lacking m vitamm 
B[ develop a skm disorder (rat dermatitis or 
acrodynia) characterized by redness, scahness and 
loss of hair It is now agreed that the antiderma- 
titis eflfect of the B complex which has been recog- 
nized for years is due to this factor Vitamin Bj 
was synthesized by Hams and Folkers m 1939 
It has the followmg structural formula 


CHiOH 



Pyndoxme (2 methyl 3-hydro^-4,5 di [hydroxy- 
methyl] py-ndme (CjHuOjNCl)) 


Two natural derivatives of pyndoxme, pyrt- 
doxal and pyndoxamtne, are more effective than 
pyndoxme itself Both are found m animal and 
vegetable tissues 


CHO 




By ridoxme serves as a coenzyme m the decarl 
llation of tryosme, argmme, glutamic aad 
dihydroxvphenylalanme (“dopa”) (p 828), 
•n transamination reactions It also appear 
play a r6Ie m the metabolism of tiyptophane 


there are mdications that it is connected with the 
metabolism of unsaturated fatty aads 

Spies and Ashe have reported that certam 
symptoms m pellagrins and subjects of ben-ben, 
namely, extreme nervousness, insomnia, im- 
tabflity, abdommal pam and difficulty m walking, 
which are not relieved by nicotinic aad, thiamm, 
or nboflavin, are abolished m dramatic fashion 
by pure Bj (synthetic) 

There are also mdications that this vitamm is of 
importance m hemoglobin synthesis and m the 
manufacture of red cells Dogs and pigs on a diet 
deficient m pyndoxm develop a hypochromic 
microcytic anemia which is quickly cured when 
the defiaency is corrected Also, in rabbits ren- 
dered anemic by repeated bleedings, hemoglobm 
regeneration and erythrocyte production are has- 
tened by the administration of pyndoxm This 
vitamin is also necessary' for the normal growth of 
rats, an assay method is based upon this fact 
The essential importance of B( m the life of 
many lower forms has been demonstrated It is 
necessary for the growth of yeast, mosquito 
larvae and several types of microorganisms 
{Streptococcus hcmolyticus, Staphylococcus albtis 
and lactic aad bacillus) 

The nchest sources of pyndoxme arc certam 
vegetable fats, milk, nee, wheat germ, yeast, 
legumes, meat and meat products, espcaally 
muscle and kidneys Though m man no definite 
signs or symptoms attnbutable to pyndoxme 
defiaency alone are known, benefit from its use has 
been reported m Parkmsonism, muscular dys- 
trophy and myasthenia gravis, but hopes that it 
would be ol real value m these disorders have been 
on the whole disappomted The adult human 
requirement is unknown but 1 S mg daily has 
been suggested based upon animal experiments 

PANTOTHENIC ACID (CHICK ANTIDERllATITIS FACTOe) 

This component of the B complex has the follow- 
ing formula 

H H 

O CH, 0 O H H H O 

n J. J. ® I I I ^ 

c C C— C N— C— -C— C— OH 

III II 

H CH, H H H 

Pantothenic aad (a y — dihydroxy — /3,/3 — di- 
methylbutyryl aminopropionic acid) 

It was found by Williams and his associates m 
extracts of vanous plant and animal tissues and 
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was shown to stimulate the growth of yeast Like 
other factors of the B complex already con- 
sidered, pantothenic acid has been synthesized 
Its identity mth the factor, which for some time 
has been recognized as preventing dermatitis m 
chicks, is now established Lesions of the spmal 
cord and eye symptoms are also produced m 
chicks by a defiaency of this factor It is neces- 
sary m the diet of the hen for the hatchability of 
the eggs, and for egg-laying in pullets 

Pantothenic acid deficiencj' in rats causes a 
condition known as “spectacle eyes”, this appear- 
ance IS given b 3 ’^ a hairless, inflamed ring of skm 
around the eyes Renal and cardiac damage, de- 
hydration and sometimes necrosis of the adrenal 
cortex are found There is also an mcreased ap- 
petite for salt, W'hich is probably the result of 
the adrenal defect This vitamin has been termed 
an anti-gray hair factor smee it prevents graymg 
of the fur in black rats Depigmentation of the 
feathers of fowl suffenng from a deficiency of 
pantothenic aad has also been reported These 
results upon animals cannot be transferred to 
man No definite evidence of a factor which pre- 
vents the graymg of human hair has yet been 
secured Pantothenic acid is also necessary for the 
optimal growth of rats 

No definite nutritional defects m man due to 
pantothemc aad deficiency are known The hu- 
man requirement is also unknown but from animal 
experiments and the quantitj’’ exaeted by the 
human kidneys it is probably between 3 and 5 mg 

Pantothenic aad is very widely distnbuted 
throughout nature, bemg present m nearly aU 
animals and vegetable tissue, from this ubiqmty 
its name was derived The richest sources are, 
liver, kidney, egg-yolk, wheat bran, brewer’s 
yeast, broccoli, spinach, molasses and peanuts 

INOSITOL 

Inositol (mouse anti-alopecia factor) 
CeHsCOH),!, a carbohydrate (a hexahydroxycyclo- 
hexane) is found combmed with phosphate, cal- 
cium and magnesium in cereals, the complex bemg 
known as phyttn (p 767) It is also present m the 
hpid of soy bean, and m animal and plant tissues 
generally In plants, it is present m greatest abun- 
dance m the leaves Of animal tissues, liver, kidney, 
skeletal and heart muscle contam the largest 
amounts This factor is necessary for the normal 
nutntion of the mouse and rat When absent from 
the diet of young mice, growth is arrested, the hair 


falls out, and fails to be restored, the animals be- 
commg quite bald, dermatitis develops Rats on 
an mositol-defiaent diet show “spectacle eyes” 
and fatty hvers Its function m other speaes and 
m human nutrition is unknown, but the possibil- 
ity of its bemg of benefit m certam skin lesions, 
e g , psonasis, has been suggested It is also re- 
ported that mositol enhances the beneficial action 
of vitamm E upon the course of progressive muscu- 
lar dystrophy, possibly by formmg a complex 
with tocopherol m the mtestmal tract which is 
necessary for normal aeatme metabolism The 
requirement of this vitamm is unknown 
Inositol has the followmg structure 

CHOH 

/ \ 

HOHC CHOH 

I I 

HOHC CHOH 

\ / 

CHOH 

Inositol CeHslOHlj 

The function of mositol is assoaated m some 
way with the metabolism or transport of fat, for 
it IS capable, hke choline and hpocaic, of prevent- 
mg the accumulation of liver fat 

BIOTIN 

Btoltn (vitamm H) Many years ago (1901) 
Wildiers foimd that yeast required a prmciple for 
Its growth in addition to the essential factors 
which were then known He named it “kos” 
It was shoivn by Lucas more than twenty years 
later that “bios” w’as a mixture, and he separated 
it mto tw'o substances, bios I and bios H Shortly 
afterwards bios I was identified as inositol and 
bios n shown to be a composite of at least two 
substances One of these was isolated in pure 
form by Kogle and Tonnis and named biotin 
Biotm, as well as bemg necessary for the growth 
of yeast, is a growth stimulant or an essential re- 
qmrement for certam bacteria and fungi It has 
also been found to be an essential nutrient for 
animals (Boas) and man (Gyorgy) This vitamm 
appears to be essential for the synthesis of an en- 
zyme which catalyzes the carboxylation of pyruvic 
aad to form oxaloacetic acid, which can then be 
converted by transammation to aspartic aad It is 
also required for the reverse reaction — decarboxyl- 
ation of oxaloacetic aad to form pyruvic acid 
Oxaloacetic or aspartic acid can partially replace 



Section VI 


metabolism and nutrition 


biotm as a growth factor for certain miao-organ- 
isms (e g , LadobactUtis arahnostis) 

The chemical structure of biotin was deter- 
mined by du Vigneaud and his assoaates and its 
synthesis effected by Hams and his colleagues 
The structural formula of biotm (2'keto3,4, 

imidazohdo-tetrahydrothiophenovalenc aad) is 

shown below 

0 

11 

C 

/ \ 

HN NH 

1 1 

HC CH 

H 

/ 

H,C C— (CHi)<COOH 

\ / 

S 

Biotm (CioHiiOiNiS) 

Rats fed upon a diet of raw egg-white develop a 
levere dermatitis, alopeaa, “spectacle eyes” and 
a spastic state which terminates in death This 
condition, known as “egg-white” injury, is due 
to the presence m egg-white of an albumm called 
amdtn, which combmes m stoichiometric propor- 
tions with biotm m the mtestme and renders it 
unavailable m nutntion Biotm also occurs m 
this mactive bound form {avidin-htolvi) in foods 
as well as m a free active form Cooked egg- 
white does not produce ill effects, probably be- 
cause the avidm is denatured and does not com- 
bme with the vitaimn Biotm is not bberated 
from its combmation with avidin by the digestive, 
proteolytic enzymes, but separation can be 
brought about by oxidative procedures, e g , 
treatment with hydrogen peroxide Avidm appears 
to be associated m some way with the female 
reproductive functions Stffbestrol administration 
followed by progesterone causes the production 
of this ptotem m the oviducts of immature chicks 
Biotm definency is produced experimentally 
m man when about 30 pier cent of the total caloncs 
of the diet is furnished by dned egg-white The 
symptoms consist of extreme pallor of the skm 
and mucous membranes and a seborrheic derma- 
titis, together with great lassitude, sleepiness, 
loss of appetite, pains m the muscles and pre- 
cordial distress These effects are almost imme- 
diately relieved by the parenteral administration 
of the vitamm 


The biotin requirement of man is around 200 
micrograms per day Like several other factors of 
the B complex, this vitamin is synthesized m some 
degree by the bacteria of the mtestinc 

Biotm IS found in greatest amounts in liver, 
kidney, brewer’s yeast and poultry It is present m 
lower concentrations in egg-yolk, tomatoes and 
carrots Certam types of carcinoma contain it in 
relatively large amounts This finding has sug- 
gested the possibility that, by reducing the free 
biotm content of the diet, inhibition of cancerous 
growth might be brought about 

PASA-AMINOUENZOIC ACID (aNTI GRA\ HAIR FACTOR) 
Para-unnnohcnzoic acid This factor has the 
foUomng formula 

COOH 

A 

U 

NHj 

Para aminobcnzoic acid (PABA CtIIjOjN) 

It IS essential for the growth of certain micro 
organisms and antagonizes the bactcnostatic 
action of the sulfonamides The latter drug, accord- 
mg to the theory of Woods, competes with par- 
aramobcnzoic aad (PABA), which it resembles 
chemically, for a place m some metabolic process 
or enzyme system m the bacterial cell nccessaiy for 
Its reproduction, thus the action of PABA is 
blocked An excess of PABA prevents in turn the 
bactenostatic action of the drug The resistance to 
these bacteriostatic agents which is shown b> 
Staphylococcus aureus and other micro-organisms 
is due to the ability of such organisms to synthe- 
size para-aminobenzoic acid This factor is also on 
essential constituent of the diet for the normal 
growth of chicks, and in combmation wuth inositol, 
prevents decoloration of the hair (achromotnchia) 
of rats The effect upon the growth of chicks is 
probably an mdirect one, namely, the stimulation 
of the growth of mtestmal bacteria and the syn- 
thesis of other growth-promoting factors The 
graying of the hair of black rats on a synthetic 
diet IS prevented by the addition of PABA As 
With other vitamms, no relationship between 
PABA and the graying of human hair has been 
established Graymg of hair m young children on 
grossly defiaent diets and sufiermg from severe 
malnutrition has been reported but the dietary 
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factor or factors which are lacking have not been 
identified 

An important clinical development is the dis- 
covery of the benefiaal effect of this vitamm m 
the treatment of louse borne typhus and Rocky 
Mountain spotted fever 


uromc acid It has been appropnately named 
ascorbic acid (CbHsOb) ’’ 

Ascorbic aad was isolated by Szent-Gyorgyi m 
1928 from oranges, lemons and cabbages and from 
the suprarenal cortex It was shown to have a 
high antiscorbutic potency Almost sunultane- 


TABLE 74 


The content of some typical foods -in the vitamin B complex 
(From Elvehjem, sbghtly modified) 


FOODS* 

THIA- 
lONEt 1 

1 

KIBCh 

FlAVlNf 

NIA- 

cmf 

PANTO- 

THENIC 

AODtt 

VITAMIN 

BitJ 

BIOTINtt 

POLIC 

Acmtt 

Apples 

0 

04 



0 

2 

0 

05 

0 

03 


nn 



Bananas 

0 

09 


06 

0 

6 

0 

18 

0 

30 



0 

01 

Bread 















White (unfortified) 

0 

08 

0 

13 

0 

8 

0 

40 


20 





White (fortified) 

0 

24 

0 

15 

2 

2 

0 

40 


20 





Cabbage 

0 

07 

0 

06 

0 

3 

0 

08 


29 



0 

01 

Carrots 

0 

07 

1 0 

06 

0 

5 

0 

24 


19 



0 

01 

Cheese 

0 

04 

0 

SO 

0 

1 

0 

35 

0 

20 





Commeal, degerminated 

0 

15 

0 

06 

0 

9 



0 

25 




02 

Eggs, whole fresh 

0 

12 

0 

34 

0 

1 

2 

70 



0 

025 



Meat 











1 




Beef 

0 

12 

1 0 

15 

5 

2 

1 

10 

0 

40 

0 

004 

m 


Pork lorn 

1 

04 

0 

20 

4 

4 

1 

50 

0 

60 

0 

005 

0 


Poultry , chicken or turkey 

0 

10 

! 0 

18 

8 

0 

0 

90 

0 

20 

0 

01 



Liver, pork or beef 

0 

27 

2 

80 

16 

1 

5 

20 

0 

80 

0 

1 

0 

08 

Milk, whole fluid 

0 

04 

0 

17 

0 

1 

1 0 

30 

0 

07 

0 

005 

j 


Oatmeal 

0 

65 

0 

14 

1 

1 

1 

30 

0 

25 




03 

Oranges 

0 

08 

0 

03 

0 

2 

0 

12 



1 



m 

Peas, fresh 

0 

36 

0 

18 

2 

1 

0 

60 

0 

05 

0 

002 



Peanuts, roasted 

0 

30 

0 

16 

16 

2 

2 

5 

0 

30 





Potatoes 

0 

11 

0 

04 

1 

2 

0 

40 

0 

16 





Spinach 

0 

12 

0 

24 

0 

7 

0 

7 

0 

08 




18 

Tomatoes 

0 

06 

0 

04 

0 

6 

0 

37 

i ® 

07 



0 

01 

Turnips 

0 

06 

0 

06 

0 

5 

0 

25 

0 

10 

0 




Yeast, Brea ers’ dry 

9 

69 

5 

45 

36 

2 

20 

00 

2 

90 

0 

2 

0 

7 

Wheat, whole j 

0 

56 

0 

12 

5 

6 

1 

30 

0 

40 

0 

005 

0 

05 


* Edible portion 

t Values are given in milligrams per hundred grams 

t Values for pantothenic aad, pyndoxine (vitamm Bj), biotin and folic aad are based on data from only a 
limited number of samples Some of the values may be low because of mcomplete hberation of the vitamm This 
IS espeaally true in the case of pantothenic aad 


CHOLINE 

Choline (see p 696), folic acid and B 12 (ch 9) 
are dealt mth elsewhere 

ViTAinN C (Antiscorbutic) 

Properties 

Vitamm C has been shown to be a relatively 
simple chemical substance closely allied to hex- 


ously Kmg and Waugh obtamed crystals of ascor- 
bic aad from concentrates of lemon juice which 
were capable in 0 05 mg daily doses of protectmg 
a gumea pig from scurvy It was later synthesized 
by Hirst and assoaates who gave it the following 
structural formula 

This is also referred to as cevitamic acid, a term re- 
cently adopted by the Amencan Council on Pharmacy 
and Chemistry 
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1 

HO— C 

11 0 

HO— C 

I 

H— C 

1 

HO— C— H 

i 

CHiOH 

1 Ascorbic acid — Vitamui C 


Ascorbic aad has a high reducing power, is 
soluble m water and alcohol, and is readfly de- 
stroyed by heat, simhght and oxidizing agents 
Prolonged boHing, drying, aging or storage of 
foods reduces or abohshes their antiscorbutic 
properties Copper catalyzes the oxidative process, 
so that the vitainin is destroyed much more read- 
ily when foods are cooked in a copper utensd than 
when glass, enamel or alummum vessels are em- 
ployed Nevertheless, boflmg mDk, even m an 
enamel vessel, for file mmutes destroys 20 per 
cent of Its ntamm C content Heatmg to 60°C for 
thirty minutes (pasteurization) m a copper vessel 
destroys 80 to 90 per cent of its ntamm C value, 
but only a negligible loss occurs if the pasteuriza- 
tion IS earned out m an alummum or enamel con- 
tainer In general, slou cooking, e g , stewmg, 
IS more destructive to the vitamui than more rapid 
cookmg even at a higher temperature There is 
said to be httle loss of vitamin C in the com- 
meraal cannmg of fruit 
Ascorbic aad is readily oxidized to dehydto- 
ascorbic aad and is as readily reduced agam as 
shown below This property of reversible oxida- 
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Uon and reducUon appears to be closely bound up 
with Its function in the tissues, namely, the trans- 
port of hydrogen 


There is ample evidence thfit it serv’es such a 
function m the plant, but evidence for its playing 
this r61e m animal tissues is less certain The res- 
piratory activity of scorbutic tissue is but httle re- 
duced, nor does an mcrease m oxygen consumption 
result from tne addition of ascorbic aad to such 
tissue Oxidation of ascorbic aad to dehydro- 
ascorbic aad IS thought to occur in the liver and 
to be dependent upon a speaal enzyme system 
requiring the presence of traces of copper 

The normal metabolism of the amino aads tj ro- 
sine and phen>lalanme appear to be dependent 
upon the action of ascorbic acid It has been ob- 
served by Levine and his assoaates that prema- 
ture mfants on a diet high in protein and defiaent 
in vitamm C exaete parah} droxyphenyUacctic and 
parahydroxj'pyruvic aads m the unne The meta- 
bohe abnormality was exaggerated by feedmg 
tyrosme or phenylalanme and corrected by the 
admmistration of vitamm C 

The distribution of vitamin C 

The nehest sources of this vitamin (as cither 
ascorbic aad or as deh> droascorbic aad) are the 
atrus fruits (oranges, lemons, grapefruit and 
limes), cabbage, swedes and turnips, tomatoes, 
spinach, green and red peppers Fresh meat, cow's 
milL and other animal foods are v ery poor sources 
of vitamm C Its concentration is several times 
greater m human milk than m cow’s milk The 
vitamm is stored to a very limited extent in the 
body It is m highest concentration m the adrenal 
cortex (ch 59) Of other tissues, the crj'stallme 
lens, the corpus luteum and the pituitary gland 
contam the largest amounts The average concen- 
tration m human blood, when the vitamm C intake 
is adequate, is around 0 5 mg per 100 ca From 
30 to 50 mg arc exacted daflj m the unne at 
ordmary mtakc levels 

The synthesis of vitamin C 

The precursor from which vntamm C is synthe- 
sized m nature is unknown, but gljcuronic and 
galacturonic acids are likely possibihties There is 
good evidence that glucose is a precursor It is 
synthesized by germmatmg seeds and m the 
growmg sprouts and tips of plants which contam 
It m relativ'ely high concentrabon, whaeas it is 
absent, or nearly so, from dried seeds and the less 
actively growmg plant tissues Ascorbic aad is 
formed by the chick embr^n and apparently by 
the adult fowl, the rat, mouse and dog, but not by 
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the guinea pig, the monkey or man The par- 
ticular tissue responsible for the process is un- 
known, it is not dependent, entirely at any rate, 
upon the adrenals since adrenalcctomized rats 
and dogs can be maintained upon a diet free from 
vatamin C This \ntamin is now' sj'nthcsized on a 
commercial scale from glucose, sorbitol being an 
intermediate product 

The ejects of vitamin C deficiency 

Scurvv {scorbutus') In man, the earliest sign of 
\ilamin C dcficicncj is keratosis and enlargement 
of the hair-follidcs V little later increased %as- 
cuhntj of the follicles is seen and minute hemor- 
rhages occur into them These changes become 
evident as an eruption of small red papules The 
essential pathological change m scurvy is w caken- 
ing of the pcncapillarj sheath (p 310) or possibly 
of the intercellular cement of the capillary wall 
Itself ® The abnormal fragility of the capillarj' w alls 
leads to hemorrhage from various structures, c g , 
the gums and the mucous membranes of the 
mouth and gastro-intcstinal tract, skin, subcu- 
taneous tissues, muscles and subpenosteal tissues 
Redness, swelling, ulceration and, in sc\crc eases, 
gangrene of the gums result Some of the main 
features of the condition arc anemia, small cu- 
taneous hemorrhages (pctechnc), pains in the 
bones and tender swellings, due to subperiosteal or 
muscular hemorrhages, separation of tlic epiph- 
yses, cspcaall> m joung diildren, great weak- 
ness and emaciation X-ray examination of the 
scorbutic bone shows a white line running down 
the outside of the shaft near its ends (scorbutic 
white line) which is not seen in normal bone In 
gumca pigs, the clotting time of the blood is pro- 
longed and the platelets and red cells arc reduced 
There IS a progressive reduction in tlic ascorbic 
acid content of the adrenal cortex in guinea pigs 
upon a scorbutic diet, the addition of orange juice 
to the diet restores the normal content 

In the past, scurx'y as an adult disease occurred 
most frequently upon sea vojages, since fresh 
food for perhaps months at a time was lacking 
from the diet For a similar reason it occurred 
during military campaigns and exploration par- 
ties, or in the general population in times of 
famine During w orld w ar I it made its appearance 
among members of expeditions in the East, and 
among civilians in some of the warring nations 

* The CTpilhiA resistance test is desenbed on page 
122 


It may also develop m artifiaally fed infants 
{Barlow’s disease) According to Drummond the 
vitamin C content of the diet of adults is fre- 
quently, even at ordinary times, only a little 
above the level at which scurvy appears Such 
grades of vitamin C defiaency may, however, be 
the cause of anemia, adequate supplies of the 
vitamin being required apparently for the normal 
functioning of erj'thropoietic tissue Other mani- 
festations of \ntamin C deficiency short of scurvy 
are, loss of appetite, increased susceptibility to in- 
fection, edema of the gums, loss of weight and 
muscular weakness, and dunmished capacity to 
metabolize tyrosine and phenylalanme 

One of the earliest records of the cure of scurx'y 
by the administration of a substance rich in vita- 
min C is that describing an episode of Jacques 
Cartier’s second \ojagc to Canada (1535) A 
number of the explorer’s men had died from scun'>’ 
and most of those remaining were dangerously 
ill These were cured bj a drink prepared by a 
friendly Indian from the leaves and bark of an 
evergreen tree (probably the spruce) 

About the middle of the eighteenth centurj' 
(1747) Lind, a British naval surgeon, earned out 
an interesting and cntircl> admirable clinical re- 
search, the results of which showed conclusively 
the antiscorbutic value of oranges and lemons 

Lind, as he saj'S, "took 12 men m the scurvy on 
board the ‘Salisbur>’ at sea Their cases were as simi- 
lar as I could have them The> all had putnd gums, 
the spots and the lassitude with weakness of their 
knees ’’ He grouped them into six pairs To one pair 
he gave daiK a quart of cider, to another pair elixir 
vitnol, to the third pair vinegar and to the fourth sea 
water and an clcctuarj' composed of garlic, mustard 
seed, balsam of Peru and m>rrh, together with acidu- 
lated barley water as a drink The 6fth pair each had a 
lemon and two oranges dail> “The consequence was,’’ 
he records "that the most sudden and visible good 
were perceived from the use of the oranges and lemons, 
one of those which had taken them being at the end of 
six di}^ fit for duty the other was the best re- 
covered of any m his condition and was appointed 
nurse to the rest of the sick ’’ He also noted some good 
effect from the ader but none from the other articles 
Lind recommended that concentrated lemon juice be 
rationed to the navy The admiralty did not follow this 
advice until 1795, after which the sobriquet “Lime 
juicer’’ was given by other nations to the British sailor 

The experimental investigation of scurv^y may 
be taken to date from the work of the Danish 
saentists Holst and Frohlich (1907 to 1912) who 
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found that the condiUon de\ eloped m guinea pigs 
kept upon a diet completely lacking in green 
vegetables, e.g , one constituted solel> of cereals 
It IS possible to induce scuivj onlj m those speaes 
which are mcapable of sjTithesizing the %ntainin, 
nainel> , m the primates and the gumea-pig 

The vitamin C requirement Hams and his col- 
leagues ha\e deiTsed a method for determining 
the Mtamin C reqmrement based upon the unnary 
excretion of ascorbic aad after a known amount 
has been gi% en by mouth Vitamm C is a thresh- 
old substance, i e , it is reabsorbed bj the renal 
tubules and does not appear m the unne if its 
concentration m the blood falls below a certam 
le\d, sshich depends m turn upon the require- 
ment or degree of “saturation” of the tissues If 
the subject’s tissues are “saturated” with nta- 
mm C a large part of the administered dose can 
be recovered from the unne, if the tissues are 
“unsaturated” more is retamed, the proportion 
varvmg with the degree of unsaturation The 
vntamm C content of the unne is determmed by 
titration with 2 6,dichlorphenohndophenol The 
daflv requirement of vitamm C for the adult is 
around 75 mg but it vanes considerablv Infec- 
tions, rheumatic fever and certam other condi- 
tions tend to deplete the vitamm stores and 
therefore maease the amount which must be 
provided m the diet Infants require much more 
m relation to their bod> weight than do adults 
The vitamm stores with which the babj comes 
mto the world are depleted withm the first few 
dava and, espeaallj if fed upon cow’s milk, it 
should receive extra suppbes m the form of orange 
or tomato jmce. 

I itamin P (permeabihty vitamm) Szent- 
GvBrgji and his assoaates obtamed a crvatalhne 
substance from lemon jmee and Hungarian red 
peppers which thev claimed controlled vascular 
permeabiht> This material, which thej called 

atnn or vitamm P, was found later to consist 
of two vegetable djes (flavanones), hespcndin and 
cnodidyol ihtcoside (demethvlated hespendm) 
Thev stated that certam hemorrhagic diseases 


theU S NaUonal Resean 
Connol Techmcal Conunission on NntnUon (1943 
unneassanlj generous More rect 
^anons indicate that 30 mg is more nearh co 
ImJe as 10 mg has been found to provn 
protecUon agamst defimte scorbutic manifestations 


assoaated with mcreased permeabflitj or fragflity 
of the capillary wall were cured by atnn, by lemon 
juice or by extracts of red pepper but not by 
ascorbic aad They also found that the sur- 
vival time of guinea-pigs upon a scurvy -produang 
diet was prolonged by vitamm P and that the 
hemorrhages were less pronounced m those that 
had receiv ed it than m control animals upon the 
scorbutic diet alone. It was therefore postulated 
that scurv'y was due to a defiaency of both nta- 
min C and so-called vutamm P After sev oral con- 
flictmg reports concemmg the latter, its exist- 
ence appears to have been finally established 
Results sunilar m nature to those just mentioned 
have been reported by Scarborough Benefit fol- 
lowed the administration of “vitamm” P m cases 
of subcutaneous hemorrhages which failed to re- 
spond to vutamm C It has not been established, 
however, that “vitamm” P is an essential dietarv 
constituent and, therefore, should not be classified 
with the vntamms Other substances such as ruhn 
(quercetm-3 rhamnoglucoside) hav e a similar 
efi'ect upon the capillanes Griffiths and his asso- 
ciates found that this latter flavonoid prevented 
the mcrease m capillary’ fragility caused by the 
mtrapentoneal admmistration of radon omtment 
m rats and m stimulatmg the reparativ e processes 
followmg x-ray bums Clark and his assoaates m 
experiments with gumea pigs hav e also shown that 
rutm gives a high degree of protection against 
Roentgen irradiation suffiaently mtense to cause 
widespread subcutaneous hemorrhages, whereas 
vntamm C is meSective. The mortality m the 
treated animals was about half of that of the 
controls The distribution m food stuffs of so-called 
vatamm P is closely sunilar to that of vitamm C 
Lemon and orange pieels arc especially nch sources, 
but the vntamm is absent from milk, liv er, kidney 
and other animal foods It is m higher concentra- 
tion m the peel of atrus fruits than m the juice or 
pulp The physiologically’ active pnnaple of this 
substance is beheved to be hespcndin chalcone Its 
formula is 
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OH 

Hespendm chalcone 
R is a sugar group 


OH 

^OCHj 



Chapter 55 

THE VITAMINS {Contimied) 


Vitamin D (ANTiRACHinc) 

Properttes Vitanim D is soluble in fats, oils, ether 
and alcohol but insoluble in water It is very stable 
to heat and to oxidation It shows an absorption band 
between 260 and 270 in;i (maximum at 265) The anti- 
rachitic vitamin belongs to the class of substances 
known as sterols or solid alcohols Among these are 
cholesterol (CjvHitO) of animal tissues, phytosterol of 
plants, and ergosterol found mainly m fungi (yeast, 
mushrooms, ergot, etc) Ergosterol was first obtamed 
from mushrooms m 1811 


The following is the structural formula for 
ergosterol 


H,C 


H 

19 I 

CH, C- 


CH, 


ai 


-CH 


HjC 


I 20'' 

HjCn 

isCHj I C 
CH 


, D 
1 14 IB 

CH 


H,C C sC 


CH, 


“CH 

II 

“CH 

I 

“CH 


P A B II 

HO— CH eC ^CH 

1 


®\4/ \6/ 

n/' \i8 

CH, CH 

CH, CH, 


Ergosterol (Cj 8 H 4 ,OH) 


ULTRAVIOLET IRRADIATION AND VITAMIN D 

The search for the antirachitic -vitamm makes 
one of the most mterestmg stories of modem bi- 
ological saence As early as 1822, Trousseau recom- 
mended cod hver oil for the treatment of rickets 
and m 1890 Palm suggested that sunhght possessed 
an antirachitic action In 1919, Huldchmsky suc- 
cessfully employed the ultraviolet rays from a 
mercury vapor lamp for the cure of nckets Hess 
and Unger demonstrated m 1921 the antirachitic 
effect of sunhght By this time Mellanby had pub- 
lished his results provmg the antirachitic value of 
cod-hver off, egg yolk and butter (see p 766) ^ It 
was not long before mtensive research by several 
workers furnished the information necessary to link 
together the antirachitic effects of these and other 
articles of diet with those of radiant energy First 
it was found that when rats on a vitamm D defi- 


’ Bland-Sutton used cod-hver oil with success m 
preventing nckets m hon nibs at the London Zoo a 
number of years earher 


aent diet were placed m glass jars which had been 
irradiated by a mercury vapor lamp they thnved 
as well as if they had been directly irradiated 
(Hume and Smith) The benefiaal effect, as it 
turned out later, was due to the animals havmg 
eaten the irradiated sawdust m the jars It was 
also discovered (Goldblatt and Soames) that the 
hvers of rats which had received no vitamm D m 
their diet but had been irradiated with ultraviolet 
light acquired antirachitic properties similar to 
those of cod-hver oil The hvers of nonirradiated 
rats were qmte meffective Shortly after this Steen- 
bock and Black and Hess and Wemstock, mde- 
pendently, showed that certam fat-containmg foods 
which possessed no power to cure rickets acquired 
this power upon artificial irradiation It was then 
discovered by these two groups of observers and 
at the same time by Rosenheim and Webster that 
cholesterol of anunal tissues (skin, bram, etc ) and 
sterols of vegetable foods gamed antirachitic prop- 
erties upon irradiation Cholesterol, even after 
careful purification, and though quite mactive if 
untreated, became powerfully antmachitic upon 
irradiation It was thought at first that the anti- 
rachitic property which cholesterol acquired upon 
irradiation with ultra-violet hght was due to con- 
tammation with mmute amounts of ergosterol 
But it was shown later by Waddell and others 
that, though irradiated cholesterol was not anti- 
rachitic, a sterol m the skm closely associated with 
it, namely 7-dehydrocholesterol, was responsible, 
when irradiated, for the antirachitic action 

Ergosterol and 7-dehydrocholesterol are, there- 
fore, the precursors of two vitamms D and are 
termed promlamtns The vitamm resulting from 
the irradiation of ergosterol is called vitamm D,, 
and that denved from 7-dehydrocholesterol is 
known as vitamm D* There are a number of pro- 
vitamms D which upon irradiation are converted 
to the correspondmg mtamms, but only the two 
mentioned (D, and Dj) are of medical unportance 
or mterest. There is no vitamm Di 

Ergosterol, obtamed from yeast, when irradiated 
yields a group of substances — lumtsterol, tachys- 
terol^ calciferol Durmg irradiation these products 
appear in the order given, but their proportions m 

> Dihydrotachysterol is prepared through reduction 
by sodium and alcohol from an ester of tachysterol. 
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the mixture at anj moment depend upon the m- 
tensity and duraUon of the irradiation. Calciferol 
IS not the end result, but at a certam stage the 
amount of calciferol formed is at a maximum 
be>ond which it undergoes decomposiUon, toxi- 
sitTol and suprasterol are produced The first of 
these products of o\ er-irradiation is highl> toxic, 
havmg a \en pronounced effect upon calaum 
metabolism Calciferol (or vwsterol), which has the 
greatest antirachitic effect and comparativel> httle 
tome action, is regarded as the pure \ntamm Dj, 
it can be isolated m crj-stalhne form from the other 
products A daily dose of 0 0001 mg of uradiated 
ergosterol is antirachitic for the rat, non-uradiated 
ergosterol is quite mactne. 0 025 micrograms 
(0 025 y) of calciferol daily will present the de- 
\elopment of ncLets m a rat receinng a ncLets- 
produemg diet The photochemical change m- 


Dust, smoke or water vapor m the atmosphere 
bemg opaque to the shorter waves markedly re- 
duce the antirachibc effect of sunshme Ordmary 
•wmdow glass filters out all rays shorter than 
320 m/i Certam specially prepared tjqies of glass 
are transparent to a proportion of the effective 
rays but sunshine transmitted through ordmary 
gla<tg possesses no antirachibc acbon 
The anbrachibc ra>’s are mcapable of penetrat- 
mg the strn to any considerable extent be^ ond a 
depth of about half a millimeter or so About 80 
per cent of the ra> s with wave lengths between 250 
and 300 m/i are absorbed or reflected from the 
corneous Ia>er, the remamder are absorbed by the 
Malpighian layer and the conum The blood m 
the capDlanes of the conum acts as an effecbve 
filter, none of the ultraviolet rays penetrabng 
beyond 
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Fio 55 1 Scheme of wave lengths of spectrum, showing the range of those possessmg antirachitic properties 
Figures refer to millimicrons The halch^ area mdicates the ultraviolet part of the spectrum. (Redrawn and 
modified from Blunt and Cowan.) 


1 oh ed m the acbvation of ergosterol is simply one 
of intramolecular rearrangement, nomrradiated 
ergosterol bemg isomenc with calciferoL 

The ultraviolet raj's effectne m acbvabng the 
provitamins are those which thej absorb, namelj , 
those with wate lengths between 250 and 313 m^. 
The maximum effect occurs at a wave length of 
281 mfi. Raj'S having wave lengths wi thin this 
range falling upon the bodj surface are also effec- 
ts e m the preienbon or cure of rickets The 
antirachibc acbon common to irradiated foods and 
to duect irradiabon of the body surface thus 
recenes an essenballj simple explanabon. 

The shortest raj's from the sun which reach 
most locahbes of the earth ha\ e a wave length of 
about 290 mp, whereas those from artificial sources 
such as the carbon arc and mercury vajior lamp 
are around 220 and 180, respectively (fig 55 1) 


and IS referrrf to bneflj as AT 10 (antitetanj com 
TOund \o 10) It IS used therapeuticallj to raise th 
blo^ calaum m tetanj It has a relaUtely low anU 
rachitic acuoD, and its tonatj is higher than that o 
^'luLTnin u 


A veij mteresting ohservabon made b\ Hou upon 
birds maj be mentioned in this connection He found 
that the preen gland (glandula uropjgiahs) serves an 
antirachibc funebon This gland, which is situated in 
the r^on of the tail feathers, secretes an oilj substance. 
During preening the secrehon is distributed o\ er the 
bodj feathers where it is acbvated b> the raj's of the 
sun The irradiated material is either absorbed through 
the skin or obtamed from the ingesbon of feather 
parbdes m subsequent preening operabons Rickets is 
said to follow eibrpabon of the gland and is not cured 
bj irradiabon of the general bodj surface Fur bearing 
animals probably obtam supphes of vitamin D in a 
similar manner, though the oilj material is secreted 
not by a smgle structure but bj glands distnbuted 
diffusely throughout the skm The material which 
erodes becomes spread over the hairs and after irradia- 
bon either enters the bodj agam through the skm or is 
acquired through hekmg the fur 

Calciferol, or vitamm Dj as it is now called, and 
activated 7-dehjdrocholesterol or vitamm Ds are 
the two antirachitic \ntamms of medical mterest 
There is no Di, the ongmal vitamm produced 
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by irradiation being a mixture of calciferol and 
lumisterol The vitamm D of cod liver oil is mainly 
Dj, whereas, in tuna hver oil vitamm Dj pre- 
dommates The antirachitic potency of these two 
vitamins is not the same for all speaes Vitamm 
D* IS more potent (35 times) and Dj for chicks, 
whereas Dj is more effective m the rat, that is, a 
quantity of Dj per gram of body weight which is 
adequate to prevent or cure nckets m the rat, is 
quite madequate for the chick In infants there 
appears to be little difference between the actions 
of the two vitamms The vitamm D produced by 
irradiation of the skin or of milk is 7-dehj'dro- 
cholesterol, that produced by the irradiation of 
yeast and which m oily solution has been marketed 
under vanous trade names (e g , viosterol) is ir- 
radiated ergosterol (of yeast), le, calciferol or 
vitamm Ds Cov^ fed upon irradiated yeast simply 
transfer the vitamm to the milk which therefore 
ov es its antirachitic properties to a vitamm differ- 
ent from that m irradiated milk. 

The formulae for calciferol and activated 7-de- 
hydrocholesterol are shown below The formula for 
calciferol differs from that of ergosterol m the 
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breakmg of the rmg between carbon atoms 9 and 
10, m havmg four double bonds instead of three 
and a CH, mstead of a CH, group attached to the 
carbon at CHio, i e , at Ci, Activated 7-dehydro- 
cholesterol has only three double bonds, lackmg the 
one between Cm and C 23 

MAIN FOOD SOURCES OF VITAMIN D 

Hahbut-hver oil is one of the richest natural 
sources of vitamm D Cod-hver oil and the hver 
oils of bony fishes generally are other nch sources 
Cod-liver oil, however, contams only 100 mter- 
national umts (p 774) of vitamm D per gram as 
compared with 1200 units per gram m hahbut hver 
oil Of all fish oils that from the hver of the bluefin 
tuna contams the greatest amount of vitamm D 
(up to 40,000 mtemational units per gram) The 
hver oils of cartilagmous fishes are relatively poor 
m the antirachitic vitamm Mammalian liver which 
is rich m vitamm A is poorly supphed with vitamm 
D The cod and other larger fish receive their sup- 
plies of vitamm D, in part at least, from the bodies 
of the smaller fish upon which they feed These m 
turn acquire it m a way similar to that m which 
they obtam vitamm A, 1 e , from small plant- 
eatmg anunal forms (zooplankton, p 745) which 
are capable of synthesizing the vitamm Bills con- 
cludes that the cod can also synthesize the vitamm 
He does not believe it possible that the large 
stores of vitamm D m the liver of the cod can be 
derived solely from the food But that it is pro- 
duced by the transformation of the provitamm m 
the fish’s skm by radiant energy seems to be out 
of the question, the cod bemg a deep-sea fish It is 
possible that the tissues of fish contam an enzyme 
system capable of convertmg a provitamm to 
vitamm D Another hypothesis which has been 
proposed is that the ultraviolet radiations (190 to 
250 m/i) which some beheve are generated by 
metabohc processes m growmg cells — the so-called 
mitogenetic or Gurwitsch rays — activate the pro- 
vitamm 

Other animal sources of vitamm D are egg yolk, 
butter, cream and milk The antirachitic potency 
of these dairy products is, as a rule, quite low and 
depends upon the vitamm D content of the diet 
and upon the extent to which the animal has been 
exposed to sunshme Thus, summer butter is hkely 
to have a higher antirachitic potency than butter 
produced m wmter Pasteurization does not lower 
the antirachitic property of milk The egg yolk of 
irradiated hens or of hens receivmg irradiated 
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srgosterol bas a bigb vitamm D poteacv. Sjn^ 
tjnaaUties of vrtaum D are preseat n b«f fat 
bat Eot n laro- 

Vegeiable foods are, as a rale, verj poor soarce 
of tTi g vitamin. It is absent from tnost I'Ketafa e 
ols (cottonseed, or msiae o3) aniess these hait 
been aitincallv irradiated. Green i egetab^es a^id 
fraits contain cs’gnincaEt amonnts Yeast has a 
B content of ergosterol ana --hea ir*adtated 
acQair^ a h vh cegree Oi antnacniPc potencv Yhe 

in3h of crrvs fed apon n-acuated veast or milh a.ter 

direct uradiaPon is also po"^TaIIv antiraciatic. 

An onimarv nmed diet is nsaally poo'er in 
v'tainin D ttipn m any otner ntamin, for this 
reason tne diet o' \ oang cnddren shonld be reni- 
fometi bv th vitamin m some concentrated fomi. 
Adalts p-obabh recen e all tne vitamin D retailed 
m a -TH-balanced cnet. 

THE t-onn or action or vixAirrs's d 

Mtamms D eierl ther enect on calcmin and 
phosphonis rteLabol^, bat the exact details of 
th.i actica have not been iili> elncdated It co-^ 
seem: certain, ho-^eier, that ntamm D ladLtates 
the abicrptica o, calcum from the intestine. ^ 
negative calatm balance becomes portis e under 
Its mnucnoe The-e t les certainty about the 
eSect upon tne abso'ptxon o phosphoras, though 
It can be sa-d that the eicreCon of this element is 
reouceo bv the admimstrauoa of intamm D 
Xei-ertheless, it appears that the prmcpal action 
o, the vitamm t p-obabl^ the promobon of 
calanm and phospbo-us depoatioa m the bones 
Experiments -mth dop gnen radioactive phos- 
phoms suppo-t th.s condus’on Momoier, while 
the Wood phospno-iis can be elevated by mjections 
01 giicerophosphate, ana the blood calanm m- 
creased bv dih>-drotachiiterol (AT 10), httle or 
no eSecl upon the course of nckets is obsen ed. 

THE ESxZCIS or XTTAllE- D DmOESCr 

\ itamm D is indispensable to the nomoal calcsfi- 
capon of bone. Its absence from the diet e fol- 
io-^ by the development of rckets m infants or 
01 osteomalacia m adults 

Jr ar'i’e nereis (rcchJtx) 

The fundamental feature of this disease e a 
djturbance of calcmn-phosphoras metabolism 
rath consequent defectne osaficapon and the 
development of x-amous defomupes, e.g, krock 
kr'a, bnze Ugs, erlarxem:rJ cf Ike epiphyses. 


sp-rd cjT-dJTt, {sat'ji-is), r-dtcwdior cf Ik^ 
dies’, ccT'rccUd pel-^s, scf depresrhk areas ir tkji 
ponc’d ierr^, {prar o-id<s') and the development 
of hoists cr If-e Irr-pord teres (see fig 55.2) The 
natural cun-atures of the long bones tend to be- 
come exaggerated. The enlargcrrents of the costo- 
sternal junepons — "beading o* the ribs’ — causes a 
senes oi small sweDings on e the- s dc of the thomi 
which IS re.e-ed to as the “rerr ' c remo” Denp- 
Pon E usuallx dela ed S-catmg o: the scalp is 
cximmon 

Changes Bont: SirrcmiE 

The bones art rtlaPveK sop ard pLab'e. D'^eP~e 
eda’icc: cf peerri b-re eri c-y’-cr- 

irep'seft''’ e^'^ '•."e— r are the esstn ual palbo- 

los-nl cosszes A section o' th; ep phi-^l junction 
o' a r.-rr-J gnrvmg bone sho-vs the foEowirg zones 
in o-der f-om the free cacs o' the bone toward the 
shafp 

(a) A Pxer o' resting ryj re orr'Trg' 

(b) A laxT- o' }rcl ’cTiJ rp ccr’ in "^hneh the cells 

are a—anged in -egula' co'umns pamFelmg the 
long amE o the bo*e. 

(c) A zone o' p~e’^ci-r cdn’icd w The cells are 

sin armnged in co’umas b- deposiPon o 
cilcrun: phorahate has occu—ed m the su*- 
•nmamg cartLagmous riatni. 

(d) A zone o' nen-f, f'rr-d hwy ‘rcleeds ' — the 

spongosa— p-odteed throngh the in -asioa o' 
the fo-eging zone b\ os eoblas j denx-ed from 
the peno«'rain. ilar-ow insue eUs m the 
spaces betr-een the trabectiie. 

In a reck ^ b~re the P\vr o' p-oMe-ating cartilage 
IS geaji enlarged, bemg somtames ten tunes its 
nomal depi and the cells no longer sho"^ thei- -eg^hir 
enhannar arangemtaP Th.s Ia\t-, instead of berg 
sharpK demarcated from the zone o' p-eparato-x 
calofcation, sends finger like cellular p-o'o”gations into 
the latter whicn is almos* 'rec from mmtral deposP 
The trabKuIae are maLomntd and have Io«t their 
regalanp of pattern. The" arc compo'ed o' C 3 .e"ij 
Itssj' ne., a tissue x-erx poo- in o~ devo d o' calanm 
and phe^phoms The ccrtci o' the bone also max be 
purPaH replaced bv o^eo d Lssue the extent to wEch 
this (xxnrs vaixmg "nth the seventx o' the disease. 

Op X-rax eiammaPoa, the osseous abuormali- 
Pes m a weH-dex eloped case of nckets are dearlx 
exudeaP The entire shadow cast by the bone e 
less dense than nomallx and the ends of the bone 
axe not sharplx defined but haxe a “woollx” or 

moth-eaten ’ apjoeatance (fig 553) The arpcular 
ends also frequentlx show a coueaxe (cupped) 
rather than a convex or straight contour ThE 
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appearance is due to the lack, or irregular dis- 
tnbution, of mmeral in the zone of preparatory 
calcification The latter normally presents a clearly 
defined almost straight band next to the unmm- 
erahzed layer of prohferatmg cartilage 
Chemical analysis of the bones reveals a low 
mmeral (Ca and P) content and a relative mcrease 
m organic matter and water The ratio of ash to 
organic matter m normal, dry, fat-free bone is 3 
to 2 whereas m rachitic bone it may be 1 to 2 or 
even 1 to 3 The normal Ca P ratio remams im- 
altered (see also p 767) 

The inorganic phosphorus of the blood m nckets 
is low'er than normal, i e , below 3 0 mg per 100 cc 
(it may be as low as 1 0 mg ) This is an early 
sign The serum calaum is usually normal imless 



Fig 55 2 Child aged 5 years with leg deformity 
caused by nckets (After E Mellanby ) 

the condition is complicated by tetany (p 849) 
The plasma phosphatase is elevated several fold 
(Kay) above the normal value In well-marked 
nckets the inteshnal contents tend to become less 
aad in reaction, the stools, which normally are 
shghtly acid, neutral or shghtly alkalme become 
definitely alkaline Mmeral retention is reduced 
m the disease, i e , the calaum and phosphorus 
balances (p 862) show smaller positive values than 
the normal, or are negative 

The Relation of Certain Factors to the 
Occurrence of Rickets 

(1) Diet Vitamm D defiaency is the prime cause of 
human nckets, yet a very low mtake of calaum or of 
phosphorus mcreases the susceptibihty to the condition 


The disease does not develop upon a mmimal mmeral 
mtake provided that the vitamm D supply is abundant, 
nor will a diet high m the bone-formmg mmerals prevent 
the onset of nckets or arrest its course if vitamm D 
defiaency exists Rickets, for example, may develop m 
an infant receivmg cow’s milk as its sole diet or even 
when nursed at the breast if the mother’s milk is lack- 
mg m the antirachitic vitamm 

A diet with a high propwrtion of cereal foods mcreases 
the susceptibihty to nckets (see p 767) 

(2) Agejind rate of growth Rickets is a disease of the 
first two years of life, though the conditions known as 
late rickets and osteomalacia, which are essentially of 
the same nature, occur m later years (p 768) The 



_Fig 55 3 Left hand photograph, nckety bone, tibia 
of child l-j^ years of age Right, same bone after the 
duld had received daily doses of cod-hver od for a 
penod of 14 days (After H A. Hams ) 

disease may commence a few weeks after buth The 
penod durmg which it most frequently makes its ap- 
pearance, how ever, is from the 3rd to the 10th month 
It rarely commences after the second year, nor does it 
usually progress beyond this time, spontaneous healmg 
taking place m the majonty of cases around the 18th 
month In some occasional instances the disease api- 
pears to commence m mtra-uterme Mt— fetal rickets 
Premature infants are highly susceptible to nckets The 
jjossible reason for this is that since the fetus accumu- 
lates over 80 pier cent of its calaum stores m the last 
3 months of mtra-uterme hfe those of the infant bom 
before term are incomplete Rapidly growing, over- 
weight and apparently robust infants are more suscepti- 
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ble than others Indeed Ghsson (1660) to whom we owe 
the best classical description o5 the disease ascribed it 
primarily to over nutrition It was noted by Hess and 
his associates that rats m which growth was stimulated 
by a more abundant diet required a greater amount of 
irradiaUon to protect them against the disease than 
others upon the ordinary standard diet McCollum 
and associates also found that bealmg was mduced in 
rachitic rats by a 5-day period of starvation Cretins, 
unless stimulated to normal growth by thyroid adnun 
istrabon do not, it is said, become rachitic. The growth 
impulse, therefore, appears to be essential to the devel- 
opment of rickets 

(3) Climate and season In the days before the use of 
antirachitic measures had become so general, the ma- 
dence of nckets was high m the large aties of northern 
latitudes and for the following reasons. 


unknown Also m temperate chmates it is usual for 
rickets to become arrested dunng the summer months. 
A seasonal fluctuation in the blood inorganic phosphorus 
(low m winter and high in summer) has been found m 
mfants hving m temperate zones and appears to be a 
general phenomenon which again pomts to the chmatic 
influence upon the susceptibihty to nckets Sunhght 
exerts its antirachitic effect not only through direct 
sunshme, but also by reflection from the sky (“sky 
shine”) and from water, light-colored buildings, etc 
Animals placed out of direct sunhght but exposed to a 
clear bnght sky are protected from nckets (c) The 
atmosphere of large cities as a result of its content of 
smoke, dust and water vapor (humidity) is more opaque 
to the ultraviolet rays, and high buildings shade the 
streets from sunshme and sky-shme (d) Children in 
temperate chmates hve a greater part of their time 



Fig 55 4 Maximum daily altitude of the sun throughout the year at the latitude of Toronto (From Tisdall and 

Brown ) 


(a) There are fewer hours of sunshine aimually than 
in southern locahues (b) The sunshme is less mtense, 
and the proportion of the shorter ultraviolet rays (300 
to 290 mu) IS smaller than in southern climates. These 
two factors depend upon the sun’s altitude — the nearer 
the sun is to the horizon the greater is the depth of the 
atmosphere mtervenmg between it and the earth to act 
as a filter Rickets is therefore more prevalent dunng 
the wmter months when the sun reaches its lowest alti 
tude, when this is below 35° the antirachiUc effect of 
sunhght IS almost neghgible, smce few rays shorter thnn 
300 mp reach the earth. In London and Glasgow, which 
have been noted for their very high madence of nckets 
the sun s altitude is less than 35° for 5 and 6 months of 
the year, respectively, whereas in such aties as Balti- 
more and Toronto which have shown a relaUvely low 
madence of the disease, the altitude of the sun is less 
than 35° for only 3 and 4 months, respectively (fig 
30 d) In Jamaica and other southern locahties the sun’s 
alUtude IS never less than 50° and nckets is almost 


mdoors durmg the winter months and expose less of 
their bodies when out of doors Ordinary window glass, 
it wall be recalled, is opaque to rays shorter than 320 
m/I Negro children hvmg m temperate climates are 
especially susceptible to nckets because the skin pig- 
ment, which m their natural environment is a protec- 
tion agamst excessive ultraviolet irradiation, further 
reduces the antirachitic effect of solar irradiation in 
northern latitudes 

Experimental rickets and the discovery of the anti- 
rachitic properties of cod-hvcr oil 

Mellanby produced nckets m puppies by placing 
them upon a diet of white bread and skim milk, 
1 e , one deficient m the only fat-soluble vitamin 
knowra at the time, namely, vitamm A (fig 55.5) 
The diet mcluded adequate amounts of vitamms 
B and C He then showed that animals on such 
a diet, but receivmg m addition cod-hver oil or 
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butter (which were then known to be nch sources 
of vitamin A), developed normally Lmseed or 
ohve oil was not protective From these experi- 
ments the antirachitic property of cod-hver ofl 
was definitely established Mellanby concluded 
that vitamm A, or a factor associated with it, was 
the antirachitic factor Experiments by others in- 
volvmg the mvestigation of the growth-promoting 
and antixerophthalmic properties of vitamm A 
aroused the suspiaon that a second vitamm was 
present m cod-hver oil, butter, fat, etc , and that 
it, and not vitamm A, was the antirachitic factor 
It was found for mstance that rats on a diet con- 
tammg 1 per cent of cod-hver ofl thnved better 
than those on one with 20 per cent butter-fat A 
much smaller quantity of butter-fat than this 



Fig 55 5 a nckcl> dog The animal uas brought 
up on a diet dcfiaent in the anti-rachiUc vitamin D 
(After E Mellanby ) 

contains sufficient vitamin A for the prevention of 
xerophthalmia A factor distmct from vitamm A, 
therefore, appeared to be lacking m butter It was 
also observ'ed that children receivmg large quanti- 
ties of milk (nch in vitamm A) sometimes devel- 
oped nckets McCollum and his associates fur- 
nished the final proof of the existence of two 
vitamins in cod-liver oil by subjectmg this matenal 
to oxidation for from 12 to 20 hours Oil so treated 
had no antLxerophthalmic power (i e , no vitamin 
A) but was powerfully antirachitic He proposed 
that this factor w’hich was left undestroy'cd by 
oxidation should be called vitamm D As confirma- 
tory^ evidence of a separate antirachitic factor it 
was pomted out that cocoanut oil though con- 
tainmg no \ itamm A furnished a certam protection 
agamst nckets Moreover, it was shown bj others 


that ultraviolet irradiation had no antixeroph- 
thalmic action 

Ca P Ratios in the Experhientai- Propuction 
OF Rickets 

The expemnental animal usually employed for re- 
search m nckets is the young rat (20-30 daja) which 
unlike infants and puppies, does not, as a rule, develop 
nckets when depnved of vitamin D and sunhght (but 
some loss of bone salt may occur), if the diet is otherwise 
normal If the vitamin D-free diet is also defiaent in 
caJaum or m phosphorus or the relative proportions of 
these are abnormal, nckets results Unbalanced propor- 
tions of the bone forming minerals in the diet are of 
much greater importance than their absolute amounts 
Thus a Ca P ratio which is too high or too low though 
the actual amount of P or of Ca respective!) is not 
reduced causes the disease, which can be arrested in 
turn by the admmistration of vitamin D or by ultra- 
violet irradiabon In puppies, and fowl, and apparently 
in the human subject, an improper balance of these 
minerals does not seem to be an important factor in 
the produebon of nckets Rickets is also produced in 
the rat by the addition of magnesium or strontium 
carbonate to the diet Beryllium carbonate, likewise, 
when added in small quantities to a normal stock diet 
produces bone lesions in this species sunilar to those of 
nckets This condition is uninfluenced, however, by 
vitamin D administration 

The Anticalcifying Effect of Cereals 

It had long been suspected that a high carbo- 
hydrate diet was conducive to the development of 
infantile rickets (p 764) Mellanby showed the 
aggravating efiect of cereals upon the development 
of canine rickets I\Tieat germ and oatmeal were 
found to be especially potent in this regard White 
flour, nee and other cereals had a less pronounced 
anticalcifying efiect There appears to be no rela- 
tionship between the rachitogenic action of these 
substances and their carbohydrate, protein or 
mineral contents The anticalcifying effect is 
neutralized by vitamin D or by irradiating the 
cereal itself The effect was also abolished by boil- 
mg the cereal with 1 per cent hydrochlonc acid 
until all the carbohydrate had been converted to 
sugar It is believed that j\IelJanb 3 ’’s results have 
an important beanng upon the development of 
human nckets 

Mellanbj concluded that the rachitogenic action of 
cereals was due to their containing a toxic factor for 
which the term toxamtn was suggested The removal of 
the toxic effect of the cereal bj boiling with HCl was 
thought to be due to the destruction of this hj-potheb 
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cal substance Tbe results of the later expenments of 
Bruce and Callow provided the basis for quite a differ- 
ent explanation The anUcalcifying effect is not due to a 
toxic substance but to the fact that the phosphorus in 
such a cereal as oatmeal is m an unavailable form, 
namely, mositolhexaphosphonc or phytic acid Phytic 
acid combmes with calcium and magnesium fonmng the 
complex compound phytin Boiling HCl hydrolyzes this 
compound, renders the phosphorus, calcium and mag- 
nesium available and so favors calciffcation Any free 
phytic acid present m cereals of the diet will combme 
with the essential bone minerals in the mtestine to form 
the non absorbable phytin and thereby render them 
unavailable in nutnUon Thus, phytic aad, m a sense, 

15 an antagonist of vitamm D (See also p 743 ) 

Lali rickets and osleomalacta 
Late or jicvende rickets is essentially the same as 
infantile rickets but occurs in older children — 4 to 

16 years It is a rare condition m western avili- 
zation but is seen m India and is then due to the 
same causes as those nhich are responsible for the 
occurrence of osteomalacia Osteomalacia is a fault 
of ossification of a nature fundamentally the same 
as that of infantile or late rickets but occurnng m 
adults, especially women Pathologically, it is 
simply adult nckets Nevertheless, the fact that it 
occurs after the period of growth and that puberty, 
pregnancy and lactation predispose powerfully to 
It give It certain features which distmguish it from 
the infantile or juvenile type The entire bone is 
softer than the ordmary nckety bone, its total 
mmeral content being greatly reduced The cal- 
aum shows a greater decrease than does the 
phosphorus, i e , the Ca P ratio is reduced The 
magnesium content is mcreased The blood calaum 
IS lowered and tetany m consequence is a frequent 
complication The calcium balance is negative, 
whereas the phosphorus balance is usually normal 

The softness and phability of the bones leads to 
deformity sometimes of extreme degree Pelvic 
abnormalities create senous hazards dur ing child- 
birth The disease is very rare m temperate dimates, 
though an outbreak occurred m Vienna following 
the first World War (hunger osteomalacia) 
Osteomalacia is common m India where the Mo- 
hammedan and high caste Hmdu women follow 
the custom of purdah which demands that they 
live secluded withm doors, they are thus depnved 
of the calafymg power of the sun’s rays The diet 
too IS poor m meat, milk and vitamm D, but rich 
m cereals The disease is also common m certam 
districts of Chma and is due to s imila r causes — a 
cereal diet combined with an mdoor life. Cod-hver 


oil or some other source of vitamm D is specific 
for the disease 

The Relation oe Vitamin D to Dental Disease 

M Mellanby, some years ago, earned out a senes of 
experiments m which the effect of vitamin D and other 
factors upon tooth structures were thoroughly mvesti 
gated Voung puppies were fed upon vitamin D deficient 
diets for penods extending over several months At the 
end of the experimental period the animals’ teeth were 
carefully exammed with regard to gross appearance and 
histological structure The following defects were ob- 
served 

(1) Delay in the eruption of the permanent teeth 

(2) Thickenmg of the bony tissue of the jaws and 

irregulanly m the arrangement of the teeth 

(3) Poorly calcified enamel which showed pittmg, 

grooving and pigmentation 

A diet of cereals — oatmeal, maize, white flour, rye or 
barley, especially the first of these, increased the sever- 
ity of the defects The anti-calcifj ing effect of cereals 
could be completely prevented by liberal allowances of 
cod hver oil or irradiated ergosterol Irradiation of the 
animals with the mercury vapor lamp exerted a less 
pronounced beneficial influence upon the tooth struc 
ture 

It was also shown that the teeth of the offsprmg were 
influenced by the diet of the mother during pregnancy 
Tbe deaduous teeth of puppies whose mothers during 
pregnancy and lactation had been fed diets deSaent 
m vitamm D erupted late and were poorly calcified 
The maternal mfluence was also seen m the permanent 
teeth, the latter bemg much less resistant to the ill 
effects of a defiaent diet after weamng, if the puppies 
had been bom of a mother which received a deficient 
diet during pregnancy and while she was suckling 
her pups 

Vitamm D was shown to have an important mfluence 
upon tooth repair in adult dogs It is not possible to 
induce dental defects in full grown dogs by dietary 
meails When, however, a dog’s tooth is filed at w 
tervals of a few days it reacts to the injury by the 
formation of so-called secondary dentine The amount 
and quantity of the new-formed dentine were found 
to be very favorably influenced by vitamin D adminis- 
tration, cereals were, on the other hand, detrimental 
In none of the experiments upon puppies or adult dogs 
was actual canes produced Yet, the effects upon tooth 
structure and rejiair resulting from vitamm D defi 
aency are undoubtedly pertinent to the question of 
the development of canes in man, since such defects 
would presumably prepare the way for bactenal m 
vasion 

Direct eviiience that the results of defiaent diets 
are apphcable to the question of human canes has been 
obtained by M Mellanby The mvestigations were 
earned out upon English school children (6-12 years) 
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The children were divided mto groups All received the 
same basal diet but the quantities of cereal and vitamm 
D were vaned m the different groups The teeth were 
examined and their state recorded at the be ginnin g of 
the experimental period and agam after the lapse of 
several months 

Taking the experimental results as a whole, the fac- 
tors mfluencing the development of caries, m so far as 
this IS the result of abnormahties of tooth structure, may 
be summarized as follows, (a) the level of vitamm D 
mtake or the degree of ultraviolet radiation (b) the 
proportion of cereal (anticalcifymg) and (c) the supply 
of calaum and phosphorus, though this factor would 
appear to be of secondary importance 

It should be mentioned that the results of other in- 
vestigations mto the acbon of vitamm D m preventing 
dental canes are not altogether m accord with those of 
the Mellanby expenments (see Toverud) Though 
opmion IS divided with respect to the value of vitamm 
D supplements m preventmg or arrestmg dental canes 
in mature teeth, it is generally agreed that the adminis- 
tration of the vitamin to young children favors the 
development ana maturation of normal tooth structure 
and, therefore, raises the resistance of the teeth to 
canes in later life 

Toxtc efects of vttamtn D, hyperotlamtnosts D Cal- 
ciferol (vitamm Dj), and to a somewhat less extent 
vitamm Dj, given m large doses causes rarefaction of 
bone, hj'percalcemia, mcreased excrebon of calaum and 
caldficabon of soft bssue In dogs, the symptoms, 
though longer m makmg their appearance, are iden- 
bcal with those caused by overdosage with parathy- 
roid extract The first signs of toxiaty are anorexia, 
muscular hjqiotoma, and extreme lassitude These 
effects are followed by great prostrabon, collapse and 
death Puppies given a single large dose become ill 
wi thin a few days, show emaaabon, refuse food, and 
die withm two or three weeks (Taylor tmd Weld, 
Hendncks and assoaates) Rats, rabbits, mice and 
fowl are relabvely immune to vitamm D overdosage 
Massive doses of the antirachibc vitamm — from 
300,000 to 1,000,000 mtemabonal umts — ^have been 
recommended m a number of condibons pulmonary 
tuberculosis, lupus, postoperabve tetany, psonasis and 
chrome arthnbs The adinmistrabon of such huge doses 
IS not, however, free from danger In adults, doses of 
over 150,000 mtemabonal units, and even smaller 
doses per kilo of body weight m children, may be fol- 
lowed by alarmmg symptoms There have been a 
number of reports of toxic effects similar to those seen 
m dogs Nausea, vonutmg, apathy, stupor, unpaired 
renal funebon, hypercalcerma and caloficabon of soft 
bssues, e g , blood vessels, stomach and lungs, have 
been described A few deaths have occurred 

Vitamin E (Anti-Sterility) 

MattiU and Conklm observed some years ago 
that rats reared upon a diet of whole milk were 


usually sterile Evans and Bishop observed a fail- 
ure of reproduction m rats (male or female) fed 
upon a diet consistmg of casern, starch and lard, 
and containmg butter fat or cod-hver oil as well as 
the other known vitamms and essential mmerals 
The addition to the diet of lettuce, wheat germ, or 
alfalfa corrected the defect It was therefore con- 
cluded that a hitherto unknown vitamm existed 
which was necessary for normal reproduction This 
was termed vitamm E 

Chemical properties and sources 

Vitamm E is soluble m fat and m the usual fat 
solvents As m the case of the other fat-soluble 
vitamms D and K and carotene, bile m the mtes- 
tme is necessary for its absorpbon Its chief sources 
are green vegetables, e g , lettuce, peas, alfalfa and 
the germ of vanous seeds Animal tissues contam 
httle of the vitamm Wheat germ oil has a very 
high vitamm E potency _md most of the ordmary 
vegetable bds contam it in_faiily large-amoimta 
Like " vitamms A and D it is contained m the un- 
s aponifiable. fraction of oils and f ats It is absent 
'from the ^ndos perm of wheat (white flour) 

Vitamm E activity is not confined to a smgle 
compoimd, but like vitamms A, D and K is mjulti- 
ple m nature, the different compounds with vita- 
mm E activity bemg known as tocopherols (tokos => 
childbi rth, ph^o = ^bear) Three physiologically 
active, crystalhne isomenc compounds — alpha, beta 
and gamma tocopherols — have been obtamed by 
Evans and his assoaates from vitamm E concen- 
trates of wheat germ oil a-Tocopherol, which alone 
is present m lettuce oil, has much the highest 
'potent of the three The tocoph erols ar£ asso- 
ciated m nature with antioxidabve ^agents, le. 
Substances which mhibit the oxidation and conse- 
quent ranadity of certam oils and fats This„anb- 
oxidabv e prop erty of substances rich m vitamin E 
does nqt _iun.pa raUel w ith their jyilamm acbvity 
and is not due to the same group m the tochopherol 
molecule^ Vitamms E are very susceptible to 
oadatipn and ultraviolel^inadiation, and rapidly 
lose their activity m the presence of fats and oils 
undergomg oxidabon, a fact_which is made use of 
m prepanng E defiaent diets, an oil or fat such_^as 
codrirver'OiTbr lard on the verge of rancidity being 
added m order to destroy the last trace of vitamm 
E activity From them antioxida tiye proper ties and ^_ 
the similanty of them absorption spectra it was 
suspected that tocopherols and hydroqumone were 
closely related chemically This suspicion was 
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substantuted by the identification of Femholtz of 
durohydroqumone among the de^posiUon prod- 
ucts of a tocopherol when subjected to heat 
a-tocopherol was later synthesized by Karrer and 
his colleagues, and by Smith, Ungnade and Prit- 
chard from tmnethylhydroqumone and phytjl- 
bromide. The following structural formula has been 
proposed for it by Femholtz 


prmapal abnormahty seen m Ae embryos of vita- 
5m’E defiSent rats 

-"The evidence strongly sugge sts that vita min_E 
IS irnplicated m some way with the metabolism.of 
the cell nucleus The effects foUowmg a dietary 
lack of this vitamm are seen most prormnently m 
actively growmg structures, i e , m cells under- 
gomg rapid proliferation and maturation It has, 
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Vitamin E. or-Tocopherol (CjbH,60i) 


The effect of vitamm E m enhancmg the action 
of vitainra A^has been mentioned _{p 746) 

Vitamm E is a derivative of chromane 
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Chromane 

Tlie effects of mtamtn E deficiency 

In m ale rat s on a vitamin^ defiamt diet the 
1^ of_fertihty is a progressive^ process In the 
earlier stages of the vitamm d^aency the sper- 
m^zoa lose their motility, later they fail to be 
produced Fmally the sjiermatogenic epithelium 
generates and the sex mstmct fails In females . 
estrus oc curs normally and when fertilization oc- 
curs the implantation of the ovum is not prevented 
but the embryos after developmg for a short tune 
die andjare resorbed The nature of the defect m 
OTbryologi^ development leadmg to fetal death 
has been studied by Adamstone m chick embryos 
of hens^n vitami^E d^ent diets" He found 
that cell proliferation m the mesoderm forms a 
nng m the blastoderm stage which by stranghng 
the vessels cuts the embryo off from its blood sup- 
ply E^Haction of the mesenchyme and failure m 
thejevelopm ent o f the blood-formmg tissues is the 


on this account been employed to promote growth 
m premature infants and has been found to stimu- 
late heahng m rats 

In animals the admmistration of vitamm E, so 
It IS clauned, even m the absence of any obvious 
defiaency, exerts an effect upon the reproductive. 

functions For_.example, wheat- germ,oi l_ied to 

rabbits" is said to mcrease the size of t he_htters, 
and It has been asserted that cows previously sterile 
have passed through normal pregnanaes after 
ceivmg large doses of vitamm E Dvstrop^^-— -^ 
skeletal m uscle has been demonstrated m a number 
of anunal speaes to result from vitamm" E~defi~ 
ciency The creatme content of thejiiuscles-is__^ 
reduMd and excretioa of creatme_ m the urm e is 
mcreased The^^omscular defects are corre ctedT>y~ 
the admmistration of vitamm E But the^use of 
the vitamm m the muscular dystrophies of man 
have not been followed by much benefit. inTsaid''-- 
Jo be more effective if combmedwithmositol But, 
there is no proof that any clmical condition is due 
to a defiaency of this vitamm or can be cured by 
its admmistration, nor is there evidence that vita- 
mm E defiaency occurs m man Though earher 
repiorts seemed to mdicate that vi tamin E_m the 
form of wheat germ oil was of value m the treat- 
ment of sterility m women due to"repeatedTnis~~___ 
carnages (habimal abortion), and thou gh ^ome ~ 
support for such an action has been given b y more 
recent work, full confirmation has not b een se- 
cured Itjio es a ppear, howev_er,_tbat_ manv pr eg- 
n yt w omen suff er from a defiaency of vitamm . 
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It has been shown by Evans and his associates 
Jhat yitamin E, or a pruiapk dosel^ekte^o_it, 
has also a growth-promoting action upon rats 
after the fourth month The influence upon growth 
IS not secondary' to an effect of the \atamm upon 
the sex glands smee it is evident after the latter 
have been removed Other manifestations of vita- 
mm E deficiencj' m rats are partiafp^lysis of the 
hmdTImBs7 due to degenerative Ganges m the 
muscles, and loss of hair These appear only after 
a prolonged penod (15 months) on diets low m 
^^tamm E 

There appears to be a relationship between the 
pituitary and the thyroid and \ itamin E The potency 
of extracts of pituitanes of female rats on viUmin E 
defiaent diets to induce ONOilation in rabbits is reduced, 
tfie~powcr-is restored by the admmistration of vitamin 
E Degen crative^changes m ..the pituitarj', inyolwng 
both acidophil and basophil cells, have been desenbed 
as resulting from a defiaency of this vitamin Several 
of the effects of \ntamin E defiacnej' resemble those 
resulting from hj'pophysectomy 

VlTAillNS K THE AnTIHEMORRHAGIC OR COAGU- 
LATION (Germ Koagulation) Vitamins 
(See Also Cn 17) 

Chicks, young geese and ducklings upon diets 
lacking m green stuff are subject to a fatal hemor- 
rhagic disease which, as a result of the work of 
Dam and his assoaates, has been shown to be due 
to vitamin K deficiency It has been established by 
these and other workers that the bleedmgs are due 
to a reduction m the prothrombin concentration 
of the blood (see p 119) The low value of this 
essential factor m the clottmg mechanism leads to 
a prolonged coagulation time Green leaves, espe- 
aally alfalfa and other clovers, spmach, cauliflower 
and cabbage, are nch sources of vitamm K, cereals, 
carrots, yeast and wheat germ contam it m mm- 

’ Inhibition of such action, as shown by hypopro- 
thrombmemia, has been induced m rats upion diets de- 
fiaent in vitamin K by the oral administration of the 
bactenostatic agent, sulfaguanidme (see p 121) 


imal amounts, while little or none is present m 
potatoes, mangels or cod-hver oil 

It has not been found possible to mduce a hemor- 
rhagic tendency m any mammal so far mvestigated 
— gumea pigs, rats, hogs or dogs — by feedmg K, 
free diets alone No hemorrhagic disease m man- 
so far as is known, is due to lack of vitamin K in 
the diet Almquist and Stockstad have shown that 
synthesis occurs to some extent m the mtestine of 
chicks as a result of bacterial action,® and it seems 
established that the immunity of man and other 
mammals listed above to n metary lack of vitamm 
K is due cither to synthesis m greater degree than 
occurs m the mtestmes of buds, or to better ab- 
sorption Bile, as shown by Greaves and Schmidt, 
IS necessary for the absorption of the vitamm, m 
animals with bile fistulae and m obstructive jaun- 
dice m man, failure of the vitamm to be absorbed 
is the cause of the bleedmg tendency associated 
wnth these conditions The admmistration of vita- 
mm K concentrates combined with bile salts is 
corrective (see also p 541) Not only obstructive 
jaundice but any condition which mterferes with 
the absorption or utilization of the vitamm may 
result m K defiaency and a tendency to bleed 
Thus, m sprue and other states assoaated with 
defective fat digestion and absorption, m biliary 
or gastrocohe fistula or m some liver diseases, 
vitamm K lack may be encountered The hypo- 
prothrombmemia mduced by dicumarol (p 118) or 
by sahcylic acid, and the hemorrhagic tendency of 
the new-born are counteracted by the admm- 
istration of vitamm K 

Chemistry 

McKee and his associates m 1939 isolated vita- 
mm K from alfalfa (called Ki) and from putrefjnng 
fish meal (Kj) Later Ki was synthesized by 
Bmkley and by Fieser and their assoaates It is 
2-methyl-3-phyt}d-l,4-naphthoqumone and has 
the following formula 
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Vitamin Ki (2-methyl-3 phytyl-1, 4-naphthoqumone) C,iH«0, 
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Vitamin K, is fat-soluble, it is contamed m the 
unsaponifiable fraction of plant hpids Vitamm Ki 
(CiiH,,0,, 2-methyl-3 (?)-l,4-naphthoqumone) is 
similar to E-i m chemical structure and in its 
physiological activity, but has a side cham different 
from the phytyl group, and its poteniy is only 
about 60 per cent as great Several other naptho- 
quinone compounds have been shown to possess 
vitamm K activity One of these was isolated m 
1933 by Anderson and Newman from tubercle 
bacilh and later synthesiaed, but it was not until 
1939 that Its antihemorrhagic property was demon- 
strated by Almquist and Klose This substance 
(sometimes call^ phthiocol) is 2-methyl 3-hy- 
drosy-1 ,4-naphthoqumone Other naphthoqumone 
compounds have smce been mvestigated Of these 
2-methyl-l ,4-naphthoqumone (or menadione) is 
the most powerful antihemorrhagic factor known, 
bemg about three times more potent than Ki It 
differs from the latter chemically only m that it 
does not con tarn the phytyl side-cham, the latter 
would appear, therefore, to be of no importance in 
so far as physiological activity is concerned 
Water soluble synthetic naphthoqumone denva- 
tives have been prepared Some of these can be 
given orally without bile salts or mtravenously, 
which of course is a deaded advantage 

The Measuseuent and Standardization of 
VrrAMiN Potencies 

The general pnnapk employed in testmg a food 
matenal for its content in a given vitamin is as follows 
An ammal eg, rat, guinea pig, etc., susceptible to 
deprivation of the vitamm to be tested is placed upon 
a diet which lacks that vitamm but is otherwise ade- 
quate The substance contammg the vitaimn is added 
to this basal diet and the amount required to prevent 
the appearance of the effects charactensbc of a lack 
of the vitamin under test (preventive test) or the 
amount reqmred to correct the effect after it has ap- 
peared (curative test) is noted In most cases the pre- 
ventive test IS employed The minimal daily quantity 
of the food material required is said to contain 1 umt 
of the vitamm For example, one method for testmg 
vitamm A is as follows, a group of young (21-29 dal’s 
old) healthy rats are placed upon a diet adequate in all 
respects (e g , protem, carbohydrate, fat, mmerals and 
vimroins) except that it is completely lackmg m vita- 
^ A Another group of rats is placed upon this diet 
but contammg, m addition, weighed amounts of the 
f<^ to be tested, e-g , butter, fat, green vegetable or 
other matenak After a short time (4 weeks or so) 
grow th ceases m the first group of rats and the first eye 
symptoms appear The minimal quanUty of material 


required to be fed to the second group for the prevention 
of these effects and to cause a gam m grow th of 3 grama 
per week is said to contain 1 unit of vitamin A The 
content of vitamm A in the vanous foods maj there- 
fore be expressed as the number of units per gram, per 
ounce or per pound, or per 100 calorics Thus, a good 
sample of butter contams about 22,500 units per pound 
and 700 units per 100 calorics, whereas lettuce contains 
only 2400 units per pound but on account of its low 
calorie value, some 2775 units per 100 calorics Similar 
methods are employed for the measurement of the 
vitamms Bi, C, D and E The prevention of arrested 
growth is the entenon for estimating thiamine The pre- 
vention of scurvy m guinea pigs is the criterion for C 
For vitamin E it is the power to restore fertility in a 
female rat m which a senes of previous resorptions has 
occurred In the measurement of ulamtn D, young rats 
(40-70 grams in weight) arc depnved of ultraviolet 
irradiation and placed for 3 or 4 weeks upon a spcaal 
nckets producing diet, i e , one with a high Ca P ratio* 
and lacking m the antirachitic vntamm A unit of 
vitamin D is taken as the daily amount which will 
prevent (preventive test) or wall cure the condition after 
it has appeared (curative test) Evidence of the cxisl- 
tcncc and extent of the disease or of the degree of 
hcahng is obtained by (a) X-ray examination, (b) 
analysis of the bones of their ash content or (c) by 
means of the "line test ” Determination of the ash 
content or examination of the bone by means of the 
hne test involves the samficc of the animal, the former 
method bemg used m the preventive lest, the latter 
m the curative test By X-ray examination the extent 
of healing under vntamin D administration can be fol- 
lowed m the same animal It mav be used cither in a 
preventive or a curative test. 

The “hue («(’’ depends upon the fact already alluded 
to on p 764 that the end of the sev ercly rachitic bone is 
mineral free UTicn healmg commences lime salts arc 
deposited In the employment of this test the animals 
arc kept upon a rachitogemc diet until severe nckets 
has developed A measured dose of the matenal con- 
taining vitamm D is then administered daily At the 
end of 10 days the animals are killed and the ends of 
the tibiae are spht longitudinally and immersed m a 
1 5 per cent solution of silver nitrate If calaum phos- 
phate IS present m the mclaphysis of the bone, silver 
phosphate is formed, which upon exposure to light is 
reduced to metalhc silver, which causes a dark band to 
appear, the test is then designated as “posiUve” (-1-) 
In the absence of heahng the bone end remains un- 
changed m color, the test is then said to he "negative” 

* Steenbock’s rachitogemc diet is as follows 

Ground yellow maize 

Wheat gluten 

Sodium chlonde 

Calaum carbonate 

Its Ca P ratio is 4 to 1 


20 

1 

3 
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(— ) Tlir drprct <if hcnlinr nn\ lie from the 

depth of the (hrf cnc<i Iniid nnd )■< u<unl!\ expressed 
h\ the -f , + or d-d A colorimctnc niethod 

for the deternutnuon of \ilnmm 1) cm he cmp!o\cd 
Tlie rfTpent i*; niUimont tnclilnride niid xcclvkliloridc 
jn rfiloroform It re^ct^ witli the Mtimin to pi\c n 
\cl!ouid) [Mnl rol ir 

KitvodiMii (voses'^-'; (he p'oivcrtt of fluorr'ccncc 
I [Kn iln-- i< In'cd the Ih oromrtric method of , 
t] c rttmminn In- n>; m ii'e iiiv' i ■^oluiionsof the Mtnmm 
h\ i\ ne'fi': of 1 ihto'opfw inicler \ti niitmil n'5n\ 
method, In'rd iijvtn t)ir pejirnl prmriplr*: outlined 
nlvivc, or t nurrohiofopcxl iiirtlicHl ix ih-o n\nlihle 
H'r p’'o\tl rejv'''' to lie Mtimin of /^r,V’>jri//Hj 
f itr f i< the hi*t< o' the httrr metl ml 1 or the 



I ir ft Ttnpriri of -1 lonetHidiml rertinn thrmich 
1 pnin o' \ hexl »ho\inp ll, prnrxtj) forminc the 
hnnn\ enxeh'pr \, nleiironc hvr' of rr)l‘ forming the 
o’ltetn o»t !ucf of the redo jie-in removed with tlie 
pe*ir-\ri) duri'np milhnr, I , piretichv mxtoux cclN of 
the enocejicrm, O, rrntirvo O' perm (from UeJ Rfs 
Ccjr 1 hf^ /OU, Ifi7 ) 

of n ccUi If and cither -v colorimetric or n microhinlopi- 
eol inethivl mav he ii'cl dlic former method is In^cd 
uj>on the \clIow color jirodiiccd h\ the reaction of 
p>ridinc With an arnnntic amine m the prc«ciire of 
ejanopen htoiiiule 'lltc microhudopical mrth<Kl dc 
pends lijMin the edect of nicotinic acid iiixm the prowih 
of culture' of tin dv'cntcn hacilliis \ colorimetric 
and a microhiolopical mcllind arc also nvailahic for 
as'-ajinp f<yTtdoxin Hie colorimctnc method is based 
iijion the color which niiiiears when tiandoxm is acted 
u[K)n h\ diarolircd sulplmnilic acid nnd j) mtroanalinc 
in an all aline medium Hie miaohiolopical inethcMl 
em()lr)\s the fact that jeast cells or lactic acid hacilti 
t,rov onK m the prcence of ]i>ridoxin A rat growth 
nicllKHl can ah-o he ined, in which rats arc fid a basal 
diet complete in all rcsjHcts except that it lacks p\ri 


doxin Other methods of pvridoxm assnj arc the cura- 
tive and jircvcnlivc methods hased ujion the develop- 
ment of acrodjnia in rats PniitptI erne acid maj be 
assaved h> the chid growth ti'l or h> the growth 
rc5i>'ansc of certain bacteria, c g , I’roteus morgana or 
iMtolactUus easel < 

'I he fphe ttctd potenev of foods is assaved h> a micro 
hiolopcal method hasctl ution its pro[)crtj of stimulat- 
ing the growth tjielehaeilliis Cii'o 

A telnhlc chemical method has been developed for 
llic as av of vitamin C, ha'cd ui>on its high rciluang 
jiowcr ^^lc Mtamin L content of a material is csti 
mated from the reduction (ilccolorntion) of the dje 
2 6-dichloqihrnolindophcnol I or the detection of 
vitamin C deficicnrv clmicallv either the capillar) re 
s sfvncc test (p 122) or the intradcrmal test mav he 
usr<| The intradcrnnl test consists of injrciing a solu 
tion of 0 0025 ^l ilicldotphcnolindoiihcnol ^1lc d)c is 
decnlori'cd in 10 minutes in subjects well supplied 
with Mlatinn P hut no! for H minutes or more m those 
suiTifing from a dcficicncv of vitamin C The vitamin 
coaecnlration of the plasma aho mav he cniplojcd, or 
the s.aturatio i test (p 7(f)) 

\nannn K neav 1 e a'savcd hs the curative method 
o' Mnirtuisi and Klo'e Hns is ha'ctl ujion the fact tliat 
the clotting li{ne of v iiamm K dtlincni chid s becomes 
non al v iihin three da\s after their being pi iccd upon 
an nderjiiatc diet 

Ovmg to the confusion which had arisen from the 
rmplovn ent h\ vannus worl erv of iliffcrcnt siandards 
for mra'iiring and cxi'n-ssing vitamin [votencics tlie 
(’oinn ission on lliolug cal ‘'tandardir.aiion of the I cague 
of Nations rcfonmitndrd the following vitamin units 
for intcrratinnal usagi 

(It \i’aimn \ unit I lie vitamin \aciivit\ of 0 6 
nnrr<vriin (Ohi) of pure carotene prepared 
from carotene h\ \\ illsi 'liter’s method (This is 
from J to } the amount rcqnircil dailv to cure 
xcrophihalinia and restore growth in the rat ) 
(2) \itaniin Jlj unit 1 lie nniineuritii activilv of 3 
micro, ranis of thiamin hv dnxhloride, in colorless 
moniahiitr plates, w ilh a melting jio nt, 2-16-247‘’ 

1 his IS also the I S Pharnncopiia unit 
No international standards have been cstah 
hsliid for the other factors of the H complex hut 
tirlam units have bun proposed h\ difTircnt 
lahoratoriis A eliifi’ unit has been recommended 
fur pintolliemc acid it is 14 nnerograms of pure 
liantotliemc acid — jV the daih amount which 
will jiisi provide maximal growth for a 3 weeks 
ohl chid on a diet free from the vitamin A 
vciisf unit based upon its requirement for the 
growth of \cast, nnd a nncrohiologicnl unit 
based upon ilscfTict upon the growth of Streplo- 
haetenum planlnrnm arc aho cm])lo\al A unit of 
pyridoxin f has lacn defined hv Gvtirg) ns the 
amount of the vitamin required dnil) b) the rat 
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to cure or prevent the sjuuptoms caused b> the 
absence of this vitamin from the diet. A rat unit 
of riboflavin is the amount required daily by the 
rat to give normal growth (10 gm increase m 
body weight per week for from 2 to 4 weeks) 

(3) Vitamm C unit ■= The vitamm C activity of 
0 05 mg 1 ascorbic aad This is also the U S P 
umt and is the quantity required daily to 
prevent scurvy m a gumea pig on a scorbutic 
diet 

(4) Vitamin D unit =« Antirachitic activity of 0025 
microgram (0 0257) of crjstallme vitamin Dj 
(caloferol) This amount, given doily for 8 days 


to a rachitic rat, causes a broad band of calafica- 
tion in the metaphysis of the proximal ends of 
the tibiae 

(S) Vitamin E unit = The vitamin E activity of I 
mg of synthetic racemic a tocopherol acetate 
This IS the average amount of the latter which 
given orally will prevent resorption gestation in 
rats on a vitamm E defiaent diet 
There is no mtemational standard for vitamm K A 
number of vitamm K units ha\e been proposed by 
different workers, e g , Doisy, Thayer, Dam, Almquist, 
and others A Doisy Thayer unit which equals 10 Dam 
units, IS ri?iii! the activity of 1 mg of pure vitamm Ki 
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In planning a diet the following requirements 
must be taken into account 

(1) The total calonc value 

(2) The proportion of the different foodstuffs — 
carbohydrate, fats, and protem 

(3) The mmeral constituents 

(4) The vitamm content 

In order that the body shall not be forced to 
consume its own tissues for fuel, the calonc value 
of the mgested food for 24 hours must balance the 
heat elimmated by the mdmdual durmg the same 
penod The basis for computmg the latter value 
IS the basal metabolic rate plus an allowance for 
the energy expended m performmg work The basal 
metabohc rate is obtamed by direct determmation 
(ch 45) or by calculation from the subject’s height 
and weight 

The average extra calonc allowances for differ- 
ent grades of muscular activity are 


Sedentary life 

Light work, e g , professional and 
busmess men 

Moderate work, e g , mechamcs 
Heavy work, e g , laborers, ath- 
letes, etc 


Calottes 

800- 900 

900-1400 

1400-1800 

1800-4500 


Calottes 


Basal metabohsm (16 hours) 1152 

Metabohsm of sleep (8 hours) 518 

Allowance for light \\ork 1200 

2870 

10 per cent for S D A 287 

Total 3157 


The actual calonc values of vanous foodstuffs are 
given m table 75 See also table 50, for the energy 
requirements for different types of exercise The effect 
of chmate upon the metabohsm must also be taken 
mto account, a higher energy mtake bemg required in 
cold and temperate chmates than m the tropics 

For more precise calculation of the calonc require- 
ments for different types of work, other factors must be 
taken mto account, e g , the body weight and the tem- 
perature m which the work is performed An allow ance, 
or a deduction ot 3 per cent is made, respectively, for 
each 10 degrees Fahr nse or fall in the average tem- 
perature (70°F ) Thus, if the total metabohsm as 
calculated above is 3157 Cal , but the temperature is 
60°F , the diet is planned for a total energy expenditure 
of (3157 -h 94 =) 3251 Cal In performmg certain types 
of work, such as wallong, ascending stairs, or any w ork 
which entails hfbng the body or its heavier parts, the 
energy expenditure is more nearly proportional to the 
body weight raised to the power 0 7, than to the surface 
area 


Sample Calculation of Caloric Requirement 

A young, average-sized man (surface area 1 8 square 
meters) has a basal metabohsm of (1 8 X 40 =) 72 
Calones per hour, or a total of (72 X 16 >=) 1152 
Calones for the 16 hours that he is awake Durmg sleep 
the metabohsm is 90 per cent of the basal value So 
(/A X 72 X 8 =) 518 Calones would be his energy 
reqmrement for 8 hours of the day Apart from that 
required for work his total daily requirement is there- 
fore (1152 -j- 518 =) 1670 Calones To this is added 
the appropnate work allowance given in the table above 
which wall bnng the total up from 2500 to over 5000 
Calones An allowance of 10 per cent is made to cover 
the mcreased metabohsm due to the food itself (specific 
dynamic action, p 640) These calculations are given 
m tabular form below * 


* Keys gives an approximation of the relationship 
between body weight and total metabohsm as Calones 
= A\V“, where A is a numencal constant, W, the body 
w eight, and n a value between 0 7 and 1 0 


The Relation of Age and Sex to the Caloric 
Requirement 

Women have a somewhat lower basal metabolic 
rate (p 619) than men, and generally speakmg they 
expend less energy m muscular work, their food 
requirement is proportionately less The calorie 
mtake should be about 20 per cent greater dunng 
the latter part of pregnancy, and about 30 per cent 
greater durmg lactation than at ordmary times 

Children require weight-for-weight a greater 
food allowance than the average adult for three 
reasons (a) Their basal metabohc rate is con- 
siderably higher especially at the younger ages 
(b) A proportion of the food material is utilized 
for buildmg body tissue (c) Children, as a rule, 
expend more energy m muscular activity than the 
average adult For example, a boy of 16 years of 
age, of average physique and taking an active 
part m games, reqmres a daily energy mtake equal 
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to that of a man — from 3000 to 4000 Calories or 
from 50 to 70 Calones per LQogram of body weight 
per day (average adult requirement 46 Calones per 
kilogram) MTien growth is very rapid an even 
larger allovi’ance may be required The food re- 
quirement of a girl of 16 to 18 years of age is 
approximate!) that of a full grown n oman, though 
of course size, rate of growth, and the amount of 
exercise which she takes are modifymg factors 
During the first two years of life the daily dietary 
requirement amounts to about 100 Calories per 
kilogram (45 Calones per pound) of body weight 
and from the second to the fourteenth year to 
about 80 Calories per kilogram 
The relative caloric requirements at different 
ages are shown m table 75, the requirement of the 
average man, i e , one havmg an energy expendi- 
ture of 3000 Calones bemg taken as unity In 
computmg the food requirements of a household 
this IS referred to as the “man value” As a first 
approximation the other members of the family 
are apportioned Calone allowances in accordance 
with the figures shown m the table Thus, the 
mother’s allowance would be 0 83 of a “man value” 
or about 2500 Calones, whereas a boy of 14 years 
of age would receive 3000 Calories 

The Proper Proportions of the Three Food- 
stuffs m AN Adult Diet 

In a diet havmg a total energy value of about 
3000 Calones the approximate amounts and per- 
centages of Its three mam constituents are as fol- 
lows 



QKAU5 

1 

calokies 

PXtt CENT 
or TOTAL 
CALORIES 
APPROXI 
MATE 

Carbohydrate 

380 

1440 

48 

Fat 

133 

1200 

40 

Protem 

70 

360 

12 


Cereals and other carbohydrate foods contam a 
large proportion of water Lean meat is about 80 
per cent water, whereas fats and oils are highly 
concentrated foods, bemg for the most part water 
free It will also be recalled that weight-for-weight 
fat has more than double the calonc value 
of pure carbohydrate or protem Over 40 per 
cent of the protem mtake of the adult should be 
made up of proteins of first-class biological value 


(p 644) In the diets of persons bvmg m northern 
climates the calones denved from fat may consti- 
tute 45 pet cent or more of the total Fat and 
carbohydrate are more suitable for cold chmates 
than protem Rats, when given free choice, select 
carbohydrate m preference to either fat or protem 
when the temperature of them surroundmgs is 
lowered several degrees 

The protem allowance 

A great deal of controversy has centered around 
the question of the protem requirement of the 
adult Chittenden, some years ago, made a study 
of the subject m a senes of experiments upon him- 
self and groups of students, soldiers and athletes 
He showed that nitrogen equilibnum could be 
mamtamed upon a total daily mtake of 25 grams 
or less of first-dass protem Upon an ordmaiy 

TABLE 75 

Scale of food requirement (Calories) based upon the adult 
male standard of 3000 Calones per day 
(After Cathcart and Murray) 


Man 

1 00 

Woman 

0 83 

Boy 14 up 

1 00 

Gu-l 14 up 

0 83 

Child 12 to 13H 

0 90 

Child 10 to llH 

0 80 

Child 8 to 9H 

0 70 

Child 6 to 7ii 

0 60 

Child 3 to 51 J 

0 SO 

Child 2 to 2H 

0 40 

Child 1 to lli 

0 30 

Child up to 1 

0 20 


mixed diet contammg protems of varymg biological 
values nitrogen equilibnum was established on an 
allowance of between 40 and 50 grams for a man 
of average weight (70 kg ) This is from 0 6 to 
0 7 grams of protem per kilogram Chittenden 
dauned that the larger protem mtake of 120 grams 
considered by previous observers (e g , Voit) were 
unnecessary, if not actually deletenous to health 
It was contended that the renal work entailed m 
the excretion of large quantities of nitrogen was 
conducive to kidney disuse Many other ills were 
asenTed to the excessive consumption of protem 


* We^vc already seen that the daily urinary excre- 
tion of N on a mtrogen free diet but of adequate calone 
TOluc IS aroimd 3 grams (p 637) This represents the 
catabolism of 18 75 grams (3X 6 25) of ti^e protein 
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He also reduced the total energy intake to around 
2000 Calones and stated that the more liberal diets 
were dictated by appetite rather than by ph}^!- 
ological necessity His subjects, he claimed, could 
carry out then: usual activities just as well upon 
such a diet and enjoyed better health than they 
had previously upon their customary fare 

Smce nitrogen equilibnum can be established 
upon a protem mtake of aroimd 40 grams per day, 
it would seem imnecessary to give more The excess 
amoimt must obviously be catabolized to furnish 
energy, which can be furnished more economically 
by non-nitrogenous food,® or be simply stored as 
carbohydrate or fat The v eak pomt m this argu- 
ment IS, as many cntics of the low protem dietary 
have pomtcd out, that the ability of the bodj'^ to 
adapt itself for a feiv months to a restricted protein 
mtake is not proof that such constitutes the physi- 
ological optimum It has also been pointed out that 
custom has dictated for persons m temperate 
climates a higher protem mtake than Chittenden’s 
standard Pearl has estimated that the average 
daily protem mtake per person of the population 
of the United States is around 120 grams Even 
the diets of the Japanese and of the hardier races 
of India, accordmg to McCay, contam a greater 
quantitj’' of protem than that recommended by 
Chittenden McCay observes that tribes m India 
who are accustomed to diets with the higher pro- 
tein content are healthier and of better physique 
than those subsistmg upon a more restricted pro- 
tem mtake The mvestigation of Orr and Gilks also 
seems to show clearly the value of a generous pro- 
tem allowance Their report is based upon a study 
of two African tnbes, the Masai and the Akikuyu, 
ivho though living side by side eat quite dif- 
ferent diets The diet of the Masai has a high 
protem content, it consists largely of meat, 
milk, and blood which they obtain from the 
hvmg animal by piercmg its jugular vem The 
Akikuyu hve upon a vegetarian diet composed of 
cereals (chiefly maize), legumes, plan tarns, sweet 
potatoes and other tubers, and green leaves The 
members of the meat-eatmg tribe are some 5 mches 
taller and 50 pounds heavier than the vegetarians, 
and their muscular power is about 50 per cent 
greater The Masai are comparatively free from 

’ Calones furnished by protein are by far the most 
expensive It has been calculated that 1,000,000 Cal- 
ones denved from cane sugar require for their produc- 
tion 0 15 acre, as compared wth 17 acres necessary to 
roduce the same amount of energy as represented by 
eef protem 


disease, whereas bone deformities, dental canes, 
anemia, pulmonary diseases and tropical ulcer are 
prevalent among the Akikuyu Arthritis, however, 
was found to be much more common among the 
Masai Though these tribes come of different orig- 
mal stocks there is a considerable amount of mter- 
marriage, and the differences between them m 
physique and health appear to have a dietary 
rather than a racial basis Similar observations 
have been made by Clements, who has reported that 
m New Gumea tropical ulcer is much leas common 
m natives whose diet is high m protem than m 
those who hve largely upon carbohydrate 

Such facts suggest that, m furthermg the wcU- 
bemg of the body, protem probably plays an im- 
portant part which is not revealed by short-term 
experiments based upon the study of nitrogen 
balances There are mdications that physical fitness 
and resistance to disease are associated with the 
higher protem intakes It may be that it is only 
by supplymg a comparatively large quantity of 
protem m the diet that certam vital tissues, e g , 
ductless glands, can obtam adequate amounts of 
essential ammo-acids to carry out their functions 
at the highest state of efficiency There is little 
evidence, on the other hand, that a high consump- 
tion of protem causes renal or other diseases 
Thomas records that the Greenland Eskimos are 
almost exclusively carnivorous, consummg enor- 
mous quantities of meat (and fat), yet renal and 
cardiovascular disease is not common among them 
The Arctic explorers Stefanson and Anderson 
showed no ill-effects, either upon blood pressure or 
renal function, after hvmg for twelve months upon 
a diet composed entirely of meat (reported by 
Lieb) 

The effect of a high protem diet upon established 
renal disease is another matter It has been shown 
by Smadell and Farr that the level of protem m 
the diet of rats has a pronounced influence upon 
the course of experimental nephntis In animals 
upon a low (5 per cent) protem diet, the disease ran 
a much more favorable course than m those upon a 
diet contammg a large proportion of protem (40 
per cent) Nephritis m animals has also been re- 
ported to result from very high protem intakes, 
but the levels are far above anjiJimg possible m 
human dietanes 

It now appears that the true protem requirement 
for the average man hes about midway between 
the two extremes of Chittenden and the older 
observers A generous allowance is from 70 to 100 
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grams (somewhat more than 1 gram per Lflogram 
nf bod> weight) and about IS per cent less than 
this for women In an extensive mvestigation 
earned on o\ er a period of six } ears upon some 400 


sumption of approximately 77 grams of protem, 
ne , approximately 1 1 gram per kilogram In a 
nutrition survey m a suburb of Toronto undertaken 
by Ferguson and McHenry upon a large number of 


TABLE 76 



PER CENT 

ErXRCY VALUE 



Protein 

NX6J 

Fat 

C»i bo- 
hydrate 

Ash 

Per fcg. 

Per 

1 pound 


[rams 

[rants 

[rams 

[rams 

[rams 

eaXorits 

calottes 

Meat 






2,860 

1,300 

Beef, round steak, medium fat 

54 8 

23 5 

20 4 


1 2 

Mutton, leg roast 

50 9 

25 0 

22 6 


1 2 

3,125 

1,420 

49 2 

22 5 

21 0 


5 8 

2,870 

1,305 

Pork, ham, luncheon bacon, side | 

18 8 

9 9 

67 4 


4 4 

6,665 

3,030 

Chicken 








Broilers 

74 8 

21 5 

2 5 


1 1 

1,110 

505 

Fish, cod, whole 

82 6 

16 5 

0 4 


1 2 

715 

325 

Herrmg, whole 

72 5 

19 5 

7 1 


1 5 

1,455 

660 

Salmon, whole 

64 6 

22 0 

12 8 


1 4 

2,090 

950 

Trout, brook, whole 

Fats 

77 8 

19 2 

2 1 


1 2 

980 

445 

Butter 

11 0 

1 0 

85 0 


3 0 

7,930 ' 

3,605 

Lard 



100 0 

i 

1 

9,285 

4,220 

Suet 

Cheese 

13 7 

4 7 

81 8 


0 3 

7,790 

3,540 

American, red 

28 6 

29 6 

38 3 


3 5 

4,765 

2,165 

Milk 

87 0 

3 3 

4 0 

5 0 

0 7 

715 

325 

Lggs, hens', boiled 

73 2 

13 2 

12 0 


0 8 

1,685 

765 

Hour, white, wheat 

11 5 

11 4 

1 0 

75 6 

0 5 

3,650 

1,660 

Bread, white 

Fruit 

35 6 

9 3 

1 2 

52 7 

1 2 

2,650 

1,205 

Apples 

84 6 

0 4 

0 5 

14 2 

0 3 

640 

290 

Banana 

75 3 

1 3 

0 6 

22 0 

0 8 

1,010 

460 

Chemes 

80 9 

1 0 

0 8 

16 7 

0 6 

80S 

365 

Grape fnut 

93 6 

0 6 

0 1 

5 7 


267 

120 

Oranges 

Vegetables 

86 9 

0 8 

0 2 

11 6 

0 5 

528 

240 

Beans, dned 

12 6 

22 5 

1 8 

59 6 

3 5 

3,530 

1,605 

Cabbage 

91 5 

1 6 

0 3 

5 6 

1 0 

320 

145 

Lettuce 

94 7 

1 2 

0 3 

2 9 

0 9 

206 

90 

Potatoes 

75 5 

2 5 

0 1 

20 9 

1 0 

968 

440 

Sugar, granulated 

Chocolate 

Cocoa, powder 

5 9 

4 6 

12 9 

21 6 

48 7 

28 9 

100 0 

30 3 

37 7 

2 2 

7 2 

4,090 

6,295 

5,105 

1 

1,860 

2,860 

2,320 


Atwater and A. P Bryant) 


, Revised Edition, U S Department of Agnnilture, 1906, bj W 0 


medical students hvmg on diets of their own choice. 
Beard found that the average daily excretion of 
nitrogen m the unne was about 11 grams This 
(after aUowance was made for the loss of nitrogen 
m the feces) was calculated to represent the con- 


school children, the daily consumption of protem 
was 80 grams for girls aged from 16 to 20 years, 
and ov er 100 grams for hoi’s of the same age group 
Growing chfldren requure, m proportion to their 
weight, a considerably greater protem allowance 
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than do adults Up to 1 year about 16 per cent of 
the total Calones of an arbfiaal diet should be 
furnished by protem (4 grams per kilogram of 
body weight) ^ The protem requirement falls 
gradually until the sixth year when it amounts to 
about 13 per cent (2 6 grams per kilogram) of the 
total Calone requirement. This value is mamtamed 
to the end of the penod of growth Children also 
require a higher proportion of protems of high 
biological value (p 644) than do adults In yoimg 
infants high-grade protems should constitute about 
100 per cent of the protem allowance (as m milk), 
at 1 year over 90 per cent and up to 5 years over 
60 per cent From the latter age to adolescence the 
proportion should not be far from SO per cent, and 
m adult hfe at least 35 per cent Women durmg the 
latter half of pregnancy and while lactatmg require 
a larger allowance 

Persons undertakmg heavy work, imdergomg 
muscular trammg, or convalescmg from wastmg 
diseases also reqmre a more hberal protem allow- 
ance In ngorous climates, protem food, on account 
of its specific dynamic action, is m higher demand 
than m warmer locahties 

The iudtspensabihly offai 

Smce body fat can be derived from carbohydrate 
food it might be thought that dietary fat could be 
dispensed with On the contrary, fats quite apart 
from the fact that they furnish fat-soluble vitamins, 
are essential elements m nutrition 

Fatty foods contam, besides neutral fats, and 
fat-soluble vitamms, certam fatty acids which are 
essential for health and which cannot apparently 
be synthesized m the body Rats placed upon a low 
fat diet, but contammg all the known vitamms, 
after a time cease to grow, but growth is resumed 
when the essential fatty aads, even m small 
amoimts, are added to the diet Saturated fatty 
aads, oleic, pahmtic and steanc, which are derived 
from carbohydrate food, and stored m an animal’s 
own body, have no protective action The unsatu- 
rated fatty aads of body fat are derived from the 
food, e g , milk, butter and plant oils Other effects 
on rats resultmg from a defiaency of the essentml 
fatty aads are scahness of the skm, caudal ne- 
crosis, emaciation, kidney lesions and early death 
The group of misahirated fatly acids which are 
essential for normal growth and nutntion mcludes 

* In mother’s milk the protem calones amount only 
to 11 per cent of the total The protein is, however, of 
higher quahty than that of cow’s milk. 
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hnoletc (with 2 double bonds), hnolemc (3 double 
bonds) and arachtdanic (4 double bonds) ^ Actually, 
only one of these fatty aads is essential, m the sense 
that it must be supphed m the diet, for, as with 
certam ammo-aads, they can replace one another 
m the diet to a greater or less extent In fat-defi- 
aent animals, the blood hpids have an abnormally 
low lodme number In hogs on a low fat diet the 
Imoleic acid content of the lard may be only 1 2 
per cent as against a normal of 7 per cent Puppies 

TABLE 77 

Ash content of the edible portion of some common foods 
(Modified from Lusk) 


IN 100 OSAVS rSESH SUBSTANCE 



a 

& 

ht 

Calcium 

Magnesium 

Sodium 

Potassium 

Phosphorus 

Chlorm 


mg 

mg 

mg 

mg 

mg 

mg 

mg 

Beefsteak, lean 

3 

8 

8 

24 

67 

35 

22 

50 

Liver (beef) 

8 

0 

11 0 






Eggs 

3 

0 

67 

9 

IS 

14 

16 

100 

Milk, whole 

0 

2 

120 

11 

51 

142 

94 

120 

Commeal 

1 

1 







Oatmeal 

3 

7 

93 

127 

81 

380 

380 

35 

Rice, polished 

0 

7 

8 

27 

21 

68 

89 

50 

Wheat flour 

1 

5 

26 

30 

69 

146 

86 

76 

Wheat, entire 









gram 

5 

2 

44 

170 

106 

515 

469 

88 

Beans, lima, dned 

7 

2 

71 

187 

245 

1743 

336 

25 

Beans, strmg. 









fresh 

1 

6 







Cabbage 

0 

9 

49 

14 

20 

243 

27 

13 

Com, sweet 

0 

8 







Peas, dned 

5 

6 

100 

145 

118 

880 

397 

40 

Potatoes 

1 

2 

11 

22 

19 

440 

61 

30 

Spmach 

3 

8 







Turnips 

0 

6 

64 

169 

59 

332 

51 

40 

Apples 

0 

3 

10 

8 

15 

125 

13 

4 

Raisins 

3 

6 

57 

9 

141 

830 

126 

70 


upon a diet low m fat develop a scaly or eczema- 
tous condition of the skm that is readily cured by 
feedmg lard or other fats The serum hpids show 
an lodme number about 25 per cent below normal 
It IS thought that certam eczematous conditions 
m the human subject are due to fatty acid de- 

‘ Unsaturated fatty aads combme with lodme m 
proportion to the degree of unsaturation The lodme 
number (number of CTams of lodme which will combme 
with 100 grams of the fat) is, therefore, a measure of 
the degree of unsaturation of the fatty aads m the 
fat molecule. 
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metabolism and nutrition 


fiaency These sub)ects show a low content of 
unsaturated fatty aads in the blood hpids, and 
babies kept for several months upon a diet very 


On account of their high energy value, fatty 
foods are demanded m relatively large amounts by 
men performing very heavy work, espeaally m 


TABLE 78 


Man (70 kg ) 

Sedentary 
Moderately acbve 
Very active 
Woman (56 kg ) 
Sedentary 
Moderately active 
Veri active 
Pregnancy (latter 
half) 

Lactation 

Chddren up to 12 years 
Under 1 year§ 

1-3 yearsti 
4-6 years 
7-9 years 
10-12 years 

Children over 12 years 
Girls, 13-15 y ears 
16-20 years 
Boys, 13-15 years 
16-20 y ears * •* 


Recommended dtelary allowances* 


(Food and Nutnhon Board, NaUonal Research Council) 


CALO'UES 

PBOTEIN 

G1A1I6 

zAtauu 

CKAUS 

IlON 

STTAinN 

At 

miAUiK 

(bO 

HIBO- 

nucm 

{kico- 

TIMC 

actb) 

ASCOK 

Brc 

ACTD 

VITAMIN P 





lU 

»t t 

ms 

ms 

jnj f 

lU 

2500 

70 

1 0 



1 5 

2 2 

IS 

— 

— 

3000 

70 

0 8 

12 

5000 

1 8 

2 7 

18 

75 


4500 

70 

— 

— 

— 

2 3 

3 3 

23 



2100 


- 





1 2 

1 8 

12 

— 

— 

2500 

60 

08 

12 

5000 

1 5 

2 2 

15 

70 


3000 

— 




1 8 

2 7 

18 



2500 

85 

1 5 

15 

6000 

1 8 

2 5 

18 

100 

400 to 800 

3000 

100 

2 0 

15 

8000 

2 3 

3 0 

23 

150 

400 to 800 

looAg 

3 to 4Ag 

1 0 

6 

1500 

0 4 

0 6 

4 

30 

400 to 800 

1200 

40 

1 0 

7 

2000 

0 6 

0 9 

6 

35 


1600 

50 

1 0 

8 

2500 

0 8 

1 2 

8 

SO 

— 

2000 

60 

1 0 

10 

3500 

1 0 

1 5 

10 

60 

— 

2500 

70 

I 2 

12 

4500 

1 2 

1 8 

12 

75 


2800 

80 

1 3 

15 

5000 

1 4 

2 0 

14 

80 


2400 

75 

1 0 

15 

5000 

1 2 

I 8 

12 

80 

— 

3200 

85 

1 4 

15 

5000 

1 6 

2 4 

16 

90 

** 

3800 

100 

1 4 

15 

6000 

2 0 

3 0 

20 

100 

1 - 


* Tentative goal toward which to aim m plannmg practical dielanes, can be met by a good diet of natural food 
Such a diet will also provide other minerals and vitamins, the requirements for which are less well known 
1 1 mg thiamin equals 333 I U , 1 mg ascorbic and equals 20 1 U 

J Requirements may be less if provided as vitamm A, greater if provided chiefly as the pro vitamin carotene. 
I Needs of mfants increase from month to month. The amounts given are for approximately 6-8 months The 
amounts of protem and calaum needed are less if denved from human milk 

If Allowances are based on needs for the middle year m each group (as 2, 5, 8, etc ) and for moderate activity' 

•* Vitamm D is undoubtedly necessary for older children and adults WTien not available from sunshine, it 
should be provided, probably up to the mmunum amounts recommended for infants 
RitTiher Recommendations, Adopted 1H4Z 

The requirement for iodine is small, probably about 0 002 to 0 004 milligram a day for each kilogram of body- 
weight This amounts to about 0 15 to 0 30 milhgram daily for the adult This need is easily met by the 
regular use of iodized salt, its use is especially important m adolescence and pregnancy 
The requuement for copper for adults is m the neighborhood of 1 0 to 2 0 milhgrams a day Infants and 
children require approximately 0 05 per kilogram of body'weight The requirement for copper is approxi- 
mately one tenth of that for iron 


low m fat developed a generalized eczema which 
was corrected when the fat of the diet w as restored 
During the period of low fat feeding, the lodme 
number of the serum hpids of these mfants was 
depressed (See Burr and associates ) 


cold climates A pound of beef fat, which contains 
httle water, yields about 4000 Calories The caloric 
value of an equal amount of white bread, which 
contains over 40 per cent of water, is only about 
one quarter of this Fat pork, beans and peas 
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(vegetables relatively nch in fat) are prominent 
items m the diet of Canadian lumbermen and con- 
struction workers The daily energy expenditure 
of some of the former workers may run to 8000 
Calories Another advantage of fat is its superior 
“staymg power” Its digestion and absorption are 
extended over a much longer penod than those of 
carbohydrates Hunger, “emptmess” and fatigue 
are expenenced much sooner upon a diet high m 
carbohydrate than upon one contaming a hberal 
allowance of fat The actual eflBciency of fat as a 
fuel for muscular work as shown by Krogh and 
Lmdhard (p 728) and by Murlm and Marsh is 
only from 10 to 12 per cent less than that of 
carbohydrate 

Children, especially those under the age of 1 
year, require a larger proportion of fat m the diet 
than do adults. Holt and Tales place the daily 
requirement at about 4 grams per kilogram up to 
the age of 1 year (from 35 to 40 per cent of the 
total Calories) with a gradual reduction to about 
3 grams per kilogram at 6 years Accordmg to these 
observers, a hberal allowance of fat also favors the 
absorption of calcium 

Mineral consMnetits (see also pp 76, 814 and 859) 

The minunal daily requu-ements of calcium, 
phosphorus and iron for the average adult (70 
kgm m weight) are 

Calaum 1 0 gram 

Phosphorus 1 5 gram 

Iron 15-20 mg 

In childhood and m pregnancy (especially m the 
later months) and m lactation the calcium requure- 
ment is higher than that given above For mfants 
and children up to 12 years the mmimum is placed 
at 1 0 to 1 2 gram per day, and from 13 to 20 years 
at 1 4 for boys or from 1 3 to 1 0 for girls In the 
later months of pregnancy, when from 20 to 30 
grams of the rmneral are being deposited m the 
fetus, daily allowance should be at least 1 5 grams, 


2 grams should be the daily allowance durmg lacta- 
tion The best source of calcium for the growmg 
child is rmlk, which contams about 1 3 grams per 
quart Other dairy products, e g , cheese, ice cream, 
are excellent sources of calcium Cereals also are 
nch m calcium though much of it is not absorbed 
and retamed, meat contams msignificant amounts 
of this element (see table 77) (p 779) Egg yolk, 
meat, hver and kidney, certam vegetables, fruits 
and nuts are the mam sources of iron Milk is very 
poor m this element 

The daily requirement of iron for children is, on 
a weight basis, higher than for adults, milk-fed 
infants therefore tend to develop anemia (p 83) 
after the fourth month or so unless given iron m 
morganic form 

It IS unnecessary, as a rule, to pay attention to 
the phosphorus content of the diet provided that 
the protem and calaum of the diet are adequate, 
for protem is relatively nch m phosphorus, and 
the latter is associated with calaum m milk, eggs, 
cereals, legumes and several other foods 

The basic elements, sodium, potassium and 
magnesium, are denved chiefly from cereals, fruits 
and vegetables Sodium chloride is also taken m 
the form of cookmg and table salt. The average 
daily mtake is from 10 to 12 grams Many prepara- 
tions of table salt are also sources of lodme, smce 
It has become the custom of the manufacturer to 
add mmute quantities of this element to his prod- 
uct The daily lodme requnement for adults is 
from 100 to 150 miaograms Other elements (trace 
elements), e g , copper, cobalt (for erythropoiesis), 
fluonne (for tooth and bone structure), zmc (for 
the action of carbonic anhydrase and ins ulin ) and 
manganese (for erythropoiesis and the action of 
phosphatase) are essential, but are present natu- 
rally m the diet m adequate amounts 

The dietary allowances recommended by the 
food and nutation board of the National Research 
Council, Washmgton, are given m table 78 
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SECTION VII THE DUCTLESS GLANDS OR ENDOCRINES 

(The Eotoceine Function oe the Pancreas Is Dealt with in Chapter 49) 

ByN B T 
Chapter 57 

INTRODUCTION THE PITUITARY BODY 


DEFunnoMs Natuee op Hormones Methods op 
Investigating Endocrine Function 

The products of the ductless glands— thyroids, 
adrenals, pituitary, etc.— belong to a class of 
physiologically active chemical substances known 
as internal secretions or hormones The latter term 
was first used by Baybss and Starling m the report 
of their discovery of secretm (p 530), it is derived 
from a Greek word meaning to c-xate Though 
nearly all the actions of the secretions of the duct- 
less glands are exatatory m character, a few inter- 
nal secretions (e g , enterogastrone, p 512) are 
inhibitory The term chalone has been suggested 
for the latter by Schafer but is not often used A 
hormone may be defined as a chemical substance 
which, having been formed in one part of the body . 
is earned m the blood stream to another organ 
( the /dfgel or gan) or tissue and influences its growth, 
nutrition and function W ith the exception of the 
secretions of the thyroid, gonads, and adrenal cor- 
tex, the various hormone preparations, which so 
far have been obtamed by extraction and employed 
m medicme, are almost or quite mert when admun- 
stred orally Even though the sex hormones and 
the prmaples of the adrenal cortex are eSective by 
oral administration, the dose when given m this 
way must be very much larger than if given paren- 
terally m order to produce the same response 
Adrenalme, insuhn and the prmciples of the para- 
thyroids and pitmtary, are effective only when 
given by injection Most of the ductless glands are 
present m all orders of vertebrates and an extract 
obtained from the gland of one order exerts, as a 
rule. Its specific effect when admmistered to a 
member of another order, e g , the hormone of the 
sheep’s thyroid influences the growth and develop- 
ment of frog larvae (tadpoles) (see also p 787) 
Hormones have also been demonstrated m insects, 
crustaceans, and ev en m plants (auxins and phvto- 
hormones) 

Apart from small amounts which may be held m 
the endoerme organs themselves, hormones are not 


stored m the body Therefore, m cases of endocrine 
defiaency, repeated small doses rather than large 
doses at mfrequent mtervals arc required to correct 
the defiaency A hormone does not stimulate th e 

gland iWiiiAje^t^ik~Thyroid'eHracU7orS- 

amplc, docs not stimulate the thyroid, and the 
ovanan hormones do not stimulate the ovary 
directly, the most probable effect will be inhibition 
of the a^ivitv of the gland and its uitimatc'^at - 
rophy 

Three mam methods are available for the study 
of an endocrine (unction First, an extract ol the 
gla ndular tissue may be prepared which nia>'~lh cn 
be injected into animal s and a study m adem its 
effects Secondly , a particular gland may be rc^ 
nio% ed from an animal and the subsequent life 
history of the ani mal watched, careful notice being 
talcn of its subsequent devclopmcht, grov^, or 
any unusual s ymptom O r, thirdly, studies may be 
made upon human subjects m w hom some gland 
IS kn owi to be defiaent or overaefave 

The fundamental r61c nhich a hormone plays 
m the tissue upon wh ich it a cts, wheth er semn g 
as part ol an enzyme syste m, as has b een dem ^- 
strated (or most vitamins, or whether it furnishes 
some essential metabolite, has not, except m IKe ' 
cas e of the thvrotroDhic hormone (p 8071, been 
de&i^_ 

A word should be said here concerning the gen- 
eral chemical nature of the active pnnciplcs of the 
endoermes The hormones of the se x glands and 
adrenal cortex are steroids and c lose ly allied l ii 
chemical structure , while the active pnnciple s of 
the pituitar y, thvrratt nnit p arathy rods are pro- 
teins - 

The Pitditarv Body or Hypophysis Cerebri 

The average weight of the human hypophjsis is 
about 0 5 gram Its average dimensions arc 10 X 13 X 
6 mm , It IS larger m females. .esneaalK in those wh o 
Imre home children, than in males It depends from a 
short stalk from thaF part of thT base of the brain 
known as the tuber onereum, and which forms m 
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part the floor of the tlurd ventnde The opbc chiasma 
hes in front of the tuber ancrcum, the mammillary 
bodies are behind The pituitary body consists of a 
postenor and an antenor part readily separable along 
a natura l line of cleavage r vhich represents the fusion 
of the two parts during development, as described 
below It is ensconced within the small cavity formed 
bj the scUa turcica of the sphenoid bon e which is 
dosed above bv a thin membrane — diaphragma sellae 
— except where it is pierced b> the pit uitaiy stalk 

Until recent jears the two parts of the pituitary 
bodv were gcncrallv referred to as the anterior, and 
posterior lobes, and the stalk as the infundibulum 
Though these terms are still used somewhat loosely, 

It IS preferred, for more precise dcscnption of the 
hj-pophj'sis, to emploj a nomendature based upon the 
ongins of Its different parts 

The nituitarv body has a dual onmn — from the 
ectoderm in the roof of the pnmitivc mouth ( storna- 
dacum ) iust in front of the buccopharyngeal mem - 
brane, IS wdl as from the base of the brain In the 
early embrv o a pouch grows upwards from the stoma - 
daeum to meet a correspondmg hollow diverticulum 
prolong ed downwards from the floor of the third ven - 
tricle. The cvagination from the pnmitive mouth is 
called the craniopharynf^eal canal or boucli of Rathke 
Throug h pressure upon its postenor wall bv the dovvn- 
^owth of nervous tissue , this wall of Rathke’s pouch 
is approximated to the antenor wall and the cavnt y 
almost obliterated, a narrow deft alone remaining m 
most ad ult animals In ma n, a row of vesicles rather 
than a unilocular deft is found, while the onginal 
cavatv of the neural cleme nt completd y disappears, 
this part in cluding the stalk is sol id, but in some aduIF ~ 
animals, c g , the cat, the cavntj’’ m this part of the 
pituitary persists a n d communicates with the th ird 
ventnde 

The part of the pitmtarv" which onginatcs from 
Rathke’s pouch has for the most part a glandula r 
structure and is therefore called the adenohypophysis 
( anterior Iqhe) The portion developed from the brain 
and fused with the adenohypophysis is know n as fhp_ 
neurohypot>h\sts. Its two parts, the stalk or infundibu- 
lum, ana the expanded distal portion (postenor lobe) , 
are now relerrcd to, respectively, as the neural stalk 
Uie neural lobe jne cxicni to which the adenp 7 
hypoph ysis mak es contact with the neural lobe vanes 
c onsiderably It may almost entirely’’ surround the 
latter But in all instances it invests the stalk with a, 
thm layxr of tissue which extendi to the base of the 
b ram to cov er the median eminence of the tuber anc- 
reum T his cxte riFin” thf— ntp pohvpophvsis is called 

the liars iuhernlts The thin stno of tissue lining the 


ship with the neural element was usuallv mduded as 
part of th e postenor lobe when this term was generally 
'used, but obviously, when its ongm and structure are 
home m mind, it should be considered part of artpno. 
hypophysis 

The remainmg, and much larger, part of the adeno- 
h3T)oph}'sis is c alled the pars distaJis, i t is also some- 
times known as the pars anterior or pars glandularis 
(fig 57 1) 
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The pars distalis is nchly vascular, showing numer- 
• ous blood sinuses between cords of cells The cells 
fall into two main groups, (1) chromophobe or reserve 
cells which possess no granules, stam hghtly and ap- 
parently do not secrete , (2) chromophil cells which 
'contain large numbers of granules which stam readily, 
they arc beheved to elaborate the secretion of thp 


postenor wall of the cleft, and fused with th e neural 
lobe, and which is the remnant of the postenor wall 
of Rathke’s pouch, is known as the pars intermedia 
The pars mtermedia owing to its mtimate relation- 


antenor lobe On a basis of the character of the gran- 
'ulcs, the chromophil cells are grouped again into two 
vanebes, (a) aadophil (or a lpha) cdls which stam 
more readily vnth aad dyes, and (b) basophil (or beta) 
cells which have a greater afErnty for basic stains 
The three types of cell (chromophobe and the two types 
of chromophil cell) are scattered mdiscnmmately 
throughout the pars distah s The proporbons found 
by Rasmussen m man, v vere around 50 per rent rhrnmo - 
- ehobes, 35 per cent aadonhils and 1 5 per cent baso- H 
phils The last arc mcrcased after castrabon (p 887) 

It now appears that the chromophobes represent an 
earlier stage m the development of the granular 
(chromophil) cells and giv e nse to cither aadophds or 
basophils The pars intermedia of man often shows 
cysts of vanous sizes containmg a hyalme or coUoid 
matcnal, and a few cells filled with the same material 
{hyaline bodies) The pars tuberalis resembles the pars 
antenor in being consbtuted of cords of cells separated 
by blood smuses The cdls, howev er, are non-granular 
The neural lobe and stalk are composed of (a) neurog- 
hal cells, (b) fusiform cells with several processes and 
containmg granules of a brown pigment m their cyto- 
plasm {piliiicyies), (c) numerous nerve fibers, and (d) 
hymlme bodies The hyalme bodies were beheved by 
Hcmng, Cushmg and others to represent cells of the 
pars mtermedia and pars tuberalis which have under- 
gone a hyalme change and are traversmg the pars 
nervosa and stalk to reach the 3rd ventnde. The 
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hyaluie matenal vntb -wbch they are filltd tas been 
thought to represent the hormone of the nenral (pos- 
terior) lobe. Some doubt has been thromi upon this 
new and mans consder these bodies simplj as arte- 
facts. 

Wislochi and King hate mtesbgated the blood 
snpplj of the hvpophvas of the monLey and of man 
The foUowmg description is based upon their obierva- 
boas Except for a few capillary anastomoses, the 
blood supply of the pitmtarj is mdependent of that of 
the b"ain proper It is derived from the hvpophvseal 
arteries, branches o' the internal carobd The circula- 
bon of the pars distahs and pituitary stalk is also 
separate from that of the neural lobe. The stalk re- 
caves Its blood Enppl> from the supenor hj-pophi-seal 
artcnes which form a nch plerus surrounding it and 



Fig 57 1 Diagram of the pituitary and neighboring 
structures 1, pars distahs, 2, pats mtermedia, 3, neural 
lobe, 4, pats tuberabs covering neural stalk, 5, mam- 
tnUlaiy bodv, 6, paraventncular nucleus, 7, supra-opbc 
nucleus, S, opbc chiasma, 9, tuber aneream. Isene 
fibers are consbtuents of the hvpothalamico-hi'po- 
physeal tract. 

hang between it and the thm ovcrljmg laj er of the pars 
tuberahs. This vascular plexus sends twigs into the 
Euhstance of the stalk and extends upwards into the 
median eminence of the tuber onereum, where it 
anastomoses with the general capillarv bed of the hj - 
pothabmus. The plexus is drained by vessels (portal 
venules) which descend the stalk and emptj mto the 
smusoids of the pars distahs The smusoids are also 
supphed with blood through the superior hN-pophYseal 
^rtenes. Thus, as Fopa and Fiddmg pomted out some 
years ago, the pars distahs recei\-es a double vascular 
supplj, a puiol, the blood passing through two capfl- 
lan beds, and a s\sletrtc The former has been named 
bv Wislocki the hypoitiaiamco-hypophyzcal portal sys- 
tem 

The Xeeve Fibee CoNXEcnovs or the Ht- 


popHVSis The ncurohypophysts is supphed with fibers 
deni ed from the internal carobd nerv e plerus The cell 
stahons of these fibers are probabK in the supenor 
cervical ganghon of the sjunpathebe, thej reach the 
ceurohj-pophi-sis along blood i-cEsds which descend 
the ne^ stalk Parasnnpathebc mnenabon of the 
hjT»pb\-sis from the great supicrfiaal petrosal penes 
which pass through the internal carobd plerus has 
also been described The most important nenous 
oonneebons of the neurohvpoph>'sis are fibers ongmat- 
mg in the hj-polhalamic nuclei — supm-opuc, tuber 
onereum and, probablj , the parai entncular nuclei (p 
1024) These fibers, which according to one esUmate 
number about 50,000, descend in the neural stalk for 
distnbuboa to the neural lobe. 4 few can be traced 
to the pars intermedia but none apparenllj enters the 
pars d'stalis This tract of fibers, of great importance m 
respect to the fun chon s of the neural lobe, is known as 
the H polhalamico hypophyseal tract \ few nene fibers 
have been described penetrating a short distance into 
the pars distafis, but thc\ are probablj vasomotor in 
funebon The secretow function of eJenohypophsts, 
unlike that of the neural lobe, is probabli not under 
(direct nenous control, lc., bi sccrelorj nerves (see 
p 791 and fig 57 1) 

The Ph\siolog\ of the Phttitaidi 
THE ADE.NOHYPOFHYSIS 

The adenohj’pophvsis is the master gland of 
the endoenne sv'steai \t least eleven tj-pes of 
phj siological eEect hav c been identified with tins 
part of the pitmtarj Six of these, since thev can 
each be produced bv an extract relatively free 
from other effects, arc generallv attributed to 
distinct and separate hormones, namelv, (1) the 
grmr'/j hormone, (2) the thyro’ropl tc (or thyra- 
tropscy hormone, (3) the adrenocoritcolropluc (or 
adrenocorticotropic) hormone, (4) and (5) the 
gonadotrophic (or goradolropsc) hormones, and (6) 
prolactin or the factogcric hormone - 

’ The Third Internabonal Conference on the Stand- 
ardizabon of Hormones has recommended that the 
suffix -tropic m the adjeebve quaUfving the hormones 
of the anterior pituitary be replaced bi -IropJtc (see 
Cohipli End that the terminauon -trophin be used in 
fonmng the name of the hormone (e g , thvrotrophin) 
The suffix -tropic is from the Greek trlpcin, to turn, 
and m this sense has been u^ed m such terms as hcho- 
tropic, geolropic etc. The suffix -trophic is derived from 
the Grerf; work irophein, to nourish or nurture and is, 
therrfo-e, more appropriate as an ending for those pitui- 
t^ homones which afiect the dev elopment and grcrvtli 
of other endoennes. The -tropic ending is also accepted 
usage. ' 

*^ough it IS convement and customarv to speak 
of these pitmtarv pnnaples as separate boimones there 
is no means of knowing whether the active matenals 
obtained bv rather drastic methods of eitracuo-i are 
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The remaining effects of antenor lobe extracts, 
but for which separate hormones have not been 
defimtely demonstrated, are (7) kelogentc, (8) 
tnstiltn antagonizing or glycotropic (9) diabeto- 
genic, (10) parathyroirophic a.nd(li) pancreairophtc 
These vanous actions of antenor pituitary extracts 
can be divided into two mam groups (a) those 
such as the effects upon growth, milk secretion, 
fat metabohsm, etc , which are exerted upon 
penpheral tissues, and (b) those which act upon 
other endocrmes, e g , thyroid, adrenal cortex, 
gonads, etc , these latter pitmtary pnnaples are 
given names composed m each instance of the 
name of the gland acted upon and the suffix 
trophic or tropic 

Not a great deal is known of the chemistry of 
the anterior lobe pnnaples They are protem m 
nature, and it appears that the gonadotrophic 
hormones are glycoprotems containing glycos- 
amme and a hexose A pol 3 T)eptid with high ad- 
renocorticotrophic potency has been obtamed (p 
788 

The effects of hypophysectomy are for the most 
part attnbutable to the withdrawal of the actions 
of the antenor lobe secretion upon vanous physi- 
ological functions In competent hands complete 
ablation of the pituitary is not the fatal operation 
it was once bebeved to be, animals survive for 
long penods dunng which they can be studied, 
though undoubtedly theur bfe span is shortened 
as a result of the abnormalities which result. 
Among the chief effects of hypophysectomy are 
(1) arrested growth, (2) atrophy of the gonads 
and, mdirectly, of the accessory organs of sex, 
(3) suppression of milk secretion and mvolution 
of the mammary glands, (4) atrophy of the thy- 
roid and adrenal cortex and probably degenerative 
changes m the parathyroids, (5) lowered meta- 
bolic rate, (6) hypoglycemia and mcreased sensi- 
tivity to msulm, reduction m liver and muscle 
glycogen, (7) depression of spontaneous activity, 
(8) dimmished resistance to mfections and shock 

actually secreted as separate entities by the living 
gland Only three characteristic types of cell are knovra 
to exist in the antenor lobe, and only two — acidophil 
and basophil — are beheved to elaborate physiologically 
active principles It seems scarcely credible that the 
several extraction products of the antenor lobe repre- 
sent a correspondmg number of separate hormones, 
and are not, as Riddle suggests, “hormone fragments”, 
or as Colhp expresses it^ “chemically dissected” parts 
which represent prosthetic groups split off from perhaps 
only two large hormone molecules 


The growth hormone 

It has been known for many years as a result 
of the study of growth abnormalities m man 
(acromegaly, giantism and dwarfism) that the 
antenor lobe of the hypophysis influences skeletal 
growth Experimental work also mdicated such a 
function, removal of the postenor lobe and part 
of the antenor from puppies resultmg m dwarfing, 
sexual infantflism and obesity (Aschner, Cushmg) 
Removal of the antenor lobe m tadpoles was 
shown by Smith and by Allen to result in re- 
tarded growth, failure of metamorphosis and a 
reduction m pigmentation of the body surface 



Fig 57 2 Curve of average growth of 38 female rat j 
which were treated daily with mtrapentoneal mjecPons 
of antenor lobe extract, and that of 38 htter mate sister 
controls (untreated) (After Evans ) 

The final proof that the antenor lobe secreted a 
growth-promotmg hormone was furmshed by the 
experiments of Evans and Long, who found that 
a salme or alkahne extract of the gland when 
given daily to rats by mtrapentoneal mjection 
(but not by mouth) extended the growth penod 
beyond the normal lunit Some of these animals 
finally attamed a size larger by 100 per cent or 
more than that of their untreated litter mates 
(see fig 57.2) The effect was usually greater m 
females Similar results have been obtamed m 
dogs Giantism, acromegaly and splanchnomegaly 
(p 799) have been produced m bulldogs by Put- 
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nam, Benedict and TeeL Airedales, Boston temers 
and dachshunds have been shown bv others to 
respond to such an extract (see fig 57J) Potent 
extracts free from gonadotropic and containing 
onh traces of thyrotrophic, adrenotrophic and 
lactogenic pnnaples base been prepared A specific 

stimulating effect of the growth hormone upon 
epiphvseal cartilage of hj-poph\-5ectormzed rats 
has been demonstrated The cartilage cells be- 
come enlarged, acti\e osteoblasts appear, and a 
zone of newly formed bony trabeculae deidops m 
the prenously qmescent bone As might be ex- 
pected, the stimulus to growth is accompamed by 
a retention of mtrogen (positive mtrogen balance) 
An increase m resen e or deposit protein, especially 
m the hypertrophied muscles, appears to be one 
of the first changes m protem metabolism caused 
by the growth principle. The greater mnsde bulk 
appears to be due to an mcrease m non-contractile 
material for neither the mjosin content nor the 


whether these vanous metabolic effects are essen- 
tially and speoficallv related to the growth hor- 
mone or are due to separate and distmct principles 

The effect of h>poph\'sectomy upon the growth 
of puppies is shown m fig 57 4. The potency of a 
gi\en antenor lobe extract m growth-promo tmg 
properties ma> be assajed by mjecting it m 
measured amounts mto rats whose growth has 
been completely arrested b3 subjecting them to 
h>-poph>'Eectomj at the age of 100 days and there- 
after foDowmg their growth curies Normal rats 
are much less reactiie to the hormone than the 
operated animals 

The pitmtarj of a full-grown animal contains as 
much growth hormone as those of j oung animals, 
but the rftle which it pla>s in the adult body is 
unknown It maj be mentioned, howeier, as an 
isolated observation, that under its influence the 
growth of hair over a shaved part is more rapid 
than usual 



FrG_ 57.3 Litter mate female dachshunds Hi monthsolcL HA -26 injected with growth hoimone for 35 weeks 
HA 27 controL (After Evans and assooales.) 


contractile power of the musde is mcreased. There 
IS no appreciable change m the calaura balance. 
The growth prmaple is almost certainU elaborated 
bi the aadophil cells The pituitanes of dwarf 
mice are lackmg m aadophils while acromegalj 
and gianUsm arefrequentlj associated with tumors 
compo^ of these elements 
Dnbetogemc and ketogemc effects are assocaated 
with the growth hormone and cannot be corapletdj 
separated from it Diabetogemc action can be 
demonstrated even m the most highlv purified 
preparations, and is apparentlj , therefore, a prop- 
ertv of the growth hormone molecule itself, yet this 
action 13 probablj of bttle physiological impiortance 
since the hormone m appropriate dosage stimulates 
growth in voung animals without mducmg di- 
diabetes (A oung) The growth hormone exhibits 
other metabolic effects, namelv, depression of the 
rcspiratoy quotient, a decrease m argmase of the 
bver and of insulin m the pancreas Also, the 
specific dvnamic action of protem appears to be 
dependent upon this principle. It is not known 



Fig 57 4. Hypophysectomized puppj (nght) and 
litter mate conbol Oeft) three months after removal 
of tie ivpophvsis when three weeks old. (After Dandy 
and Rickert.) 

It might with reason he asked, “Does the growth 
prmaple act indirectly by stiinulatmg other glands 
which are known to be influenced by the pituitary, 
e.g, the thvroid, adrenals or gonads?” Such an m- 
direct mode of action is disproved by the fact that 
growth cannot be mduced m an hypophysectomized 
animal bv the administiatron of an extract of any of 
these glands On the other hand, growth he in- 
duced in hypophysectomized animals or stimulated 
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in young normal animals by means of pituitary ex- 
tracts containmg only traces of “trophic” pnnaples 
The growth hormone should not, however, be looked 
upon as the supreme factor controlhng growth m the 
sense that cell multiphcation and the growth of tissues 
and organs are arrested when it is withdrawn That the 
growth of mdividual organs is not abolished is shown 
by the facts that mtheabsenceof thepitmtary, mitotic 
figures appear m the mammary glands of partunent 


e g , increase in heart rate, rise m metabolic rate, 
mcreased susceptibihty to oxygen want and m- 
creased tolerance to acetonitrile have been ob- 
served by vanous workers This pitmtary hormone 
prevents the thyroid atrophy which follows hypo- 
physectomy It decreases the lodme content of the 
gland m normal animals while raismg that of the 
blood The latter effect is the result, apparently, 



Fig 57 5 The thyrotrophic hormone Section of thyroid from normal gmnea-pig on the l^t, that of htter mate 
treated with 8 mg of antenor lobe substance on right (After Van Dyke, The physiology and pharmacology of the 
pituitary body, Chicago Umversity Press ) 


rats, and, hypertrophy of the remainmg kidney follows 
unilateral nephrectomy The pituitary appears to pre- 
side over the growth of the body as a whole and to 
control the proportional growth of the several organs 
and parts 

The thyrotrophic hormone, thyrotrophin, thyroid 
stimulaling hormone (TSH) 

Hypophysectomy causes atrophy of the thy- 
roid On the other hand, an acid extract of the 
antenor lobe of the pituitary has been prepared 
(Loeb and Bassett, Aron) which, when mjected 
mto animals, stimulates the thyroid A homogene- 
ous substance with a high thyrotrophic activity, 
and which appears to be a pure protem (a pseudo- 
globulm), has been isolated more recently from 
beef pituitary tissue It is free from growth and 
gonad-stimulatmg properties Strikmg changes m 
the histological appearance of the thyroid result 
from the mjection of thyrotrophin, the colloid 
material disappears, the epithelium becomes hy- 
perplastic and the alveolar cavities are much 
reduced m size or almost obbterated as a result of 
the mcreased height of the epithelium and the 
mfoldmg of their walls (fig 57 5) Mitotic figures 
(espeaally after the admmistration of colchicme 
(p 897) appear m the thyroid in large numbers, 
whereas m the normal gland of the gumea-pig 
about 150 mitoses can be found, nearly 200,000 
may appear after the administration of a potent 
th3Trotrophic pnnaple Signs of h 3 ^erth 3 Woidism, 



Fig 57 6 Showing the percentile loss of radio-iodme 
from and the delayed mcrease in radio-iodme m the 
th 3 Uoid imder the influence of TSH. (After Rawson) 


of the release of thyroid hormone mto the circula- 
tion When lodme is administered m pharmaco- 
logical dosage, its uptake by the gland is mcreased 
by TSH, but this effect is delayed for about 48 
hours after the injection The production of thy- 
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roid hormone is also mcreased at this tune (see 
also ch 58) 

The thjTotrophic hormone induces creatmuna 
and mcreased calcium excretion, and a reduction 
of liver glj'cogen m ordinary laboratory animals, 
and hastens the metamorphosis of tadpoles— all 
weU-known thyroid effects None of the effects so 
far listed can be produced after removal of the 
thyroid The action of thyrotrophm has been 
demonstrated m man, mjecUons causing a nse m 
the metabolic rate in normal persons, hyperthj roid 
patients and those suffering from pituitary defi- 
ciency, but not m subjects with functionless thy- 
roids In vilro, this hormone causes hj-perplasia of 
shced thyroid tissue, evidence that its action is 



(hrcctly upon the thyroid cells The effect of thyro- 
trophm m causmg exophthalmos in the guinea-pig, 
and Its probable role m the production of human 
exophthalmos is discussed m ch 58 
The normal rat or gumea pig, after an mitial re- 
sponse penod m which hyperplasia of the thyroid 
and a nse m the metabohe rate occur, becomes 
refractory to the thyrotrophic hormone The re- 
fractormess has been shown by Collip and Ander- 
son to be due to the formation of some inhibitmg 
substance (anti-hormone (see p 791)) which th^ 
have found m the serum of the treated animals 
Fnedgood also found that though gumea pigs 
responded at first to an extract of the antenor lobe 
of the pituitary by thyroid hyperplasia and a nse 
m the basal metabohe rate, the anunals later be 


came refractory The responsive period was fol- 
lowed by one dunng which the B M R fell to 
normal or to a subnormal level (though the injec- 
tions were continued) , the thyroid hyperplasia, 
however, persisted Eventually the thyroid re- 
turned to Its normal size and histological appear- 
ance, m spite of the uninterrupted admmistraUon 
of the extract. Slight prominence of the eyeballs 
appeared toward the end of the response c phase, 
but the most pronounced exophthalmos occurred 
dunng the refractory phase The production of 
the effect upon the eyes appears, therefore, to be 
independent of the effect upon the B M R It has 
been mentioned elsewhere (chapter 58) that exoph- 
thalmos has been induced by the administration 
of antenor pituitary extract to thyroidcctomized 
animals 

The discovery' of the thyrotrophic hormone and 
the obserx-ations just cited suggest at once the 
possibility that exophthalmic goiter and certain 
instances of hy'pothyroidism arc pnmanly of pi- 
tuitary ongin — excess and defiacncy , respectively, 
of the thyrotropic pnnaple 

The adrcnocorltcotrophtc hormone (ACTE), corti- 
colrophm 

Hy-pophysectomy in the rat leads to atrophy 
of the cortex of the adrenal (fig 57 7) Hy- 
pertrophy of the adrenals, chiell\ the cortex, is 
observed m hyperactivity of the antenor pituiUiry 
m man (see acromegaly and pituitary basophilism, 
p 799), whereas pituitary cachexia (p 801) is 
associated with adrenal atrophy Adenomatous 
tumors of the adrenal cortex haic been produced 
by the mjection of antenor pituitary extracts mto 
normal animals Some cases of Addison’s disease. 
It has been suggested, may be due to a pituitary 
defect, that is, to a defiacncy of corticotrophm , 
improvement of pabents wnth this disease has been 
reported to follow the administration of the adreno- 
corticotrophic pnnaple 

Collip and his colleagues (1933) were the first to 
prepare from the antenor pituitary an extract 
which acted specifically upon the adrenal cortex. 
It contamed mmiraal amounts of other pituitary 
pnnciples This extract was highly effective m re- 
storing to normal the atrophied adrenal cortex of 
hypophysectomized animals A protein with high 
corticotrophic activity was isolated by Li and his 
assoaates m 1942, and bv Sayers and his col- 
leagues in 1943 The matcnal obtained b\ the latter 
observers is free from thyrotrophic and lactogenic 
actions lU isoelectnc pomt is at a pH between 4 7 
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and 4 8 and its molecular weight is around 20,000 
Li and associates later obtamed a pol 5 'peptide 
from ACTH extracts by partial hydrolysis with 
pepsin or acid The product of aad hydrolysis has 
a potency some 100 times greater than that of the 
original matenal, its molecular weight is around 
1200 

Factors relating to the action and liberation of corli- 
cotroplnn 

Corticotrophm mduces changes m the quantity 
and distribution of the doubly refractmg (bire- 
fringent) lipid matenal m the cortical cells 
Moderate doses cause a reduction of the fine 
dust-like particles With larger doses the lipid is 
increased in the zona glomerulosa and zona 
reticulans and appears in the form of larger 
accumulations which, it is suggested bj"^ some 
observers, represent the cortical hormone or its 
precursor m the storage phase (p 794) Gratten 
and Jensen found that corticotrophm stimulated 
the production of those cortical pnnciples pos- 
sessing an oxygen atom at Cn m the steroid mole- 
cule The production of those hormones lacking an 
oxj'gen atom at Cm it is thought, is not stimulated 
by this pituitaiy' prinaple 

The basophil cells are probably the source of 
corticotrophm A great reduction m the number 
of these cells is said to occur m some cases of 
Addison’s disease 

The gonadotrophic hormones and prolactm are 
dealt with m chapter 61 

The regulation of ACTH secretion is described 
on pages 791 and 844 

The ketogeme effect 

If an extract of the anterior lobe is injected 
mto fastmg rats, or rats receiving a diet of butter 
fat, a rise m acetone bodies m the urine and m the 
blood occurs (Bum and Lmg, Anselmmo and 
Hoffmann) The effect is not mediated through 
the thyroid for it is obtamed m thyroidectomized 
animals It was thought, however, to be de- 
pendent upon the adrenal cortex smee adrenal- 
ectomized animals treated with a potent ketogeme 
extract do not show ketonuna (Fry), whereas 
removal of the adrenal medulla alone does not 
prevent the response It has been found, how- 
ever, that the effect of the adrenal cortex is only 
upon the excretion of ketone bodies, adrenalectomy 
dues not prevent their nsmg m the blood Keto- 
gemc extracts also cause an increased deposition 


of fat m the hver and a dimmution of body fat, 
mdicatmg the transference of fat from the latter 
to the former site, which suggests m turn that the 
ketosis IS the result of the stimulation of fat 
catabolism, and the production of ketones beyond 
the capacity of the body to oxidize them The 
ketogeme effect is closely associated with the 
growth hormone and the diabetogenic factor (see 
below) Animals develop a resistance to the action 
of ketogeme extracts after they have received a 
number of mjections 

The insulin-antagonizmg (glycotropic) and diabeto- 
genic factors 

(see also p 680) 

Many observations associate the adenohy- 
pophysis of the pitmtary with carbohydrate me- 
tabolism (a) Hyperglycemia, glycosuria, lowered 
sugar tolerance, are among the effects of over- 
activity of the antenor lobe m man (see acro- 
megaly, p 799) All the symptoms of a true dia- 
betes mellitus may be present m this condition (b) 
Evans and others observed that dachshund pups 
given daily mjections of anterior lobe extract as 
well as mcreasmg 100 per cent m weight, exhibited 
great thust, polyuna and glycosuna, and had a 
fastmg blood sugar of 232 mg per 100 cc. (normal 
100 mg per cent) (c) Hypophysectomy renders 
an animal hypersensitive to msulm and resistant 
to the hyperglycemic action of adrenalme, while 
implantations of anterior lobe or mjections of an 
antenor lobe extract reduce the hypoglycemic 
action of the pancreatic hormone It was also 
shown by Houssay that the diabetic symptoms 
following pancreatectomy almost disappear after 
hypophysectomy, but return when anterior lobe 
tissue IS transplanted mto the depancreatized and 
h 3 q}ophysectomized annual A pancreatectomized 
and hypophysectomized dog (Houssay dog) wiU 
live for several months without the aid of msulm, 
durmg fastmg the blood sugar is within normal 
limits, or there may be hypoglycemia, ketonuna 
IS absent and the glycogen content of the hver is 
near the normal value Houssay and Biasotti con- 
cluded that the antenor lobe was concerned m the 
production of sugar from endogenous protem (see 
also p 628) CorkiU, Marks and White suggested 
that the glycogen reserves of the liver are less 
readily mobilized after hypophysectomy, and that 
this is a contnbutory factor m the hypersensitive- 
ness to msulm of animals subjected to this opera- 
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tion The h>-perglvcemic effect of antenor lobe 
extracts is not brought about through the adrenal 
since It occurs after adrenalectomy (Houssaj) 

In 1937 Young reported the extremelv impor- 
tant finding that dogs given a senes of daily m- 
jections of a crude extract of the antenor lobe 
became permanently diabetic (hj'pergljcemia, gl>- 
cosuna and ketonuna), i e the diabetogenic effect 
continued after the adnunistration of the extract 
was stopped, and persisted mdefinitelv The pan- 
creases of such animals show complete degenera- 
tion of the islets of Langerhans (Richardson and 
Young) and gi\e an extremelj low insulm assa\ 
(Best and Campbell) These changes probabl> 
represent an “exhaustion atroph}'” which accounts 
for the permanent diabetic state mduced bj the 
extract The diabetogenic factor should not be 
confused with the msulin antagomzmg pnnaple 
or, as Young calls it, the glycotropic factor The 
latter exerts a true anti insulm effect Extracts 
ha\e been secured, for example, which, though 
reduemg or prexentmg the hypogljcemic action 
of mjected msulm, do not raise the blood sugar 
when admmistered alone The glj cotropic factor 
which IS distmct from the th>T'otropic and gonado- 
tropic pnnaples and probabl> from the lacto- 
genic factor, also mhibits the actions of msulm m 
acceleratmg the fall m blood sugar m hepatecto- 
mized animals (Himsworth and Scott) and m 
causmg the dejwsition of muscle glj cogen (Marks) 

The parathyolrophic effect 

There is a considerable bod> of evndence which 
suggests that the antenor lobe exerts a controUmg 
influence upon parathyroid function The asso- 
ciation m the human subject of parathjToid 
adenomas with pitmtary tumors has been reported 
Decalcification of the skeleton occurs m pituitary 
basophilism (p 799), though m a case of this 
disease Cushmg found degeneration rather than 
hjTierplasia of parathyroid tissue Atrophy of 
the parathiTOids has been reported m dogs (Hous- 
say and associates) and m rats (Smith) following 
hypoph> sectomy Colhp and his colleagues ob- 
served hj'pocalcemia and degenerative changes m 
the parathyroids m dogs after the removal of the 
pancreas and the hypophisis Removal of the 
pituitary alone, however, does not lower the serum 
calaum, though a rise m serum calcium hac been 
observed to result from mjections of antenor lobe 
extracts Anselmmo and Hoffmann claim to have 
produced parathyroid hyperplasia, often accom- 


panied by hypercalcemia, by the injection of an 
antenor lobe extract mto ammals, and postulate 
the existence of a specific parathjTotropic hor- 
mone Sunilar results have been reported bj 
HerU and Kranes Fmally, Hertz and Albnght 
have reported that the unne of a subject in whom 
there was a general h>'perplasia of parathjToid 
tissue (hvperparathj’roidism, p 858), v hen m- 
jected into rabbits caused fivyierplasia of their 
parathv roids Although these sev cral observations 
suggest some relationship between the pituitary 
and parath>roid function, there is no conclusive 
evidence that a specific parathvrotropic hormone 
exists, and that such a hormone is essential for 
parathj roid function is disprov cd bj the fact that 
calaum metabolism, even in >oung animals, ap- 
pears to suffer no impairment after hvpoph>sec- 
tomv 

The pancreatrophic effect 

Anselmmo and Hoffmann reported the prepara- 
tion of an antenor lobe extract which caused en- 
largement and an increase in the number of the 
islands of Langerhans together with a fall in blood 
sugar The extract was free from thvTotrophic 
effects Their results, the> believed, indicated the 
presence of a pancreatropic hormone which stimu- 
lated insulin production Richardson and Young 
have furnished confirmatory evidence of a pan- 
crcatrophic effect Thev observed a 100 per cent 
mcrease in the quantity of islet issue in the pan- 
creas of rats receiving dailj mjections of a crude 
anterior lobe extract, many mitotic figures were 
seen in the islet cells of dogs treated with the 
extract Marks and Young found that m rats the 
admmistration of a pituitary extract mcreased the 
msulm content of the pancreas Ham and Haist 
have obtamed histological evidence of a stimu- 
lating effect of a pituitary extract upon the islet 
and aanar tissue After a few daily injections 
mitotic figures appeared m the beta cells of the 
islets as well as m the aanar cells The daily 
admmistration of extract over a longer period led 
to degranulation followed by hvdropic degenera- 
tion of the beta cells and, cventuallv, atrophy' 
of the insulm-sccretmg tissue 

The pancreatic effects of pituitary extracts 
which have been just ated do not permit one to 
conclude that a specific pancreatotrophic hormone 
exists Such effects more probably are brought 
about mdirectly through the action of the diabeto- 
genic or of the glycotropic factor, that is, by 
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increasing the demand for insulm The fact that 
hj'pophysectomy is not followed by atrophy of 
the islets of Langerhans speaks very strongly 
against the effects being truly “trophic” in char- 
acter 

The Control of the Secretion of the 

ADENOHYPOPmSIS 

Since there is a lack of any clear evidence that 
the pars distalis receives fibers which might bring 
about a secrctoiy' response from its cells, it is very 
doubtful that this part of the hjTpophysis is under 
direct neiN’ous control Indeed in some classes of 
mammals, c g , the whale, porpoise and armadillo, 
etc , the pars disLalis is separated from the neural 
part bv a fibrous septum which ncr\'c fibers of the 
hypolhalamico-hypophyscal tract cannot penetrate 
Furthermore, section of the neural stalk, the only 
hkeh course which secrctorj' fibers might take, 
often causes no notcworth> effects upon anterior 
lobe function and none which interference with 
the blood supply cannot explain 

Yet there arc a great manv obscnaitions from 
which It must be concluded that the activity of 
the antenor lobe is subject to nen'ous influences 
The liberation of an “ovailation hormone” bj the 
pituitary of the rabbit on sexual excitement (p 
886), the release of the adrcnocorticotrophic hor- 
mone under states of emotional stress, as shown by 
Long and his assoaates, the secretion of th^ ro- 
trophic hormone upon exposure to cold (Uotila 
p 738), and the effect of light (retinal stimula- 
tion) upon the sexual functions of birds and of 
many mammals arc outstanding examples of a 
relationship between the output of antenor lobe 
hormones and nervous activity' It has also been 
found (Markcc and associates) that, whereas direct 
clectncal stimulation of the pars distalis of the rab- 
bit in 15 hourly penods over a total time of 5 days 
failed to cause ovulation, stimulation of the tuber 
cincrcum for only 3 minutes w'as successful How 
are these obscrv'ations to be reconciled wnth the 
statements in the preceding paragraph? The vascu- 
lar supply to the pars distalis (p 784) offers the 
basis for an explanation We have seen that blood 
which has first come into association ivith nerve 
cells in the tuber anercum, and probably with other 
hypothalamic nudei as well, empties into the sinuses 
of the pars distalis It is reasonable to presume that 
an almost unique vascular arrangement of this 
nature possesses physiological significance The 
cells of the hypothalamic nuclei have every ap- 


pearance of bemg secretory m function (p 1025) 
There is now httle doubt that these cells, as a 
result of impulses received from other parts of 
the nervous system, discharge a secretion mto the 
capillary blood which is conveyed to the smus- 
oids of the pars distalis through the hypothala- 
mico-hypophyseal portal system of vessels Thus, 
a hypothalamic hormone is brought into relation 
with the cells of the adenohy^pophysis which pro- 
duce the trophic hormones In other words, the 
neurosecretory cells and the portal system of 
vessels serve as functionmg Imks between the 
nervous system and the endociine cells of the 
adenohypophysis The conception of neurosecre- 
tory cells IS, of course, not new The existence of 
such cells m the nervous systems of both mverte- 
brates (insects, mollusks, w orms, etc ) and verte- 
brates including the human hy^pothalamic nuclei 
has been well established The secretion of such 
cells has even been demonstrated as droplets of 
an aadophil matenal in tlie axons of the perve 
cells In fish also, similar material has been traced 
all the way' along the axons from the hypothalamic 
cells to the hy'pophy'sis (Scharrer and Scharrer) 

Further evidence for the control of adenohypophy'seal 
aclw'ity by means of neurohormones elaborated m the 
hy'pothalaraus and earned to the cells which secrete 
the trophic hormones is (a) The adcnohy'pophj'sis is 
unresponsue to direct clectncal stimulation, whereas 
electrical stimulation of the hypothalamus (tuber 
cincrcum) is effective, (b) The effect of section of the 
neural stalk in abolishing control of ACTH secretion 
IS inconstant, but Hams has shown that failure of this 
operation to prevent ACTH liberation in response to 
various states of stress is due to rapid postoperative 
restoration of the hyTKiphyscal portal circulation If 
revascularization is prevented the hypophysis remains 
unresponsive to hvpothalamic influence, (c) Grafts of 
hypophy'seal tissue in the neighborhood of the hypo- 
physeal portal circulation respond to hypothalamic 
stimulation those placed in more remote situations and 
which, therefore, are not vasculanzcd from the hypo- 
phy'seal-portal vessels, do not respond (Hams) 

Antihoriiones and Prohormones 

Colhp and his colleagues demonstrated that certam 
hormones when injected cause the formabon of a sub- 
stance m the serum of the treated animal which exerts 
a specific antagonism to, and may completely abolish 
the effect of, the injected hormone They thought that 
the inhibitory prmciple was not an anbbody in the 
ordinary sense, i c , an immune body developed to some 
consbtuent of the hormone acbng as anbgen, but 
was rather m the nature of an atilthormone A substance 
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ol tins diameter vms first obtained by CoUip and 
Anderson in 1934 in the course of eipenments mth the 
thyrotrophic pnnaple of the antenor pituitary Rats 
after repeated injections of the thyrotrophic hormone 
became refractory, subsequently faihng to respond to 
large doses They were still responsive, however, to 
the thyroid hormone It was found that the serum of 
these refractory animals was capable of preventmg the 
effect of the thjTOtrophic hormone upon non refractory 
animals To give another example of this antagonism 
hypophysectomized rats treated with purified growth 
hormone faff to respond to it after a period of five or 
SIX. weeks The serum of such animals neutralized the 
effect of the growth hormone upon other untreated 
hypophysectomized mts Besides anb thyrotrophic and 
anb growth pnnnples, inhibitory substances have been 
shown to enst for the ketogemc, lactogemc and gonado- 
trophic pnnaples of the antenor pituitary, respeebv elj , 
as welt as for the antenor pituitary like principle (HCG, 
ch. 61), but not lor the adrenobophic, or parathjoo- 
trophic pnnnples, or for msuhn, or the sex hormones 
Colhp suggested that the inhibitory pnnaples or 
antihormones were present m the blood of normal 
anima ls, each serving to “oppose” or "buffer” the 
achon of the correspondmg hormone and that a given 
endoenne effect occurring naturally in the body was 
dependent upon the rabo ensbng between the hor- 
mone and antihormone concentrafaons 
Colhp’s observabons have been confirmed repeatedly 
by other expenmenters, so that the produebon of 
substances antagonisbc to certain pituitary pnnaples 
when admmistered, is a phenomenon established be 
yond all doubt But there has been a difference of opm- 
lon as to the nature of the inhibitory substances The 
problem is one of eitraordmary complexity for eipen- 
mental mvesbgabon From several later observabons, 
however, e.g , that rats do not develop antihormones to 
implantabon of antenor lobe tissue of their own speaes, 
and anbgonadotiophic substances are not formed m the 
blood of women mjected with human chonomc gonado- 
trophm. It IS most probable that the effect of these 
so-called anbhormones represents a form of anbgen 
anbbody reacbon due to contaminating foreign (anb 
gemc) protan In other words, the anbhormonc effect 
IS not evident, unless the hormone itself is denved from 
another animal, espeaahy one of another species 
Augmentabon of the acbon of a hormone after re- 
peated injecbons has also been observed The nugment- 
mg substance which develops in the serum of an in- 
jected animal is called a prohormone The augmenbng 
acbon may precede the antagonizmg or anbhormonc 
effect 


THE NETJHOHyHOPHYSIS 

An achve extract of the pituitary was first 
obtamed m 1894 by Oliver and Schafer, its effect 
m raising the blood pressure was described Howell 


three years later showed that the postenor lobe 
alone contained the pressor pnnciple The ex 
tract has been used in medianc for many years 
under such commercial names as Piluilnn, In- 
fundtn, Infundibithn, etc , or as the official solutions 
of the Bntish and United States pharmacopoeias 
(B P and U S P ) ’ Much of our knowledge con- 
cerning the pharmacological and physiological ac- 
tions of the pnnaple of the postenor lobe has been 
gamed from expenments with this relatively crude 
material and although it has been largely dis- 
placed bv the more purified fractions ptiresstn and 
ptloctn (p 795) an account of the actions of the 
whole postenor lobe extract will first be given 


The aciwits oj piluilrm or other standardised 
pituitary extract 


These fall into 5 mam groups 
(1) Circulators The blood pressure is raised, 
the sj'stemic artenoles and capiUanes both under- 
going constnction Marked pallor of the skm 
results An mibal depressor effect, or a pressor 
succeeded by a depressor effect, ma> precede the 
mam nse in blood pressure A second injection 
of the extract shortly after the first usually causes 
a depression of the blood pressure (lurerstoit ejfccl) 
The depressor effect may increase with repeated 
mjection, it is cardiac m origin as indicated below 
Pituitnn causes constnction of the coronaiy and 
pulmonary vessels but dilates the cerebral and 
renal lessels The dilator effect upon the two 
last mentioned sets of vessels is a passu e one bemg 
caused by the nse in systemic blood pressure 
The heart is slowed by pituitnn if the ragus nerves 
arc mlact, the effect being a reflex result of the 
blood pressure nse, but mcrcased cardiac rate 
occurs if the nerves have first been cut Some 
dilatation of the heart and wcakenmg of its beat 
occur in the dog, rabbit and, wnth large doses, m 
the cat The coronary constnction and the weaken- 
ing effect upon the cardiac musde cause a re- 
duced cardiac output and a fall in pressure m the 
pulmonary artery (dog and rabbit) These ex- 
perimental results mdicate that commcraal 
pituitnn IS of no value chntcally as a means of 


- lue omaai solution of USP (VTTT) Posterior 
Pituilari Injection is an aqueous soluUon of the pnn 
aples of the postenor lobe of the pituifarj of “healthy 
domKticated animals used as food by man" It has a 
specific activity (oxytoac, antidiurcUc or pressor) of 
lOjwtenor pituitary units per cc A Posterior Ptlui- 
tary Unit (B P , U S P , or Intemahonal) is the potency 
5 mg of the Postenor Pituitary Reference Stand- 
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strengthening the action of a faflmg heart but 
may actually exert a deleterious effect The fall 
in blood pressure which follows repeated mjec- 
tions of pituitnn (inversion effect) is due, accord- 
ing to Melville and Stehl, to the w eakening of the 
heart and not of vascular origin The portal venous 
pressure is reduced by pituitnn — as a result of 
constriction of the splanchnic vessels 

(2) Plaix Muscle is stimulated by pituitnn 
This action differs from the smooth muscle stimu- 
lating action of adrenalme m that it does not 
parallel the action of the sjnnpathetic nerves, 
smooth muscle, receiving motor mnervation from 
the parasjTupathetic, is excited as well The 
muscular vails of the uterus (oxytocic ejfcd), 
intestine, gall-bladder, ureter and urinary bladder 
(destrusor and tngone) are excited Penstalsis in 
the human small intestine and to a less extent m 
the colon, is stimulated, but the tone is unaffected 
Sometimes the smooth muscle of the bronchioles 
IS stimulated, but this is due to contamination of 
the extract v ith histamine and is not specific The 
stimulating effect of pituitnn upon the isolated 
virgin guinea-pig’s uterus was demonstrated by 
Dale in 1909, it is used as a means of assaying the 
potency of pituitary extracts Some highly purified 
preparations exert an ox>tocic effect m a dilution 
of 1 part m 2,000,000,000 The effect of pituitnn 
upon the uterine muscle is antagonized by the 
hormone of the corpus luteura (see p 880) The 
oxytocic effect vanes vith the species, and, as a 
consequence of the interplay of other hormones, 
especially of the luteal hormone, with the phases 
of the sexual cj'cle (e g , penod of estrus, preg- 
nant or non-pregnant state of the uterus) An 
interrelation betv een the actions of adrenalme and 
pituitnn IS indicated by the fact that if the non- 
pregnant uterus of the cat is first treated with 
pituitnn, adrenaline causes contraction mstead 
of the usual relaxation (p 831) The human 
uterus IS most sensitive to the extract at the end of 
pregnancy, and pituitnn is used as an obstetric 
aid to mduce uterine contraction after the expul- 
sion of the placenta and so to prevent or check 
post-partum hemorrhage The postenor pituitary 
pnnciple also causes a temporary mcrease m the 
secretion of milk in lactating animals (so-called 
galactogogue action) This is not, however, a spe- 
cific secretory effect but is due simply to the 
stimulation of smooth muscle in the walls of the 
mammary alveoh and ducts, and the expression of 
pre-formed milk (ch 61) 


Respiratory cfecls, e g , mcreased rate of breath- 
mg, altematmg at times with penods of apnea, 
are produced by pituitnn but they are secondary 
to the effects on the arculation 

(3) The Antidiuretic Hormone (ADH) The 
action of postenor pituitary extracts upon renal 
function was discovered by Magnus and Schafer 
m 1901, but they desenbed only a diuretic effect 
The diuresis, however, is of brief duration and may 
be preceded by anuna due to ureteral spasm, this 
early diuretic action is due to the rise m general 
blood pressure, and the passive dilatation, thereby, 
of the afferent glomerular vessels The important 
and specific renal effect is, however, an mcrease m 
the reabsorption of water and, as a consequence, a 
reduction m unnary flow In anesthetized animals 
the specific antidiuretic action is absent, diuresis due 
to the vascular factors is the outstandmg effect 
Pituitrm postpones for several hours the diuresis 
mduced m normal animals by water drmkmg, and 
reduces the polyuria of diabetes insipidus Associ- 
ated with the antidiuretic effect is an mcrease m 
the percentage of sodium and chlonde m the urme 
and, as a result of a reduction m the tubular re- 
absorption of these electrolytes, an mcrease m 
their total excretion (see also ch 35) This effect 
upon the tubular reabsorption of chlonde, though 
until recently thought to be due to the antidiuretic 
hormone, appears now, from the work of Dicker 
and Heller, to be caused by traces of pitocm m 
the ADH preparations employed Zme salts m 
mmute amounts prolong and enhance the antidi- 
uretic effect of pituitary extracts 

The antidiuretic pnnaple is an essential factor 
m the maintenance of the water balance of the 
body, bemg secreted when the need for water 
conservation anses For example, the quantity of 
the hormone m the unne, which reflects presum- 
ably its concentration m the blood stream, is 
mcreased m dehydrated states but decreased m 
hydremia (Gilman and Goodman) In man, it is 
through a more active tubular reabsorption rather 
than by a reduction m the filtration rate through 
the glomerulus that the kidney plays its part m 
conserving water 

It IS only m mammals and birds that pituitnn 
exerts any effect upon tubular reabsorption And, 
as compared with mammals, the antidiuretic ac- 
tion of pituitnn m birds is feeble Only these two 
classes secrete a h 3 pertomc urme, and their 
nephrons alone possess a thin segment of Henle’s 
loop It is thought, therefore, that this part of the 
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renal tubules is the site of action of the anbdiu- 
retic hormone (see also ch 35) However, pituitnn 
IS not without effect upon the water exchange of 
amphibia and reptiles Frogs, for example, im- 
mersed m water mcrease theu- body weight if 
mjected with pituitnn {Brunn effect) as a result 
of the uptake of water through the sLm, they 
also lose water less readffy m a dry environment 
if treated with pitmtrm Tins effect* is due to a 
prmciple m pituitary extracts other than ADH, 
it is closely associated with the oxytoac prmaple 
but does not seem to be identical with the latter 
It IS called the voter balance prmaple and can be 
prepared from the pitmtanes of mammals as well 
as from those of amphibians 
The secretion of the antidiuretic hormone ap- 
pears to be controlled mamly by the supra-optic 
nucleus of the hypothalamus and, to a less extent, 
by the tuber cmereum The experiments of Vemey 
and his associates upon water diuresis (chap 35) 
mdicate that the adequate stimulus to the nerve 
cells leading to the release of ADH is the osmotic 
pressure of the blood (actually of the extracellular 
fluid) The location m the central nervous system 
of the cells which respond to such an osmotic 
change (osmoreceptors) is not known, but it is 
reasonable to presume that they are situated in 
the hypothalamus and probably in the supraoptic 
nudeus 

That the liberation of ADH is brought about 
through nervous influences of a more remote 
ongm IS probable Stimulation of the central end 
of the vagus, for example, has been reported to 
reduce the urme flow (release of ADH) which is 
accompamed by the appearance of an anbdiuretic 
substance m the unne, but does not occur after 
hypophysectomy The repeated stimulation of the 
retina by flashes of hght, in rats, is said to cause 
diuresis (suppression of ADH) The inhibition of 
water diuresis by exercise or emotion (p 457) 
IS another e x a m ple of a nervous influence upon 
the liberation of ADH. 

The experiments of Pickford suggest that the 
immediate stunulus to the endocrine cells may be 
acetylchohne released at the nerve endmgs 

(4) Metabolic Eitects Reduced tolerance 
for sugar, dimmution m hepatic glycogen, hj'per- 
glycemia, glycosuria and a fall m the basal meta- 


m fish or reptiles, but m the latt 
the former, pituitnn exe 
a rei^ eSect, but one which is different from that wh 
'^ 0 mammals, namely, a reducUon of the 


bohe rate follow the micction of pituitnn. The 
effect of insulin is antagonized That is, to say, 
the panaeatic hormone produces less effect upon 
the blood sugar and a greater amount is required to 
produce hypoglycemic convulsions if its adminis- 
tration has been preceded by an injection of 
pituitnn Pituitnn also causes an macasc m 
liver fat The effects on carbohydrate and fat 
metabolism are probably non-specific, but due 
rather to some e.xtraneous factor associated wnth 
the postenor lobe secretion, and therefore does not 
represent a physiological action 

(5) MELANOPnORZ-EKPANDING (-DISPERSING) 
Property In the skins of many cold-blooded 
animals are peculiar cells with branching processes 
and containmg mobile pigment granules whose 
movement toward the pcnpheiy' of the cell or 
toward the center is under hormonal influence 
Such cells have been given the general name of 
cliromophores Those containing black pigment 
(melanin) are known as melanopJwres and those 
wnth red or yellow pigment arc called cr^lhrophores 
or xanlhoplwres, respectively 
Hogben and Wmlon showed that pituitnn 
caused the pigment granules in the mclanophores 
of the frog to become dispersed throughout the 
bodies and branching processes of these cells 
This results m darkening of the si in Thus, 
the injection of a drop or so of a solution of pitui- 
tnn mto a frog causes its skin to become almost 
coal black as a result of the raclanophore reaction 
On the other hand, after hj’pophj'scctomj , owing 
to the disappearance of the pituitary hormone from 
the arculation, the pigment granules gather near 
the center of the cells and the skm becomes pale 
Hypophj’sectomized tadpoles have, instead of the 
usual dark-brown or green color, a silieiy ap- 
pearance The changes m color which certam 
amphibia, reptiles and fish undergo m order to 
blend into the color of their surroundmgs is largely 
due to lunations m the concentrations of the 
pituitary hormone m the blood or to the balance 
between the concentrations of the melanophore- 
expandmg prmaple and adrenalme Blmdmg a 
frog depnves it of this adaptive power ‘ Nervous 

‘ The phenomenon of light influencing structure and 
run-on through the mediaUon of a retmohymophy'seal 
mechanism is not peciihar to cold blooded ammals 
c ^ work of a number of expenmenters indicates that 
the w^ knoira assoaaUon of the seasonal penods with 
morphologn^ ch^ges (e g , color and texture of ham 
or plumage) and with the sexual cycles of certain 
ma^als and birds as well as with the migraUon of 
irds, IS due, m part at least, to hght acting upon the 
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impulses ansmg m the retma are believed, there- 
fore, to govern the liberation of the melanophore 
expandmg prmaple The production of melanm 
in the skm of the frog is said to be stimulated by 
this prmaple 

In most animals, the melanophore-expandmg 
pnnaple is elaborated by the pars mtermedia * 
Cultures of tissue from the pars mtermedia alone 
yield this prmaple, whereas, oiltures of the neural 
part of the pituitary or of the antenor lobe do not 
Nevertheless, the prmaple finds its way mto the 
neural part of the pituitary and unpunfied extracts 
of the latter always contam it as a contammation 
But it IS possible to prepare it free from anti- 
diuretic, pressor and oxytoac effects Moreover, 
the melanophore dispersmg action of extracts from 
different parts of the posterior lobe do not run 
parallel with the pressor, oxytoac and antidiuretic 
properties These facts argue for the melanophore 
effect being due to a separate and distinct hor- 
mone Zondek has given the name intermedin or the 
chromalophorotropic hormone to this prmaple It 
has been suggested that the melanophore-ex- 
pandmg prmaple also causes the migration of the 
mdamn granules m the pigment layer of the re- 
tma (ch 73) and is, therefore, a factor m dark 
adaption of the eyes of higher vertebrates, but 
the experimental evidence m respect to such a 
function IS conflictmg Nor is there any definite 
evidence that any relationship exists betw een this 
hormone and the occurrence of retmitis pigmcn- 

antenor pitmtary through the medium of reUnal im 
pulses Rowan, for example, was able to mduce sexual 
activity in crows and cananes at any desired time of 
the year by vaiymg the periods of their exposure 
to artificial light, it is also well known that the domes- 
tic fowl will lay regularly in winter if its penod of expo- 
sure to light IS lengthened by artifiaal means Cognate 
experiments have been earned out upon mammals — 
ferrets, hedgehogs and racoons The seasonal shedding 
of hair in the ferret has been shown to be condiUoned 
by the length of the day, and optic nerve section or 
hypophysectomy abohshes the phenomenon The sex- 
ual cycles are abolished, of course, by hypophysectomy 
(lack of gonadotropic hormone) but their penodiaty 
m relation to the length of exposure to hght is lost 
after optic nerve section alone. The extreme sensi- 
tivity to hght of the pigeon in respect to the time of 
egg laymg is extraordmary The pigeon lays a pair of 
eggs m the mormng, the second of the pair bemg laid 
with the regularity of clock-work half an hour after 
the first. Lengthemng or shortemng the period of ex- 
posure to light alters the duration of the interval be- 
tween the laymg of the first and second eggs of the 
pair 

' In those speaes such as the chicken, porpoise and 
whale winch do not possess a pars mtermedia, the 
melanophore-dispersmg pnnaple is found m extracts 
of the antenor lobe, none is present in the postenor 
lobe 


tosa (p 805) It IS natural that it should also be 
suspected of playmg a r61e m cutaneous pigmenta- 
tion m the human subject but agam no reliable 
observation has been reported which might con- 
nect this prmaple with either normal or abnormal 
pigmentation m man 

Fractionation of the posterior lobe extract Pitocin 
and pitressin 

Considerable quantities of histamme may be 
present m commercial pituitary extracts which 
have not been carefully purified, mdeed it was 
believed for a time by some (Abel and assoaates) 
that the plam muscle stimulatmg and depressor 
effects were due simply to histamme Abel also 
mamtamed that the other effects (pressor and 
antidiuretic) were due to a single hormone The 
work of Dudley, and especially of Kamm and his 
assoaates has shown that the specific effects are 
not due to histamme, and that there are at least 
two distinct active pnnaples m a postenor lobe 
extract From the crude extract Kamm and his 
assoaates have isolated two relatively pure frac- 
tions which are called, respectively, pitocin and 
pitressin These are white amorphous powders 
freely soluble m water Chemical analyses of 
highly purified preparations have revealed a high 
ammo-aad content of both pitoan and pitressmj 
cystine, tyrosine and argmme are found m great 
est amounts Their molecular weights are between, 
500 and 2000 Pitocm is the uterme-stunulatmg 
(oxytoac) pnnaple m the ofiBcial pituitary solu- 
tion (p 792) but IS between 100 to 350 times more 
potent than the latter Pitocm acts upon the muscle 
of the uterme body but not upon the cervix 

Pitressm is respionsible for the cardiovascular, 
intestinal, and antidiuretic effects of the ofiBaal 
pituitary preparation If a series of mjections of 
pitressin be given at short mtervals a certam 
degree of tolerance becomes established, the hy- 
pertensive effect bemg less with successive doses 
It IS possible that the antidiuretic action of prep- 
arations of pitressm is due to a separate prmaple, 
for the pressor effect is more readily destroyed by 
heat than is the antidiuretic action Preparations 
of pitressm with a pressor activity 300 times greater 
than that of a solution of Standard Pituitary Pow- 
der have been prepared 

Pitocm exerts its greatest effect upon the human 
uterus m the later months of pregnancy In the 
first few months this prmaple exerts no oxytocic 
action, but a slight effect upon the uterus, prob- 
ablv of vascular ongm follows the mjection o 
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pitresm at tnis tune. In the pitocm causes a 
tail m blorf p-esnire. These fractioas of pwstenor 
lobe extracts are not absolutely pure in theu ef- 
fects, pitocin has a slight pressor action and pitres- 
sm shghtly osvtocc. But from a practical point of 
new a g'eat advantage has been gained by the 
separatioa of these t^o pnnaples m relatndx 
pure form, lo- the eSect upon the uterus can now 
be secured with httle or no nse m blood pi^suie 
which It IS often advisable to avo d 
Both pitTKHin and pitocin cause hvperglj ccmia, 
but wnicb one will bay e the greater effect depends 
largely on the speaes In rabbits pitressin has 
the greater hvperglyceinic action, whereas m dogs, 
pitocn IS more effective. The nse m blood sugar 
mauced bv these pnncrp’es is due to the break- 
down 01 glycogen (glvcogenolysis) m the Irver 
The nature ol pitocm and pitressm from a purdy 
physiological fximt of ne^, te., whether or not 
they represent distinct hormones secreted by the 
neurohvpophy-sis, is m doubt (see p 7S4) 

Van Dyke and associates have isolated a non- 
crvstalhne material of protem nature from jxis- 
teio- lobe extracts which, from electrophoretic, 
nltracentnfage and solubihtv studies, seems to be a 
pure substance free from contaminating ruatenaL 
It possess® oxvtocc and pressor actiynUes in the 
same ratio as m the extracts 

Furdions of Ike reural hit 

Though a postenor lobe extract when mjected 
pronuces yer> definite effects, such might not 
rep-esent the pbvsological actions of the ^and 
within the bodi In other words, the effects fol- 
lowmg mjection might be due to substances which, 
though obtainable by extraction, were merdj 
madental to the chemical procedures ue., arti- 
facts, and not pnnapl® of a true mtemal secre- 
tion. Proof that any giygn effect was hormonal 
would be the demonstration that removal of the 
^and produced a contiarv effect which could be 
csrrected m turn by injection of the extract. There 
IS httle definite eyndence, for example, that m 
m a mm a l s the postenor pituitaij secretes a pressor 
substance which maintains the normal blood pres- 
sure, and httle to suggest that it is concerned with 
capiUarv tone, as was suggested bj Enogh from 
expenmeats upon the frog It is true that in the 
latter spea® and m the toad the postenor lobe 
does appear to be essential for the mamtenanoe of 
capfUaiy tone, Dflatation of the cutaneous ves- 
sels occurs in these animals after total hypo- 


lobe alone. 

The isolation of an orvtoac pnnaple from the 
postenor lobe led, as it was bound to do, to the 
theory that the elaboration and discharge of such 
a pnnaple by the pituitary constituted an im- 
portant factor m the birth mechanism, servmg to 
stimulate the uterme contractions and expel the 
fetus at the end of the oenod of gestation This 
conception of oostenor lobe function, attractixe 
and plausible though it was, appeared to be refuted 
bv fert?m observations Allan and WHes, for 
example, reported that normal partuntion occurs 
m hipopfavsectomized cats, and Sel>e, CoUip and 
Thomson found that though the penod of gesta 
tion m rats was prolonged after hjpophvsectomv , 
no abnormality in the birth mechanism was de- 
tectable Bell and Robson demonstrated an orv- 
toac pnnaple m the blood of pregnant cows, 
women m labor and in non-pregnant rabbits, but 
smce there was no relation between the concen- 
tration of this substance and anj penod of gesta- 
tion, coaduded that it was not concerned in the 
mihation of labor 

Such negative findings aroused sceptiasm as 
to a phvaological relationship between the pitui- 
tary and the parturient uterus However, this 
uncertamtj has been largely dispelled by recent 
work. Hatenus and Ferguson, experimenting with 
rabbits from 2 to 80 hours post parium, observed 
mcreased frequency and amplitude of the uterme 
contractions upon electrical stimulation of the 
pituitary stalk. The response doreI> resembled 
that mduced bv pitocm and •’ras obtamed after 
spmal transection, vagotomy and severance of 
both splanchnic nerves It was abolished bj de- 
structive lesions placed m the infundibulum These 
results strongly suggest that the oiv'toac pnnaple 
of the pituitary is a true hormone. The continuous 
activnty of the uterus m the puerperal rabbit ap- 
pears m the hghl of the results of later eipenmeats 
of Ferguson to be due to pituitary secretion m- 
itiated refleily from the pelvnc vTScera, for the 
contractions undergo progressive dimmubon m 
amphtude after mterruption of the afferent path- 
by section of the pitmtarv stalk or of the 
spmal cord above the Ist lumbar segment. Fisher 
and his colleagues had also found prevnouslv that 
after section of the hvpothalamico-hvpophvseal 
tract m cats the expulsiv e movements of the uterus 
at term were extremely sluggish We know that this 
operation reduces almost to the vamshmg pomt 
the active pnnaples of the postenor pituitary 
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Other significant facts lending support to the 
conception of postenor pituitary function 3 ust 
outlined are, the insensitivity of the uterine cervnc 
to pitocin, and the influence of the female sex 
hormones upon the action of the ox 3 d;ocic prin- 
ciple, namely, the depression of uterme sensitivity 
to the latter mduced by progestm and the greater 
sensitivity conferred by estrogen (p 880) Very 
suggestive m this connection, also, is the discovery 
of Cohen and Maman (p 878) that the estrogenic 
hormone is present m the blood and excreted m 
the unne as an mactive compound (glycuronide 
of estnol) m pregnancy until lust before the onset 
of labor when it appears m the free (active) form 

Expansion of the mdanophores m amphibia or 
of the erythrophores m the mirmow is most cer- 
tainly a hormonal effect, as is also the anlidturdic 
action 

But whether the different hormonal effects ob- 
tamable with posterior lobe extracts, or with the 
fractions pitocin and pitressm, represent naturally 
occurring distmct chemical prmciples or different 
actions of a single large hormone molecule is un- 
certam Pitocm and pitressm may be merely chetm- 
cal groups spht off from such a parent molecule 
by the laboratory procedures — i e , the products 
of a “chemical dissection” Evidence, none of 
which IS conclusive, can be ated for either view 
These statements apply only to the pnnaples of 
the pars nervosa, and not to mtermedm which, 
It IS generally accepted, is a separate and distmct 
hormone formed by the pars intermedia 

THT. CONTROL OF THE ACTIVITY OF THE NEHROHY- 

POPHYSIS AND THE SOURCE OF ITS HORMONES 

While the evidence is against the adenohy- 
pophysis bemg under direct nervous control, the 
clear demonstration of nervous pathways to the 
neural lobe, the depletion of postenor lobe hor- 
mones after section of the hypothalaraico-hj'pophys- 
eal tract, as weU as the experiments already men- 
tioned m respect to the liberation of the oxytoac 
and melanophore expandmg pnnaples, leave httle 
doubt that this part of the pitmtary is controlled 
directly by nerves 

What cells of the neurohypophysis furnish the 
secretion is a question which has engaged the 
attention of many mvestigators The earlier work 
of Hemng, of Cushmg and Goetsch and others 
suggested that the cells of the pars mtermedia and 
pars tuberalis elaborated the hormone or hor- 
mones, and that the hyalme bodies (p 783) seen 
m these regions represented npened cells fiUed 


with secretion Geflmg and Oldham, on the con- 
trary, are convmced that the pressor, oxytoac and 
antidiuretic hormones are formed, not m the pars 
mtermedia, but m the neural lobe itself One 
would thmk that this must be so, for the pars in- 
termedia is absent from the pitmtary of the whale, 
porpoise and chicken, animals m which there is 
no lack of the antidiuretic hormone Nor can ADH 
be extracted from the neural lobe of ordmaiy 
laboratoiy animals if part of the pituitary is 
atrophied though the pars mtermedia appears 
normal Since the discovery of neurosecretory 
cells the absence of tissue of a glandular nature 
from this part of the pitmtary is no obstacle to 
the acceptance of such a view and, as Geilmg 
pomts out, the adrenal medulla is of neural origm 
Another reason for behevmg that the neural tis- 
sue, probably the pitmcytes, elaborates the pos- 
tenor pituitary pnnaples is afforded by the 
experiments of Fisher and his colleagues already 
referred to After section of the nerve fibers of 
the neural stalk degenerative changes confined to 
the postenor lobe appear, and the pressor, oxy- 
tocic and antidiuretic pnnaples are greatly dunm- 
ished, whereas the pars mtermedia contams the 
normal amount of melanophore-expandmg prm- 
aple Most students m this field believe that the 
hyaline bodies described by Hemng are artifacts 
or at any rate do not represent the postenor lobe 
secretion but whatever their nature and function 
may be, an experiment performed by Haddock 
suggests that they traverse the postenor lobe and 
mfundibular stalk to be discharged mto the third 
ventnde When a compressmg chp was placed 
upon the neural stalk numbers of hyalme bodies 
gathered, as though blocked, on the pituitary side 
of the chp Injected particles of India ink have 
also been seen to traverse the nemohypophj^is 
and stream up the stalk, which strongly suggests 
that this IS the pathway taken by the postenor 
lobe hormones Hyahne bodies m the act of dis- 
chargmg mto the ventnde have been described 
Detection of posterior pitmtary principles m the 
cerebro-spmal fluid by means of the oxytoac and 
melanophore tests have been reported by some 
workers, others, however, have failed to confirm 
the observation The recent expenments of Zondek 
mdicate that mtermedm leaves the pituitary via 
the mfundibular stalk This pnnciple was recovered 
from the walls of the third ventnde m the region 
of the autonomic centers but from nowhere else 
outside the pituitary 

Circumstantial evidence for the view that the 
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posterior lobe hormone is discharged mio the 
ventricular system has been furnished by Cushing 
He found that the mjection of commeraal pitm- 
trm mto the lateral ventnde of man produced the 
most strikmg efiects, which commenced within five 
mmutes of the injection These effects resemble 
m several respects those charactenstic of para- 
sympathetic stimulaUon, and are qmte different 
from those resultmg from the mtramuscular m- 
jection of pituitrm They mclude (a) flushmg 
of the akm and most nrofuse sweatmg, (b) fall m 
rectal temperature from about 99 0° to 94 0°, (c) 
nausea, vomitmg and contractions of the small 
mtestme, (d) nse m blood pressure after an initial 
fall and some mcrease m heart rate, (e) salivation 
and lacrymation, (f) fall m metabolic rate (from 
13 to 31 per cent) withm hours These effects 
are not due to histamme Comparable effects 
have been produced by Fulton m the monkey 
The mtraventncular mjection of pilocarpme (a 
drug which stimulates structures innervated by 
parasympathetic nerves) causes comparable ef- 
fects Atropme, nhich abolishes parasympathetic 
effects, prevents the customary results following 
the mtraventncular mjection of either pituitrm or 
pilocarpme Furthermore these agents have not 
their usual action m persons m whom the tissue 
of the hypothalamic region has been destroyed by 
disease, or m persons under the influence of an 
anesthetic such as avertm, which is believed to 
act upon the hypothalamus Penfield has reported 
manifestations similar to those described above m 
a patient with a lesion (tumor) m the region of the 
hjqiothalamic nuclei, he refers to the condition as 
dtencephaltc auloiwmtc epilepsy On the basis of 
his results Cushmg conceives that the secretion of 
the posterior lobe passes mto the cerebro-spinal 
fluid of the ventricle and diffuses through the 
nervous tissue to act upon the parasympathetic 
center m the hypothalamus (tuber aneteum) 
On the other hand, the secretion of the postenor 
lobe IS controlled by impulses ansmg m higher 
nervous centers and relayed to the gland through 
the hypothalamic nudei (see p 1025) It is alto- 
gether likely that the osmotic pressure of theblood, 
which we have seen is a factor m the control of 
ADH hberation, does not act directly upon the 
neural lobe, but upon the cdls (osmoreceptors) of 
the hypothalamus (see also p 605 and chapter 
35) This conception of a nervous-hormonal 
synergysm finds its analogy m the sympatho- 
adrenal system m which impulses flowmg along 


sympathetic pathways cause the liberation of 
adrenal secretion, which m turn reinforces the ac- 
tions of the sympathetic 

Disorders of the Pitoitary in Man 

Derangements of pituitary function may take 
the form of overacUvity or of defiaency In the 
former case tumors composed of functioning endo- 
erme tissue are frequently the cause of the dis- 
order, m the latter, atrophy or degeneration of 
the specific secretmg cells, cither primarily or as 
the result of mechanical pressure by tumors, may 
be responsible A pituitary tumor of the antenor 
lobe may be composed of any of the cellular ele- 
ments of the gland — acidophil or 
basophil adenomas Squamous-ccllcd grow ths (cra- 
niopharyngeomas) may also anse from epithelial 
rests— remnants of Rathke’s pouch— near the 
root of the mfundibular stalk As a result of the 
confined position of the pituitary vnthin the sella 
turaca the entire gland is lilcly to suffer from 
pressure effects when one of its parts becomes 
enlarged For this reason and on account of the 
proxiroity of other important structures, c g , hy- 
pothalamus and optic chiasma, and the proclivity 
of tumors to invade or press ujion neighboring 
structures, the manifestations of a piluitaiy tumor 
are not always referable simply to the part of the 
pituitary ongmally involved Any function — 
growth, sex, water elimination, or the metabolism 
of carbohydrate or fat, presided over by the 
pituitary-hypothalamic mechanism may there- 
fore be disturbed by a lesion in this region Never- 
theless, the site wherein the tumor arises and the 
nature of the cells of which it is composed do very 
often determme the predommant features of the 
condition, and certain fairly well defined groups 
of symptoms (syndromes) are recognized To these 
may or may not be added syonploms referable to 
pressure upon, or to irritation or destruction of, 
near-by nervous structures 
The following is a short classification of pituitary 
disorders — 

! Acromegaly 
Giantism 

Pituitary basophilism — 
Cushing’s disease 

Antenor 

lobe 

Dwarfism 

Pituitary cachexia — 
defiaency Simmond’s disease 
Acromicria 
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Postenor lobe defiaency 
or hypothalamic lesion 
Antenor lobe defiaency 
together wnth postenor 
lobe defiaency or hj^io- 1 
thalamic lesion 1 


Diabetes insipidus 

Dystrophia-adiposo gem- 
tahs (Frbhhch) 

(a) Infantile or juvenile 
type 

(b) Adolescent or adult 
type 


ACROMEGALY 

This condition was first descnbed by Pierre 
Mane in 1885 It is due to the excessive elabora- 
tion of the growth hormone (p 785) during adult 
life, 1 e , after the usual age of full skeletal growth 
(fig 57 8) An adenomatous tumor of the antenor 
lobe composed of acidophil cells is responsible for 
the hypersecretion The charactenstic features of 
the condition are (a) overgrowth of the bones 
of the hands, feet and face Of the latter, the man- 
dible, nasal bones and supraorbital ndges are 
espeaally mvolved (fig 57 9) The feet and hands 
are greatly mcreased m size, the latter bemg 
usually broadened and the fingers thickened , under 
the X-rays, the termmal phalanges appear tufted, 
thus resemblmg a wheat-sheaf in shape Bowing 
of the spine (kj^ihosis) is common The soft tissues 
of the nose, lips, forehead and scalp are thickened, 
the latter bemg thrown into folds or wrinkles 
(bulldog scalp) There is a general overgrowth of 
body hair (b) Atrophy of the gonads and sup- 
pression of the sexual function (amenorrhea m 
women, impotence m men) (c) Moderate increase 
m the urmary excretion of 17-ketosteroids and 
corticoids with reduced excretion of gonadotro- 
phins In the earlier stages, however, there may be 
evidence of mcreased sexual function (d) En- 
largement of the viscera (splanchnomegaly) The 
tongue, lungs, th)mius, heart, hver and spleen are 
greatly enlarged The thyroid, parathyroids and 
adrenals may show hypertrophy of adenomatous 
growths Hyperthyroidism may be present m the 
early stages (e) Glycosuna and hyperglycemia are 
common, and a condition mdistmguishable from 
diabetes of pancreatic origm may be present The 
metabolic rate may be raised by from 10 to 70 
per cent, the specific dynamic action of protem is 
not altered (p 640) 


GIANTISM 

Giantism is due to a pituitary lesion of a similar 
nature to that responsible for acromegaly, but the 
condition arises in pre-adult life, i e , before ossi- 
fication IS complete (fig 57 10) A general over- 


growth of the skeleton results and the production 
of persons of enormous stature — 7 or 8 feet or 
more m height The limbs are usually dispropor- 
tionately long The viscera are not enlarged out of 
proportion to the frame unless, as is sometimes 
the case, the giantism is accompanied by the 
charactenstic features of acromegaly, as may occur 
after adolescence 



Fig 57 8 Acromegaly, together with enlarged 
stature — aaomegahe giantism (After Cushmg and 
Davidoff ) 

gushing’s disease gushing’s syndrome 

This IS a rare disease, its mam features are 
(a) Obesity of the trunk (especially of the abdo- 
men), face and buttocks, but not of the hmbs, 
these latter show some wastmg The fattemng of 
the face leads to roundmg of the facial contours 
which obscures the bony structure, produemg the 
so-called "moon face” There is thus a re-distn- 
bution of body fat, which is mobilized from the 
limbs and depiosited m the regions mentioned 
The fatty deposits are frequently tense, tender and 
pamful Purplish stnae, due to distention, are 
present over the lower abdomen (b) Polycythemia 
with cyanosis of the face, hands and feet, pigmen- 
tation of the skm and excessive growth of hair 
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Women may grow a mustache or a beard (c) Loss 
of mmeral from the bones, leadmg to osteopwrosis, 
Eoftenmg or bnttleness The softenmg often m- 
vohes the dorsal vertebrae, and causes L>-phosis, 
which with the deposition of fat m the mterscapu- 


and h}’pertroph> of the adrenal cortex with signs 
of h>’pcrsecretion of its hormones (h) Increa^ 
urmarj excretion of ll-oxj corticosteroids, and 
often of 17-ketosteroids, high unc aad/crcatinine 
ratio (0 Eosmopenia, lymphopenia, Ion blood 



Fig 57 9 SkuUs of a nonnal person (left) and of an acromegalic (nght) After Cushing and Dasadoff) 









ir'o^ ! ^ ( r if' ' 

’ V' 

P " \ l ^ - -J ^ 




V ' a “ .c - ^ i 



Fro 57 10 Giantism 


.rLS'lSS* “js's™”'; "> 

osm. a.d n Zef S'y 

bon of mtrogen M AtT “ «cre- 

08 (g) Atrophy of testes or ovanes. 


potassium and retention of sodium chlondc vith 

The di^e as ongmallj described b> Haney 
C^lmiE (1932) was associated with a basophJ 
denoma of the adenohj-pophj-sis ^ It has smcc 

wamina^ a'^'lam'nSiK^*^ }" postmortem 
basophil adenomas ww nrS^ ,P““b“nes, small 

- 3 igns Of basoph 2 L^^‘“,Li,^-|;;^^o}; 8 b 



Chapter 57 


PITUITARY BODY 


801 


been found that the sjmdrome may arise either as 
a result of a pitmtary tumor (excess ACTH pro- 
duction and stimulation of the adrenal cortex) or 
from primary hyperplasia or tumor of the adrenal 
cortex. The manifestations, it wDl have been ob- 
served, are m either case referable for the most 
part to excessive adreno-cortical secretion Some- 
times Cushmg’s disease is restncted to cases as- 
sociated with a pituitary tumor, and Cushmg’s 
syndrome apphed to the condition due to prunary 
adrenal tumor or hyperplasia 

DWARFING 

The arrested skeletal development which results 
from deficiency of the growth hormone of the 
antenor pituitary is spoken of as the Lorain type 
of infantilism (fig 5712) These dwarfs are usually, 
though not mvanably, undeveloped sexually 
They do not show deformity or as a rule mental 
infenonty, and are generally not unattractive 
in appearance Sometimes, however, they are 
wizened and except for their mmiature stature 
appear older than theu: years (progena), then the 
condition may be considered the counterpart of 
Simmond’s disease, but commencmg before pu- 
berty The antenor lobe dwarf at adult age may be 
no more than 3 or 4 feet m height. Dunng mfancy 
and childhood, the ossification centers as observed 
by radioscopy appear normal and dentition is not 
delayed The relative proportions of the different 
parts of the skeleton are not far from normal 
though they tend toward those charactenstic of 
childhood, the head being large relatively to the 
body Some encouraging results have been re- 
ported from the treatment of this type of dwarfism 
dunng early childhood with antenor pituitary 
preparations 

PITDITARY CACHEXIA (SIMMONDS’ DISEASE) 

This rare disease was first described by Sim- 
monds of Hamburg It is due to atrophy or de- 
generation of the antenor lobe The mam fea- 
tures of this disease form a picture which may be 
best described as that of a premature and rapidly 
developmg senile decay (fig 5713) They are largely 
referable to severe depression of activity of the 
adrenal cortex and other target organs, e g , gonads 
and thyroid, as a result of defiaeniy of the trophic 
hormones of the pituitary 

Crook also states that a basophil adenoma or a general 
mcrease m basophil cells is an inconstant finding in 
Cushing’s syndrome, but that hyaline degeneration of 
these cells (with or without adenoma) is mvanable. 



Fig 57 12 Infantilism due to antenor lobar defiaency 
Age 21 years Man on nght, 5 feet 7 inches (After 
Lisser) 



Fig 57 13 Pitmtary cachexia Photograph on left 
patient aged 42 years, photogr^h on nght, the same 
woman at the age of 34 years (From ZondeL Diseases 
of the Endocrine Glands, Arnold, London.) 

(a) General appearance — loss of axillary and pubic 
hair, hau: of the head prematurely gray and sparse, 
loss of teeth, skin of face wnnkled and dry, often great 
emaciation, smallness of hands and feet and shrunken 
appearance of the faaal features (b) Anemia (c) Low 
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melaloUc role and hypoglyctmfa (d) Amenorrhea or 
mpoitnu (t) Uenial deienoraiim, mnscnlar weakness, 
death tn coma (f) Atrophy of the gonads and a general 
smallness of the internal organs {sphnchnomtcrta) (g) 
Reduced vnnary excretion of gonadotrophins, ll-oxy~ 
coracoids, and 17 keloslerotds, and depression of protein 
hound iodine of the blood (h) Acute adrenal tnsiiffictency 
may occur 

The disease most commonly follows childbirth 
in which there has been severe hemorrhage with 
penpheral circulatory collapse, necroUc areas are 
found postmortally which are attnbuted to the 
resulting ischemia of the gland Milder manifesta- 
tions of the disease developing after childbirth 
have been described by Sheehan, which are now 
referred to as S/ieehon’s syndrome 

DIABETES OfSlPWVS 

Diabetes insipidus is a condition m which large 
quantities of unne of very low specific gravity, 

1 002 to 1 006, and low chlonde content, are 
exaeted In an ordinary case the daily output of 
urme is 4 or S liters, but daily amounts several 
tunes these figures have been reported A corre- 
spondmg mcrease in the fluid intake occurs and 
tlurst IS often mtense The condition frequently 
accompanies^fjtumors of the pituitary or hypo- 
thalamic region It has been ascribed to postenor 
lobe defiaency, since it is reheved by mjections of 
pituitnn and m earlier experiments upon animals 
was a common result of postenor lobe ablation It 
has been shown, however, by Bailej and Bremer, 
and later by others, that m animals puncture of the 
hypothalamus m the region of the tuber cmereum 
without any apparent mjury to the pituitary 
causes polyuna Diabetes msipidus also ensues m 
conditions (epidemic encephalitis) involvmg the 
hypothalamic region On the other hand, the 
aforementioned antidmretic effect of pituitnn and 
the experiments of Haddock, m which the con- 
dition was mduced m animals by the application 
of a chp to the pituitaiy stalk, pomt to defiaency 
of the postenor lobe of the pituitary as a factor 
It IS more correct, however, to look upon diabetes 
msipidus as the result of a disorder affectmg the 
integnty oi the hypophyseal-hypothalamic mecha- 
nism rather than as bemg always dependent upon 
ather the pituitary or the hypothalamus ex- 
clusively Involvement of one or other element, 
or of the nervous connections between the two 
would therefore cause the disease Fisher, Ingram 
and Ranson found, for example, that a lesion mter- 


ruptmg the supra-optico-hypophyseal tract of 
nerve fibers resulted m diabetes msipidus together 
with atrophy of the cells of the supra-optic nucleus 
and of the neural lobe of the pituitary The 
atrophic postenor lobe was found to be almost 
devoid of antidiuretic, oxytoac and pressor prm- 
aples 

It will be recalled (chap 35) that only about 15 
per cent of the glomerular filtrate is reabsorbed by 
the nephron distal to the proximal convoluted 
tubule (“facultative” reabsorption) and upon this 
fraction alone is the action of the antidmretic 
hormone exerted, the reabsorpbon of water by 
the proximal tubule (“obligative” reabsorption) 
is not altered Therefore, a limit is set to the m- 
crease m unne output even though ADH be com- 
pletely absent. If, say, the glomerular filtrate 
amounts to 180 liters dailv, at least 150 liters 
must be reabsorbed under all circumstances, leav- 
mg less than 30 liters as the maximum amount of 
unne which could be produced 

The failure of total hypophysectomy to produce 
diabetes msipidus is due, accordmg to the widely 
accepted theory of von Harm, to the secretion by 
the antenor lobe of a hormone which antagonizes 
the post-pituitaiy anbdiurebc factor, i e , to the 
producbon of a diuretic pnnaple. Von Hann based 
his view on the postmortem records of twenty 
subjects with lesions mvolving the postenor lobe 
In mne, no funcbonmg antenor lobe bssue re- 
mained and these had not suffered from diabetes 
msipidus The experimental results of Richter 
accord with these findmgs Total hypophysec- 
tomy m rats was m no mstance followed by per- 
manent diabetes msipidus, whereas this condibon 
was mvanably produced by removal of the poste- 
nor lobe alone This theory imphes that m the con- 
trol of the excrebon of water, the adenohypophysis 
and the neurohypophysis play antagonisbc roles 
The balance normally established between the 
funcbon of the two parts may be disturbed by, (a) 
removal of the neurohypophysis, (b) by mterrup- 
bon of its nerve connecbons with the hypotha- 
lamus, or (c) by the mjecbon of an antenor lobe 
extract after total hypoph 3 ^ectomy It has been 
found that an mtact thyroid gland is necessary for 
the experimental producbon of diabetes msipidus, 
the condibon once established is abolished by 
thyroidectomy, but can be mduced agam by thy- 
roid admmistrabon An expienment performed by 
Reller suggests that the diuretic action of the an- 
tenor lobe is brought about through its thyrc- 
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trophic hormone When anterior lobe extract was animal to contmued treatment suggest very 
a dmini stered daily to a h 3 'pophysectoniized am- strongly the action of the th 5 T:otrophic prmciple 
mal the water mtake did not show any mcrease In diabetes msipidus the mgestion of large 
until the lapse of from 24 to 48 hours, it then m- quantities of water of a temperature below that 




Fig 57 15 Male aged 8 Hypopitmtansm following 
whooping cough, with characteristic growth and sex 
defects and obesity, FrbhFch’s syndrome (After 
Gardmer-Hill ) 

creased progressively for 12 days and from then 
on gradually declined to the normal level, though 
the mjections were contmued The delay m onset 
and gradual development of the polydipsia to- 
gether iwth the apparent refractoriness of the 


of the body necessitates readjustments m the heat- 
regulatmg mechanisms Vasoconstnction of the 
skm vessels occurs, the extremities are often cold 
and may be cyanotic, and the subject is very sensi- 
tive to cold The vasoconstnction is apparently 
a compensatory measure for heat conservation 
Shivenng and a nse m the metabohc rate may also 
result, the food mtake is then, as a consequence, 
mcreased 

Pituitrm admmistration is the only avaflable 
means for the control of diabetes msipidus (fig 
57 14) and, as mentioned below, this is not success 
fill m some cases Pituitnn (or the pitressm frac- 
tion) may be given by mjecbon or by means of 
pledgets of absorbent cotton soaked m the solu- 
tion and mserted mto the nose The polyuria of 
nephntis is not influenced by pitmtrm admmistra- 
tion It has been pointed out by Snell and Rown- 
tree that diabetes msipidus followmg epidemic 
encephalitis (with hypothalamic mvolvement) is 
httle influenced by pitmtrm mjections, and the 
thirst to a less extent even than the polyuna In 
these cases, therefore, pitmtrm mjections may 
result m such a disturbance of the water balance 
as to cause water mtoxication, the latter may also 
occur m an ordinary case of diabetes msipidus if 
pitmtrm is administered and the patient requested 
to mamtam his usual flmd mtake The urea clear- 
ances are normal as a rule in diabetes msipidus 
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The fundamental mechanisms concerned m the 
poljnina of diabetes insipidus appear to be aUied 
m nature to those underlymg the diuresis of water 
drinking m normal persons But the thust and 
the consequent excessive mgestion of water ex- 



Fio 57 16 Eitrenae case of obesit) , due to pihutaiy 
ir hj-pothalamic disease. (After Tunme.) 



Fig 57 17 Laurence Biedl Moon sjTidroaie. Note the 
presence of sn toes (After Weiss ) 

penenced by subjects of diabetes insipidus is not 
pnmatj , as m the water diuresis of normal persons, 
but IS secondary to the polyuna and the resulting 
tendencj toward dehydration the depni-ation of 
water earned to the hmit of endurance does not 
nreient the excretion of large quantibes of water 


The results of Richter's work upon rats, m 
which diabetes msipidus was produced by hy- 
pophysectomy or a stab wound in the floor of the 
thud ventncle, mdicate that in the experimental 
condition polyuna is also primary He states that 
polyuna preceded polydipsia and that animals 
depnved of water contmued to excrete large quan- 
tibes of unne. 

About 10 per cent of cases, classed as diabetes 
msipidus, do not respond to postpituitary prepa- 
rabons, or do so very poorly Such cases are con 
genital or show a famihal tendency', and are 
thought to be due to an inherent defect of the 
renal tubules with respect to the reabsotpbon of 
water — a persistence, it would seem, of the infan- 
tfle mcapaaty of the tubules to concentrate the 
unne 

Poly'una, sunulabng m some ways diabetes in- 
sipidus, occurs m chronic nephritis (ch 36) and m 
psychogenic polydipsia The polyuna m chronic 
nephntis is not corrected by pituitary extracts 
and m psychogenic polydipsia thirst is primary, 
the urme solume is reduced and the specific grav- 
ity of the unne is raised by ngid depnvabon of 
water, the polyuna is simply a normal diurebc 
response to water dnnking 

DVSTROraiA ADtPOSO-erSTTAUS 

Dj'sbophia adiposo-genitalis, as its name sug- 
gests, IS a condibon m which obesity, sexual m- 
fantihsm and dwarfing (if the condibon occurs dur- 
mg the growmg penod) are the essential features 
It IS due to a lesion of the anterior lobe of the pitui- 
tary', which accounts for the sexual immatunty and 
dwarfing, and of the hypothalamus (or postenor 
pituitary) The experiments of Smith with hypo- 
physectomixed rats and of other mi estigators jiomt 
to myury of the hypothalamus rather than of the 
postenor lobe as bemg chiefly responsible for the 
obesiti Marked obesity' is also a feature of certam 
hypothalamic disorders m man unassoaated ap- 
parently with any disease of the pituitary itself 
Dysbophia adijmso-genitahs appears m two forms 
accordmg to the age at which it deielops — the 
xti/anlile or prepubertal and the adolescent or adult 

The IsTAN-nLE or Prepubertal Type, Froh- 
UCH s Syndrome (fig 57 15) This type may occur 
m chfldren of any' age before puberty It may be 
the result of an mherent defect of the pituitan', 
of atrophy of the secretory cells by pressure 
(PSr hy tumors), myury (e.g , a penetrabng 
wound) or of some mfechous disease Polyuna 
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and a high sugar tolerance are frequent accom- 
paniments of the disease The subjects are le- 
thargic or somnolent and often of subnormal 
mteUigence They usually have voraaous appe- 
tites and especially a cravmg for sweets The 
“fat bo}^’ of Pickwick Papers was undoubtedly 
an example of this condition The younger the 
age of the child at which the disease commences 
the greater, obviously, will be the degree of 
stuntmg When the dwarfing is of high grade this 
combmed with the obesity makes a very striking 
picture These subjects are human counterparts 
of Smith’s rats m which the pituitary was de- 
stroyed (and the hypothalamus presumably m- 
jured) by chromic aad mjections 
The Adolescent or Adult Type Male sub- 
jects of this condition are often effenunate m 
disposition and appearance The excess fat has a 
feminme distribution, the adiposity bemg notice- 
able chiefly m the mammaiy region, buttocks, 
thighs and over the mons venens The hair over 
the pubis and m the axillae is sparse or absent, 
the skin of the face and the body is smooth, soft 


and hanless, the hips are broad In female sub- 
jects the obesity is often extreme, a weight of 300 
pounds bemg not very unusual (fig 57 16) In 
both sexes the feet and hands are small and 
“pretty”, the finger tips bemg slender and taper- 
mg with narrow pomted terminal phalanges The 
extremities thus give a picture the reverse of that 
seen m acromegaly The basal metabohc rate is 
often subnormal and sugar tolerance mcreased 
Diabetes insipidus is a common, and narcolepsy 
(p 1028) an occasional, accompaniment 

LAUEENCE-BIEDL-MOON SYNDROME 

This condition, hitherto attributed to pitmtary 
defiaency, is now believed to be due to mvolve- 
ment of the hypothalamus Smce it bears a re- 
semblance to the condition described m the last 
paragraph it is convenient to consider it here 
The chief features of the disease are obesity, 
sexual infantilism, retmitis pigmentosa, poly- 
dactylism, mental defiaency and a familial tend- 
ency (fig 57 17) 
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Development, histology, blood and nerve supply 

Very early in its evoluUonary history the thyroid 
had a digesUve funcUon, a tuncDon lost long since but 
which Its ontogeny recalls The gland is developed from 
a single median outgrowth of hypoblast denved from 
the ventral wall of the pmnibve pharynx at the level 
of the 1st visceral cleft This extends downwards Its 
lower end bifurcates and enlarges to form the isthmus 
and lateral lobes of the thyroid Its upper end gives 
rise to the foramen cecum of the tongue The inter- 
vemng porbon— l//e tityro glossal duct — normally dis- 
appears but somebmes persists and may give origin to 
accessory thyroids or to the so-called thyro glossal cysts 
The thyroid tissue is composed of cuboidal epithelial 
cells arranged in a single layer around spaces roughly 
circular or ovoid in shape and fairly uniform in site 
These spaces, vanously known as follicles, vesicles, 
acini or alveoli, contain a homogeneous gelabnous ma 
tenal — the colloid substance — which is the stored secre 
tion of the gland Connective bssue fibers support the 
alveolar walls and form septa which divide the gland 
into smaller masses The cells lining the alveoh contain 
numerous rmtochondrm and a well defined Golgi ap- 
paratus When the gland becomes acbve the Golgi 
apparatus hypertrophies and droplets of colloid appear 
In its pronraity Three types of folhcle can be dis- 
bnguishtd by speaal staining methods — basopMtc, 
acidophilic, and mixed In the first type the colloid is 
stamed with basic dyes and appears blue. In the second 
t> pe It stains pink with aad dyes In the maed vanety , 
part of the colloid is basophihc and part aadophihc. 
These differences m the staimng reacbons of the folhcles 
are dependent upon their degree of functional acbvity 
at the moment, the aadophihc type bemg the most 
acbve The maximal normal weight of the human 
thjToid IS, accordmg to Marine, from 20 to 35 grams 
or around 0 4 gram per kilogram of body weight The 
thyroid tissue of the early fetus consists of masses of 
epithelial cells showing little or no arrangement mto 
acmi The latter appear about the 4th month but are 
small and contam httle colloid 
The Idood supply comes from the supenor and infenor 
thjToid arteries, chiefly the former The blood flow is 
profuse, the blood passmg w ith little resistance from the 
arterial to the venous side through a wide capiUary bed 
The flow amounts to from 3 5 to 6 ca per gram of tissue 
per nunute, or about 5 hters per hour for the whole 
gland The gland is nchly supphed with lymphatics 
which dram lymph spaces surroundmg the vesicles 


The nerve supply of the thyroid is denved from the 
vagus and the sympathebc. The sympathebc fibers 
leave the spinal cord between the 2nd and 5th thoraac 
segments and pass to cell stabons in the supenor and 
middle cervical gangha, whence they are relayed to the 
gland through the supenor laryngeal nerves and along 
the blood vessels It is probable that the thyroid nerves 
are purely vasomotor in funebon and influence the 
acbvity of the gland mdirectly, namely, by altering 
Its blood supply Control of thyroid acbvity is exerted 
mainly, if not exclusively, by the thyrotrophic hormone 
of the pituitary (p 787) 

An Outline oe Thyeoid Function 

Some of the first experiments upon the thvroid 
were peiformed in 1 856 by Schiff who found that 
m dogs death followed its removal, from the symp- 
toms precedmg death it is now apparent that this 
was due to removal of the parathyroids (ch 60) 
As m the case of some other ductless glands, dmi- 
cal observations gave the first hmt concerning the 
functions of the thyroid Hilton Fagg m 1871 re- 
ported a case of crehnism (p 809) and ascribed it 
to absence or atrophy of the thyroid Three years 
later Gull desenbed the condition which today is 
known as myxedema or Gull's disease, but called it 
the cretinoid stole vt adult hfe Horsley some years 
later removed the gland from monkeys and pro- 
duced conditions resemblmg human cretinism and 
myxedema Later experiments upon other speaes 
have established the fact that the thyroid secretion 
is absolutely necessary for the normal growth and 
development of young animals, and for mamtam- 
mg the normal level of metabolism of animals of 
aU ages Magnus-Levy in 1895 demonstrated that 
thyroid defiaency was associated with a greatly 
reduced metabolism and that treatment with desic- 
cated thyroid restored the metabolic rate to the 
normal level or above Complete thyroidectomy 
reduces the basal metabolic rate by from 40 to 
45 per cent in about 8 weeks after the operation 
Thyroidectomy m lambs, young rabbits, goats or 
calves has been shown to cause retarded skeletal 
growth and arrested sexual development (fig 58 1) 
Apathy, lack of vigor, thickemng of the skm, and 
a striking reduction m basal metabolism result in 
both young and full grown animals In young cattle 
increase m bulk but not m height is a notable 
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feature, the animals appeanng short-legged and ot 
a broad, stocky build Other effects of th 3 rroid 
removal m the young are, delay m the ossification 
of the epiphyses of the long bones, poor growth 
of hair, failure m thymic involution, and sub- 
normal mtelhgence The administration of th 3 TOid 
extract to young animals shortly after thyroidec- 
tomy prevents these otherwise mevitable results 
In full-grown animals the effects of th 3 Toid re- 
moval can be corrected by thyroid administration 
at any time after operation 
The effects produced upon lower orders by thy- 
roid removal and by thjToid feedmg are even more 
striking Gudematch removed the thyroids from 
tadpoles, keepmg a number of young animals of 



Fig 58 1 Tnpletkids Center animal normal, nght- 
and left-hand animals thyroidectomized at 20 days 
old Photograph taken 13 weeks after operation (After 
Sutherland Simpson ) 

the same hatching as controls The thyroidec- 
tomized larvae grew somewhat larger m size but 
did not metamorphose, the controls developed mto 
frogswithm the usual tune (fig 58 2) Metamorpho- 
sis of the th}Toidless creatures could be mduced 
to proceed at the normal rate by th 3 TOid feedmg ^ 
Also, the tune required for the normal larvae to 
metamorphose completely could be shortened 
(from 104 to 20 days) by feedmg thyroid tissue 
Swmgle has shown that morganic lodme alone will 
produce similar effects (p 826) The effect of the 
thyroid hormone upon the axolotl is extraordmary 

* This effect has been made use of to assay the 
potency of thyroid preparations or to determme the 
activity of a particular thyroid gland (Gudematch 
test) 


This animal is alhed to the frog, but is purely 
aquatic m its habits It has, m its adult form, a 
finned tail, gills and four short limbs, resemlilmg 
somewhat an enormous tadpole which has imder- 
gone partial metamorphosis Th 5 T:oid feedmg 
causes the axolotl to lose its fin and gills, develop 
air breathmg organs and forsake the aquatic life 
for which Nature had designed it See also chap- 
ter 57 

In growmg birds (chicks) tmd mammals, a 
stunulatmg effect of the thyroid hormone on 
growth has been demonstrated Acceleration of 



Fig 58 2 The effect of the removal of the thyroids 
upon the development of tadpoles A, thyroidless tad- 
poles B, normal frogs of the same age as A. (After 
Allen, redrawn ) 

growth has also been observed m a twm child 
suffermg from hyperthyroidism 

The Relation of the Thyroid to the 
Adrenals and Gonads 

The thyroid-pituitary relationship is considered 
m chapter 57 A relationship between the th 3 n:oid 
and adrenals is mdicated by the foUowmg obser- 
vations (a) Subjects of hyperthyroidism show 
increased susceptibihty to adrenahne admmistra 
tion (Goetsch test) In animals, the threshold dose 
of adrenalme for cardiac acceleration is reduced by 
a previous admmistration of th 3 Troid hormone 
(b) Thyroxme (p 821) administration to normal 
dogs causes hyperglycenua, this does not occur if 
the adrenal vems have been tied before mjection 
of the thyroid hormone (c) In hyperthyroidism 
adrenahne instilled mto the conjunctival sac causes 
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dflatation of the pupfl (Loewi’s sign), an effect 
which does not occur m a normal person (d) Marine 
and Baumann found that mjury to the adrenal 
cortex caused an increase of 60 per cent m heat 
production No change in metabolism occurred, 
however, if the metabohc rate had first been re- 
duced as a result of thyroidectomy Manne sug- 
gests that the adrenal cortex normally exerts, 
through the pituitary, some mhibitoiy control over 
thyroid function 

The foUowmg obsenmtions suggest an mterrcla- 
tionship between the thyroid and gonads (a) Thy- 
roid enlargement is frequently obser\'ed at puberty 
and dunng menstruation or pregnancy (b) Castra- 
tion m the dog or rabbit usually leads to a slow 
reduction m the sixe of the thyroid and a depression 



Fig 58 3 Fhotomicrogiaph oS a human simple col 
loid goiter 


of the metabohc rate (Manne) (c) The con turned 
mjection of estrogenic substances mto rats or 
gumea pigs causes thyroid enlargement followed 
after a few days by mvolution of the gland (d) 
Thyroid feedmg is said to inhibit estrus 

These thyroid-gonadal relationships are prob- 
ably brought about through the pituitary 

Goiter 

Goiter IS a genenc term which may be applied 
to almost any non-inflammatory and non-mahg- 
nant enlargement of the thjuoid gland The fol- 
lowing is a short classification 

A. Simple goiters These art unaccompanied ly consh- 
luttoual features They are subdivided upon a 
histological basis into three groups 

(1) Colloid (diffuse) 


(2) Parenchymatous (diffuse) 

(3) Adenomatous (nodular) 

B Gmlers associated wlh a deficiency of the thyroid 
hormone (hypothyroidism) 

(1) Cretinism 

(2) Mj-xedema 

C Goiters associated with an excess of the thyroid 
hormone (hypcrthjToidism) 

(1) Exophthalmic goiter 

(2) Toxic adenoma 

Diffuse colloid goiter 

The alveoli arc large, distended w ith colloid and 
lined by low cuboidal or flattened epithelial ccUs 
There is no hj^pertrophy or hyperplasia of the 
latter (fig S8J and lower photograph, fig 588) 
The lodme content per gram of gland tissue is low 
but as a rule the total quantity in the enlarged 
gland IS not far from normal Colloid goiter may 
become con\ erted into, or result from, the followmg 
type (see also pp 816-819) 

Diffuse parcnclismalous goiter 

Hypertrophy and multiplication of the cells 
Immg the alveoli, wnth great reduction m the 
amount of colloid matcnal arc characteristic fea- 
tures of this tj^ic The aUcolar caxitics arc of 
vanous sizes and shapes and often almost obliter- 
ated b> mfoldmgs of their walls The epithelial 
cells are high columnar instead of the normal 
cuboidal tJTie The lodmc content of the gland is 
low, usually much less than 0 1 per cent of its 
dned substance. Exhaustion of the gland and 
atrophy of its secretory elements with an increase 
m fibrous tissue may result, or, as mentioned above, 
the goiter may change to the colloid type, espe- 
aally after lodmc admmistration (fig 58 8) Partial 
thyTOidcctomy m animals, as first shown by Hoi- 
sted, results m regeneration of the thy roid remnant 
to produce the foregoing histological picture of 
diffuse parenchymatous hypertrophy This ob 
server also showed that removal of the thyroid 
from pregnant bitches led to parenchymatous 
goiter m the puppies 

Adenomatous goiter 

As a result of the formation of isolated tumor- 
like masses of thyuroid tissue (adenomata) the 
glandular enlargement is asymmetrical or nodular 
The minute structure of the adenoma may re- 
semble a section of colloid or of parenchymatous 
goiter, or it may undergo cystic changes Again, 
the alveoh may be unusually small, contain little 
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colloid and resemble fetal thyroid tissue (fetal 
adenoma) The lodme content of the nodule may 
be normal or high while that of the rest of the 
gland, which may also show diffuse colloid or 
parenchymatous changes, is usually low 
The sunple enlargement of the thyroid which 
sometimes occurs at puberty or dimng pregnancy 
may be either of the colloid or parench 3 rmatous 
type A certam degree of thyroid enlargement at 
these times is physiological The enlargements seen 
m goiter districts (endemic goiter) or occurrmg 
sporadically may show the features of any of the 


dry, thick, pasty and often deeply wnnkled, the 
nose IS broad and its bndge depressed, the tongue 
is enlarged and appears between the thickened and 
usually parted bps, (5) the supraclavicular fossae 
are filled with pads of fat, (6) closure of the ante- 
nor fontanelle which normally occurs before the 
20th month is postponed for several years, the 
epiphyses of the long bones fail to ossify at the 
usual time, (7) the basal metabohc rate is depressed 
by from 20 to 40 per cent below the normal 
Endemic cretinism is much less common today 
In the past it was seen most frequently m districts 



Fig 58 4 a case of cretinism of mild degree as compared with those shown m figure 58 5 (By the kmdness 
DAL Chute ) 


of 


three types Either of the first two forms may end 
m exhaustion atrophy (p 816) 

Hypothyroid States 

CEETINISU 

A cretm is a type of dwarf for which deficiency 
or absence of the thyroid secretion m infancy or 
early childhood is responsible (figs 58 4 and 58 5) 
Among the typical features of the condition are 
(1) retarded and abnormal skeletal growth, (2) 
arrested sexual development, (3) mental defiaency 
varymg m degree but often amountmg to complete 
idiocy, deaf mutism is common, (4) the faaal 
features are cxiarse and appear bloated, the skm is 


where goiter was prevalent — m the valleys of the 
Alps, P 3 Henees, Himalayas, etc. — and was usually 
the result of atrophy and degeneration of the 
secretory epithehum of a goitrous gland Some of 
the worst cases of cretmism appear, however, m 
infants, either m these distncts or elsewhere, who 
are not goitrous The condition is then due to (a) 
prenatal or early postnatal atrophy of the thyroid, 
(b) to its congenital absence, or (c) to its destruc- 
tion by some inflammatory conchtion A large per- 
centage of the goiterless cretins m a goiter distnct 
are the result of hypoth}TOidism m one or both 
of the parents 

Though the majority of cretins are apathetic and 
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ductless glands or endocrines 


duggish, a very few are highly exatable-the 
nmoiis crdtnism oj if cCarrison 

HYXEDEUA (GTJIi’S disease) 

Myxedema is the result of thyroid defiaency m 
adults or older chfldrea and corresponds to the 
cretmism of infants and younger chfldren It fol- 



Fig 58,5 Upper photograph (left), crebmsm m an 
infant (nght), same child after treatment with thyroid 
extract. (After J Huxley ) Lower photograph, a cretin 
aged 10 years (From McCamson after Thomson ) 

lows atrophy or destruction of the thyroid from 
whatever cause, or may result from an operation 
m which too much of the gland has been removed 
{operaltve myxedema or cachexia stnmiprma) The 
chief charactensUcs are (a) low metabohc rate 
(-20 to -40), (b) a thick pufly appearance of 
the skm, the hair is dry, brittle and sparse, the 
fa^ features sometimes give the subject a mon- 
goloid look (fig 58 6), (c) apathy, lethargy, slow 


cerebration, though general mtelligence is retamcd, 

(d) mcreased body fat and hypercholesterolemia, 

(e) greater susceptibility to cold, and (0 cardiac 
dilatation and low voltage electrocardiograms The 
edema-like appearance of the skin was thought by 
Ord, who suggested the term myxedema, to be due 
to the accumulation of mucm m the subcutaneous 
tissues The thickening of the skm is not due to a 
true edema, nor is it the result of the accumulation 
of mucm but, accordmg to Boothby, to the deposit 
of a semi-fluid albuminous substance containing 
over 13 per cent of protein, or about the concen- 
tration of protem m white of egg This deposit is 
looked upon by Boothby and his associates as 
representmg an mcrcase m the normal quantity of 
stored or reserve protem (p 632) 

A non-myxedematous condition assoaated with 
a 20 per cent reduction of the basal metabolic rate, 
undue susceptibility to fatigue, increased sensi- 
ti\nty to cold and sometimes nutritive abnormali- 
ties of the skm, hau: and nails is recognized It is 
asenbed to a relatively mild grade of hypothy- 
roidism 

Hyperthyeoid States, Thyrotoxicosis 

EXOPHTHALMIC GOITER (gRAVE’S, PAERY’S 
OR BASEDOW’S DISEASE) 

In Graves’ disease there is nothmg m the histo- 
logical appearance of the thyroid to distmguish it, 
with certamty, from a sunple goiter The gland 
usually shows a picture tyTical of parenchymatous 
goiter, 1 e , hypertrophy and hyTcrplasia (p 808), 
Its lodme content is low The blood lodmc is ele- 
vated After lodme administration the gland tends 
to assume the histological appearance of colloid 
goiter (fig 58 8 and p 808) The blood supply' of 
the gland is greatly mcreased, the rush of blood 
through the superior thynoid artenes often produc- 
mg a loud bruit or a distmct thrill In addition to 
the thyroid enlargement the chief features of the 
fully developed condition are 

(a) Accelerated pulse (100 to 160 per min ) and in- 
creased circulation rate (50 per cent or more 01)010 
normal), cardiac dilatation and hypertrophy, myo- 
cardial failure, auncular fibrillation m 20 per cent of 
cases, flushing of the skm, normal or low diastohc 
pressure with high systohe pressure (le, high pulse 
pressure) 

Gi) Nervous excitabihty 

(c) A fine mvoluntary tremor 

(d) General muscular weakness 

(e) Protrusion of the eyeballs (exophthalmos) and 
other ocular signs, e g , widenmg of the palpebral 
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fissure (Dalnmple’s sign) due to retraction of the upper 
lid, infrequent isinking (Stelln-ag’s sign), weakness in 
convergence of the ejes (Moebius), tremor of the 
dosed lids (Rosenbadi), lid lag (von Gracfc) i c , failure 



thyroxine (p 821 ) m excess, beats at the increased 
rate when perfused, or transplanted to the bodj 
of another animal Also, fragments of heart musde 
of a two-day-old chick embryo pulsate at a more 



Fig 5S6 Left, mjxcdema Right, same subject after three months treatment with thjroid extract (After 
Murraj ) 


of the Iid to follow Uic c> c smoothlj ujicn looking dowm, 
absence of wrinkling of the forehead when ejes arc 
rotated upwards (JolTroj), difficult) in eversion of 
upper hd (GifTord) There is frequentb edema of the 
conjunctiva (chcmosis) and upper hd, and palsies of 
ocular musdes ma) occur (fig 58 7) 

(f) Alctabolic rate increased to varjnng degrees up 
to 80 per cent nl>ov c normal As a result of the increased 
activnt) of the heat-dissipaUng mechanisms the skin 
is hot and moist Increased tolerance to cold and low- 
ered tolerance to a high environmental temperature. 

(g) Dissipation of the fat stores, wasting 

(h) Nitrogen and calaum excretion arc increased 
(rarcfacUon of the skeleton ma) be demonstrated by 
X-ra)-s in many cases) 

(i) Disturbance of carboh)dratc metabohsm is com 
mon, as evidenced b) h)'pcrgl)ccmia, glycosuria and 
reduced sugar tolerance Hepatic gl)Cogcn stores arc 
reduced 

O’) The th)’mus is enlarged in 80 per cent of cases 

(k) Subjects of h)'pcrth)TOidism arc cspeaally sus- 
cepbble to oxygen deficiency Work is performed less 
economical!) and d)'spnca occurs upon exertion (p 418) 

A DISCUSSION OF THE PATHOGENESIS OF 
SOME OF THE FEATURES LISTED ABOVE 

The tachycardia is not dependent upon nervous 
connections but appears to be due to a direct and 
persistent effect of the hormone upon the cardiac 
muscle The excised heart of an animal given 





Fio 58 7 Typical case of exophthalmic goiter show- 
ing charactcnsUc faacs (After Cnlc.) 

rapid rate w’hen thyroxme is added to the nutnent 
fluid The high pulse pressure seen m hyperthy- 
roidism IS due to the general vasodilatation com- 
bined with an increased stroke volume The 
increased arculation rate is chiefly the result of the 
higher metabolic rate 

Cardiac failure and thyrotoxic disease The asso- 
ciation of cardiac failure with hyperthyroidism 
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has lead to the idea that the thjTotosicosis is a 
cause of ni\ocardial disease. But organic disease 
of the heart is not as common in Graves’ disease 
as has been generallv supposed MTien cardiac 
faflure does occur it is m the great majonti of 
instances due to disease of the heart which had 
existed, though often without sv-mptoms, before the 
development of thv-rotoxicosis The greater cardiac 
work (mcreased cardiac output) resultmg from the 
higher metabolism, it is believed, bt encroaching 
on cardiac reserv e, mcrelj rev eals a hidden cardiac 
condiUon or aggravates a pre existmg manifest 
heart lesion Heart failure in the presence of thv - 
rotoxicosis, therefore, appears at an earlier age than 
It otherwise would This is the vaew held bv such 
authonties in the field as Hurxall, Andrus and 
Means Majer and Sittler express this view suc- 
cmctli when thev speak of the effect of thvTo- 
toiicosis upon heart disease as comparable “to 
that of a catalv tic agent” Though auncular fibril- 
lation is a common effect of thv rotoxicosis, it alone 
accordmg to Jleans is of little clmical importance. 

Exophthalmos, cxophil almic opi tlialn oplc^ta 
The pathogenesis of exophthalmos m Graves’ 
disease has been a puzzlmg question for vcars 
And though a final ansv^er cannot be given, the 
possible factors concerned must be discussed It 
will be necessarv first to define exophthalmos It 
IS the forward displacement of the cveball, and 
should not be confused with the staring or fnght- 
ened expression caused bv retraction of the upper 
hd The latter mav exist vnthout exophthalmos 
In order to ascertam whether or not exophthalmos 
exists and, if it does, to determmc its degree, the 
distance at which the most forward point on the 
cornea hes antenor to The outer bonv margm (ex- 
ternal canthus) of the orbit is measured Speaal 
mstruments (e.g , Hotel’s e.xophthalmomctcr) 
have been designed for this purpose The distance 
m normal persons ranges from 14 to 16 mm , 
whereas m Grav es’ disease it mav be ov er 25 mm 
One of the earhest theones of the cause of exoph- 
thalmos was based upon the contractile power of 
lludler’s orbital muscle situated at the back of the 
orbit or of the smooth muscle m the fascia biilbi 
The tone of either or both of these groups of smooth 
muscle was thought to be mcreased as a result of 
the thyroid hormone havung sensitized them to 
the action of orculatmg adrenahne These struc- 
tures are innervated bv the svTnpathetic and con- 
sequentl> might well be subiect to adrenahne ac- 
non enhanced bj the presence of excess thvroid 


hormone But though Mueller’s muscle in the dog 
is well developed, and when stimulated through 
the sv-mpathelic, causc-s a sharp forward drsplacc- 
ment of the cveball, the same muscle in man is a 
mere vestige, and quite incapable of contraction 
powerful enough to cause 'uch an cffccL Further- 
more, true exophthalmos docs not disappear after 
death as it surclv would do were it solely due to 
mcrca'cd muscular tone 

There IS sunficicnl evidence to state quite con- 
fidently that exopi thaliros is rot an effect of tie 
tI\roid lonrouc itself and bears no relation to the 
signs and symptoms of thyTOtoxicosis It may 
occur in a most severe form after thy roidcclomv , 
and thv rotoxicosis may lie pronounced in its ab- 
sence E-xophthalmos cannot be produced m ani- 
mals by large and repeated doses of thyroid hor- 
mone, nor can it be induced in man by this means * 
But this «ign IS readily cau=cd in normal animals 
(guinea pig-) or thv roidectomizcd animals, and 
cren to a greater degree in the latter, bv injections 
of thyrotrophin (p 787) Furthermore, in patients 
in which exophthalmos persists after thyToidcc 
tomy, administration of the thvroid hormone docs 
not aggravate it, indeed, there is evidence that the 
hormone induces an amelioration 

It IS quite evident from these ob'crvations that 
the thvTotrophic hormone of the hvpophvsis, or 
an unknowTi pnnciplc closclv associated with it,’ 
IS the cs'cntuil cauim of c.xophthalmos m the guinea 
pig 

The mechanism causmg the actual proptosis or 
forward displacement of the eye must now be 
considered Smelscr studied the minute appearance 
of the extra -ocubr tissues in normal and thy roidec- 
tomizcd animals after the production of exoph- 
thalmos induced by injections of the thyrotrophic 
hormone In both sets of animals he found m- 
creased bull of the extnnsic ocular muscles and 
rctro-ocular fat, due mainlv to the accumulation 
of fluid The dorsal lacnmal gland (Hardcnan 
gland), which is not present in man, vvas enlarged 
Naffsiger and Jones had previously described swcll- 


j^olonged Ixcatmcnt w ith the thy roid hormone, as 
for obesity , may set up a thv roloiic state, and cioph- 
^imos sometimes dev elops as part of the svndrorae. 
Tne exophthalmos, howev cr, is not due to a direct effect 
of the admm^tcred hormone, but has the same patho 
genesis as that of spontaneously developed Grave’s 


AKording to Albert the pituitary contains an 
Mopihalraogemc pnnaple distinct from thvTXjtrophm 
biU which runs parallel with it m activity This factor 
pnwuccs «ophthaImo5 m the minnow by the seertUon 
of fluid mto the retro-ocular space 



Chapter 5S 


TH\T10ID GLAND 


813 


mg of the extrinsic ocular muscles m chnical ex- 
ophthalmos Pochin, m a postmortem study of a 
number of human subjects of exophthalmos, foimd 
mcreased volume of the orbital tissues, but this 
was due largety to an mcrease m fat, both of the 
muscles and connective tissues The fat content of 
the muscles was mcreased by 50 per cent The 
accumulations of orbital fat were the more note- 
worthy because there was extreme vastmg of the 
body generally Enlargement of the lachrjmial 
gland contnbuted to the mcreased volume of the 
orbital structures These several observations make 
it qmte clear that exophthalmos is caused by a nse 
m mtraorbital pressure due m turn to the greater 
bulk of the retro-ocular tissues 
From these and other similar observations it 
seems well established that mcreased bulk of the 
orbital contents and the resultmg nse m retro- 
orbital pressure, is the immediate cause of both 
experimental and chnical exophthalmos In the 
clmical condition, weakness of the ocular muscles 
which share m the general muscular asthema of 
Graves’ disease is probably a contnbutmg factor 
But that the thyrotrophic hormone or an asso- 
ciated prmaple is the cause of the orbital changes 
m Graves’ disease, as it is of exophthalmos m 
gumea pigs, has not been finally proved There are 
certam dissimilanties between the chnical and the 
experimental condition which give some cause for 
doubt or at least for caution Enlargement of the 
Hardenan gland, for example, constitutes largely, 
though not entirely, the mcrease m the bulk of the 
orbital contents m the gumea pig, and though 
enlargement of the lacrimal gland does occur m 
human exophthalmos, it is not as a rule a promi- 
nent feature Nevertheless, the suspiaon is very 
strong that a prmaple derived from the hypo- 
physis IS responsible for the exophthalmos m 
Graves’ disease Suspiaon has been strengthened 
by Rawson’s findmg that thyroid tissue from pa- 
tients m whom exophthalmos was a promment 
feature possessed much less power, or none, to 
mactivate thyrotrophm, whereas macbvation was 
shown to a conspicuous degree by th 5 rroid tissue 
of normal persons or of patients with thyrotoxi- 
cosis, but without exophthalmos These facts go a 
long way to explam the appearance of exophthal- 
mos, or its aggravation after thyroidectomy 
It is obvious then that there is too much mcnm- 
matmg evidence to exonerate entirely the pitm- 
tary, the only possible verdict is the “not proven” 
of Scottish courts 


Mahgiiant exophthalmos is a very severe, and 
mtractable form of exophthalmos, accompamed by 
ocular palsies Bram prefers to call this condition 
exophthalmic ophthalmoplegia The exophthalmos 
and weakness of the ocular muscles may be unilat- 
eral The palsy usually mvolves muscles moving 
the eyeball m a smgle plan, e g , rotation upwards 
and downwards The signs and symptoms of 
thyrotoxicosis are often mild, or, as after thyroidec- 
tomy, absent, m some cases, this severe form of 
exophthalmos occurs without evidence at any 
time of thyroid mvolvement Proptosis of the 
eyeball is extreme, the antero-postenor distance 
from orbital margm to apex of the cornea may be 
30 mm or more Drying of the comeal surface, 
ulceration or optic nerve mjuiy^ is hkely to result 
The muscular weakness has been thought to be 
due to a comcident myasthenia gravis (which is not 
xmcommonly associated with thyrotoxicosis), but 
its failure to be influenced by prostigmme disproves 
this supposition Nor is it due to a nervous lesion 
for it does not conform to the distribution of any 
ocular nerv'e The weakness is attributed by Bram 
to the extreme stretchmg to which the muscles 
are subjected by the accumulation of fat m the 
cone-shaped space formed by the muscle belhes as 
they pass from the eyeball to their bony attach- 
ments 

Retraction of the upper eyelid is produced m a 
manner quite different from that which causes 
exophthalmos, bemg often present when the latter 
IS absent It is thought to be due either to maeased 
tone of Mueller’s palpebral muscle, which m con- 
junction with the levator palpebrae supenons 
elevates the upper hd, or to lessened opposition of 
stnped muscle antagonists (orbicularis ocuh) weak- 
ened by the action of excess thjnoid hormone The 
mcreased tone of Mueller’s palpebral muscle is 
attributed to the action of the thyroid hormone m 
sensitizmg this smooth muscle to adrenalme Such 
action of the thyroid hormone upon sympatheti- 
cally innervated structures is well known Another 
example is the dilatation of the pupil which occurs 
m hyperthyroid patients, but not m normal per- 
sons, when adrenalme is mstflled mto the con- 
junctival sac (Loewi’s sign) The other hd signs 
are apparently due also to a disorder of those 
muscles which constitute the hd-closure mechanism 
and are thus probably due to excess thyroid hor- 
mone and not to the thjTotrophic prmaple 

The general muscular •weakness seen m thyro- 
toxicosis IS of two types One type is an associated 
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but mdependent muscular dystrophy which has 
become aggravated by the thyrotoxicosis In the 
other category the weakness of the muscles is the 
direct effect of the thyrotoxicosis, m this type there 
IS, as a rule, little muscular i\astmg In both forms 
there is a defect m creatme-creatmme metabolism 
(p 634) , m the second, but not m the first, thyroid- 
ectomy, or the admmistration of lodme or of 
thiouraal abolishes the creatmuna 
Thyroid crises Dunng the course of exophthal- 
mic goiter mtense exacerbation of the symptoms 
may occur, accompamed by nausea, vomitmg, 
diarrhea, dehydration, high temperature, a great 
mcrease m heart rate, erythema, extreme nervous- 
ness, thrashing about in bed, muscular weakness, 
and sometimes deluaum or coma 

Toonc adenoma 

A sunple adenomatous goiter (p 808) may un- 
dergo mcreased functional activity and produce 
the features of pure hyperth3TOidism, i e , those 
produced by the admmistration of thyroid extract 
m excessive amounts, or those descnbed under 
exophthalmic goiter In toxic adenoma the rest of 
the gland is usually atrophic as a result, probably, 
of the depressmg effect upon it of the excess of 
orculatmg hormone 

Discussion of Hyperthyroid States 

Today, many, perhaps most, authonties on 
thyroid disease do not consider that hyperthyroid 
states can be placed m two catcgones based upon 
the pathological processes in the gland — diffuse 
hyperplasia and toxic adenoma Exophthalmos 
may appear m toxic adenoma and it may be absent 
though the gland is diffusely hyperplastic and 
accompanied by signs of thyrotoxicosis In either 
case exophthalmos may overshadow the thyrotoxic 
manifestations or vice versa Moreover, the pre- 
dommance of one or other of these two features 
may represent only a phase of the disease and, m 
any smgle case, one may subside and the other 
become the more outstandmg Means gives the 
designation. Graves’ disease, to all hyperthyroid 
states and refers to that type or phase m which 
exophthalmos constitutes the chief manifestation, 
and the thyrotoxic manifestations are absent or 
mild, as hyperophthalmopalhic Graves’ disease 

In the past, many found it difficult to believe that 
there were not two separate hyperthyroid states, dis- 
tinct in their pathogeneses, depending upon the histo- 
pathology of the gland Tone adenoma was thought to 


cause pure hyperthyroidism, i c , its manifestations 
were believed to be only those which an excess of 
thynoid hormone would produce, just ns a parathyroid 
adenoma causes hypcrparathj'roidism, or a tumor of 
pancrcaUc islet cells causes hjpennsulimsm Two 
theories were proposed to account for that t\pe asso- 
ciated with diffuse thyroid hjpcrplasia, thyrotoxicosis, 
and exophthalmos Plummer was the first to separate 
hyperthyroidism into two chnical types and to offer an 
explanation He suggested that in toxic adenoma a 
norma! thyroid hormone was produced in excess, 
whereas in the exophthalmic type an abnormal scctc 
tion was formed as a result of the incomplete saturation 
of the thyroxine molecule mth iodine This theory 
conformed nicely to the supposition held at that time 
that, whereas iodine administration benefited the latter 
type it was relatively ineffective m toxic adenoma 
The “Iwo-sccretion” or dy slhyroidisra hypothesis of 
Plummer was cnticixcd by Mannc, who suggested that 
in the exophthalmic form of the disease some extra 
thyroid factor, eg, the sy mpatho-adrcnal system or 
the pituitary gland was mv olv ed The cv idcncc for the 
thyroid sbmulating hormone (TSH) of the pituitary 
bemg responsible for the development of exophthalmos 
has been ated elsewhere (p 812) Mannc pointed out 
the following observations which could not be reconciled 
mth Plummer’s theory, (a) the extract of thyroid 
tissue from on exophthalmic gland is no more toxic, 
usually less so, than that prepared from a normal gland, 
(b) the extract from a hyperplastic gland has a tonaty 
proportional to its iodine content, which is the reverse 
of that which one would expect to find were Plummer’s 
theory correct, (c) diodothyronine, whose molecule 
contains less lodme (2 atoms) is less active than thv- 
roxine which contains 4 atoms of iodine, and thyronine 
which IS iodine free is inactive, (d) Mannc and Rosen 
induced exophthalmos m thyrmdeclomxzed guinea pigs by 
means of injections of antenor pituitary extracts, (e) 
clinically, exophthalmos is found in the absence of any 
manifestations attributable to the thyroid hormone, 
and even after complete thyroidectomy (f) The features 
of the thyroid enses suggest a profound disturbance of 
involuntary nervous centers, furthermore, some of the 
most sev ere enses are postoperativ e, i c , after a large 
part of the gland has been remov ed 

The Role Played by Iodine in 
Thyroid Function 

lodme IS an essential dement of the thyroid hor- 
mone and its adnunistration exerts a profound 
effect upon the thyroid tissue Simple goiter is due 
to iodine defiaency This may be (a) an absolute 
deficiency m drinking water and food, (b) a relative 
deficiency, the iodine of the food being sufficient 
for the elaboration of the amount of hormone re- 
quired under the ordmary cucumstances of life but 
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insufficient under more exactmg conditions, e g , goiter, either simple or exophthalmic, it may be as 
pubert}', pregnancy, excessive protem of the diet, low as 0 25 mg or less per gram In colloid goiters 

etc, (c) It IS also possible that certam microorgan- the general level is higher Marme considers all 

isms m the mtestmal tract may reduce the quan- goitrous enlargements, as examples of “a com- 
tit}"^ of lodme absorbed from the food, this would pensatory work hypertrophy”, brought about by 
explam McCamson’s observations upon the rela- lodme defiaency The demands made upon the 
tionship between the mcidence of goiter m India gland to produce its hormone without an adequate 
and infected drmkmg water It is more likely, lodme supply results in hypertrophy and hyper- 

however, that infected water, if it does sometimes plasia, or adenomatous growth, and m some m- 



Fig 58 8 Upper photograph Microscopical appearance of the gland m exophthalmic goiter show mg hyper- 
trophy and hypeiplasia (parenchymatous goiter) before the administration of lodme Lower photograph, showing 
tppearance after involution had occurred from lodme administration (colloid goiter) (After Rienhoff ) 

play a part m the production of goiter, acts m some stances, final exhaustion and atrophy This con- 
other way than by merely mterfenng with the ception is well supported by the foUowmg facts 
absorption of lodme (a) The degree of hyperplasia of the gland is m- 

The quantity of lodme m the normal human versely related to its lodme content, but when 
thyroid is about 2 mg per gram of dned tissue, hyperplasia gives place to exhaustion atrophy, the 
the average total store m the gland is from 10 to gland is almost lodme-free (b) A coUoid goiter, 
15 mg A content below 1 mg per gram of dry which is an expression of moderate lodme defi- 
gland, accordmg to Marme, is indicative of definite ciency, passes mto the hyperplastic type when the 
thyroid abnormality, m severe parenchymatous lodme intake is further reduced (c) The paren- 
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chymatous hyperplastic picture is converted to the 
colloid type upon the administration of iodine (fig 
58 8) lodme thus induces the storage of colloid 
(thyroglobuhn) The types of simple goiter are 
looked upon as stages in a process which is respon- 
sive to the lodme supphes, the gland sometimes 
passmg several tunes through a cycle of byper- 
trophic, hyperplastic and coUoid changes, or the 
ty'cle may end m atrophy The successive stages 
are represented m the followmg scheme after 


The lodme is m the inorganic (iodide) form, but 
with the passage of tune the iodide diminishes and 
the organic lodme concentration rises, mdicatmg 
that the iodide has become bound, apparently to 
tyrosme groups (p 821) If a small dose (5 mg 
per kg) of radio-active iodide is mjected mto an 
animal whose diet IS not particularly nch m lodme, 
from 50 to 80 per cent of the mjected dose enters 
the gland The gland takes up about 80 tunes more 
lodme than does any other tissue Iodide appears 


Normal —* Hypertrophy — > Hyperplasia' 


< 


•Eihausbon atrophy 


Colloid 


I /Exhaustion atrophy 

Hypertrophy — > Hyperplasmiy 

NmUoid 


Marme Accordmg to Rawson the thyroid may, m 
some mstances, become restored to normal from 
the coUoid goiterous state 
The avidity oj thyroid tissue /or lodmc, iodine 
metabolism The thyroid gland was shown some 
years ago by Marme to have a remarkable affinity 
for lodme Though constitutmg only about 0 OS or 
so of the bodj weight, the gland contams 20 per 
cent or so of the body’s enUre lodme content The 
rest of the body’s lodme store is contained m the 
skeletal muscles, mamly, but it is also m relatively 
high concentration m the pituitary and ovaries 
The enure blood contams less than a milhgram 
Marme obser\'ed that when the thyroid was per- 
fused wnth a soluUon of jiotassium iodide, rela- 
tively large quantities of lodme were taken up by 
the gland and could not be removed by subsequent 
washmg This result was not obtamed by the 
perfusion of other organs, e g , spleen, kidney, etc 
The selecUve action of the mtact thyroid for 
mgested lodme was also demonstrated Over 18 per 
cent of lodme fed to normal animals was recovered 
from the gland, the fetal gland also stores lodme 
fed to the mother 

This earher work has been confirmed and ex- 
tended bj the use of radio-active iodide (!*’•, !•*> 
and I”') The last mentioned isotope which has 
the longest half life (8 days) is now employed 
almost esdusivelj After the mjecUon of the 
isotope the th>Toid gland if not already "satu- 
rated”* becomes so withm from 5 to 10 mmutes 


* "^luration” is used m the phj-siological « 
name!} the maximal amount of lodme which the i 
Will take up ' 


to be retamed by the gland only m the ionized 
form If, instead of iodide, di lodotyrosme, thyrox- 
me or the lodate is injected it does not enter the 
gland until some tune has elapsed, apparently not 
unUT It has been broken down to iodide (Leblond 
and Sue) HyperplasUc glands show a greater than 
normal avidity for lodme The radio-iodme when 
injected mto anunals is found withm an hour m the 
colloid of the thjwoid folhcles and to a less extent 
m the cells This lodme is all m the orgamc form — 
1 e , as (h lodotyrosme or thyroxme In animals on 
an lodme defiaent diet, the radio-iodme passes still 
more rapidly mto the coUoid, so rapidly mdeed 
that htUe can be detected m the cells These obser 
vabons are made possible by the use of the radio 
autographic technic Radio-iodme m contact with a 
photographic emulsion acts upon it to give a dark 
mark when the emulsion is spread upon a micro- 
scopic seebon of thjTroid bssue which has taken up 
the isotope, the latter’s position m relabon to the 
histologcal structure can be observed (fig 58 9) 
The amount of iodide taken up by thyroid tissue is 
also mcreased by the thyroid stimulabng hormone 
erSH) of the pituitary but is reduced by certam 
anbthyroid drugs (p 820) 

Blood normally contams a total of from 5 to 
10 micrograms of lodme per 100 cc. of serum, only 
mmute traces are cxintamed m the blood cells 
The lodme is present as iodide (morganic) and m an 
organic form bound to the plasma proteins The 
morganic lodme is only a small fraction of the total 
and smee it vanes with the lodme content of the 
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diet its determination is of less importance than 
that of the organic fraction This latter consists of 
dt-todoiyrostne-hke and a thyroxine-hke fraction In 
extreme hypothyroidism the orgamc serum lodme 


Accordmg to Salter, the level of the orgamc 
lodme of blood is a more rehable mdex of hyper- 
thyroidism than the metabohc rate, for the latter 
IS not controlled exclusively by the thyroid 



Fig 58 9 Radio-autographs of rat thyroids stained with hematoxylin and eosin The location of radioactivity 
IS indicated by the accumulations of black granules In these secbons the radioactivity is present as radioactive 
iodine incorporated in the thyroglobulm molecule 

A Thyroid of a rat sacnficed one hour after injecUon of radio-iodide In most of the folhdes the radioactivity 
IS arranged in the form of nngs, because the nevly-formed radioactive thyroglobuhn is present m the epithehum 
of the thyroid foUicle B Thyroid of a rat sacnhced 24 hours after mjection of radio-iodide The photographic reac- 
tion IS present over the colloid of the thyroid folhcles, indicating that the thyroglobuhn formed m the cells at one 
hour IS deposited m the coUoid some 24 hours later (After Leblond and Gross Kmdness of Dr C P Leblond ) 


IS low, 1 to 2 5 micrograms per 100 cc , muscle 
iodine IS also greatly reduced in cretinism or 
myxedema In hyperthyroidism the orgamc lodme 
m serum ranges between 20 and 30 micrograms 
per cent The lodme of fresh muscle is around 5 
micrograms per cent, and is present m the same 
forms as m blood and m the thyroid gland 


After the admmistration of iodide, that which 
IS not fixed by the thyroid gland is excreted m the 
urme, and mto the stomach and upper mtestmal 
tract Little, however, appears m the feces, for 
most of that which finds its way mto the stomach 
and upper mtestme is reabsorbed through the 
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gastnc mucosa and, to a greater extent from the 
lower mtestinal tract 

The daily lodme requirement of man is around 
100 micrograms, but it has been shown that about 
300 micrograms of thyroxme are used daily by the 
human body This amount of thyroxine contams 
about 200 micrograms of lodme In order then to 
explam the discrepancy between the daily iodine 
requirement and the amount utilized daily, it must 
be assumed that a part of the lodme hberated by 
the breakdown of thyroxme must be retamed and 
utilized by the thyroid for the elaboration of fresh 
hormone 

Radio-iodme has recently come mto use m the 
treatment of hyperthyroidism on account of its 
selectively destructive action on thyroid tissue 

Elmer has developed an todtne tolerance lest based 
upon the eapedally high affinity of hyperplastic thyroid 
tissue for lodme In performmg the test as modified 
by Perkm and his colleagues 10 cc of blood are with- 
drawn and its lodme content determmed, 37 mg of 
lodme m the form of Lugol’s solution are then given 


vogue Comdet of Geneva m 1821 was the first to 
employ it m goiter But as a result of its mdis- 
cnmrnate use, the true value of lodme tvas lost sight 
of Cbatin from 1850 to 1860 earned out some of 
the first saentific investigations mto the relation 
ship between iodine and goiter, he showed that the 
iodine content of the soil, water and air of goitrous 
distncts (valleys of the Rhone and the Seme) was 
very low He attributed the thyroid enlargement to 
this deficiency, and recommended iodine adminis- 
tration as a preventive Goiter is not seen along the 
sea-board The sea contams an mexhaustiblc sup- 
ply of lodmc which has been leached from the soil 
Sea water contams about 0 02 mg of iodine per 
liter, fresh water, as a rule, very much less The 
further away from the ocean and the more moun- 
tamous the country, the lower is the concentration 
of lodme m food and w atcr and the higher m consc 
quence is the mcidence of goiter 
The accompanjung schema modified from Lunde 
shows the distribution and cuculation of lodme m 
Nature 


The atmosphere^ 
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by mouth and the blood lodme determmed m samples 
taken at half-hour mtervals durmg the succeedmg two 
and a half hours The test, it is claimed, gives valuable 
aid m the diagnosis of borderhne cases of thyroid dis- 
ease. The curves drawn from the data are considerably 
higher for normal persons and for those with non-tone 
adenomatous goiter, reachmg a maximum of around 
180 micrograms per cent, than for hyperthyroid sub- 
jects (max 40 tmerograms per cent) 

Iodine in the prevention and treatment of goiter 

Burnt seaweed or sponge, both of which are rich 
m lodme, have been employed m the treatment of 
goiter from the days of Hippocrates FoUowmg the 
discovery of the element m the early part of the 
nmeteenth century, its admmistration for the cure 
of many ills, but espeoaUy of goiter, became the 


To Mannc and his assoaates is due the credit for 
establishmg the value of lodme m the prevention of 
goiter They found that lodme or sea food pre- 
vented the thjToid enlargement m brook trout 
hatcheries Mannc and Kimball earned out expcn- 
ments upon a large number of school children m 
Akron, Ohio, where goiter was endemia They 
showed that of the group of children given lodme 
(2 grams sodium iodide in 10 daily doses twice a 
year) those who developed goiter amounted to only 
a small fraction of the number of goitrous indi- 
viduals m a control group m which the lodme 
mtake was not increased above that of the general 
population The employment of small amounts of 
iodine in goiter districts such as Switzerland, New 
Zealand, Derbyshire m England and in parts of 



Chapter 58 


THYROID GLAITO 


819 


the United States and Canada has proved to be a 
preventive measure of the utmost value Many 
preparations of table salt have this essential added 
m a proportion of 1 part m 10,000 or so By the 
use of this proph 3 dactic, animal breeders m goiter 
distncts have almost entirely eradicated the dis- 
ease from their hve-stock Once goiter has become 
established lodme administration is of much less 
value but, as already mentioned, a hyperplastic 
parenchymatous goiter may be converted thereby 
to the less severe coUoid type The mgestion of 
lodme m much larger amounts than those men- 
tioned above may mduce hyperactivity m a simple 
goiter Hyperthyroidism can be produced m ani- 
mals by placmg them upon a goitrogemc diet for a 
time and then admmistenng iodide m excessive 
amounts 

lodme m the form of Lugol’s solution' (10 to 
40 Tninims daily) is mvaluable m the treatment of 
exophthalmic goiter, hj^erplasia gives place to the 
picture of coUoid goiter (fig 58 8), the symptoms 
abate, there is a pronounced fall m the basal 
metabohc rate and the danger of a thyroid crisis 
IS reduced, or, if a crisis has commenced, it may 
be amehorated or checked In the Mayo Climc, 
the surgical mortality has been lowered from 3 5 
to 0 7 per cent and pre-operative deaths from 2 5 
to less than 0 5 per cent smce lodme treatment has 
been instituted 

Theories concerning the action of iodine in Graves’ 
disease The benefiaal action of lodme m Graves’ 
disease has been a puzzlmg problem and more than 
one theory has been proposed to account for it 
Such an action seems, at first sight, to be quite 
mconsistent with its well recognized effect m pre- 
ventmg thyroid h>'poplasia and hypothyroidism as 
well as with its bemg an essential component of 
the thyroxme molecule 

The most likely explanation of the amehoration 
of thyrotoxicosis by lodme is that it suppresses 
hormone production, both mduectly through an 
effect upon thyxotrophm liberation, and directly by 
mhibitmg synthesis by the gland An exammation 
of sections of th 3 rroid tissue before and after lodme 
administration shows a marked reduction m the 
hyperplasia m the latter mstance Also, excess 
iodide decreases thyroxme production by survivmg 
thyroid shoes Furthermore, it is possible that 
lodme also diminishes the activity of the proteo- 
l 3 ffic enzjme m the th 3 rroid (p 825) and thus 

' Iodine, 1 gram, potassium iodide, 2 grams, water, 
30 cc 


hmders the absorption of the hormone mto the 
circulation 

A consideration of factors other than an absolute 
iodine deficiency in the development of 
goiter Goitrogenic compounds 

The work of McCamson and others mdicates 
that dietary factors, other than lodme defiaency, 
are also concerned m the production of goiter 
Diets defiaent m the fat-soluble vitamms and m 
vi tam in C appear to be conduave to its develop- 
menL The mgestion of excessive quantities of fat 
or of protem (especially of hver) also predisposes 
to it. 

In 1928 Chesney and his assoaates observed that 
rabbits which were on a diet of cabbage became 
goitrous Other members of the Brassica family, 
eg, cauhflower, Brussels sprouts, etc., are also 
goitrogemc. Rape seed was also found by Kennedy 
and Purvis to cause goiter m man Cases of goiter 
m man resultmg from a diet contammg a large 
proportion of cabbage have been reported A char- 
acteristic of vegetables of the Brassica family is 
their relatively high content of cyanogen com- 
pounds Takmg this hmt Marme and his associates 
gave vanous -cyamdes to rabbits and obtamed a 
marked thyroid enlargement, methyl cyamde was 
espeaally effective The th)iroid hyperplasia was 
accompanied by exophthalmos 

Marme and his colleagues suggested that the 
goitrogemc effect of cyamdes was dependent upon 
theu property of depressmg tissue oxidations, m- 
creased thyroid function bemg a compensatory 
reaction instituted to oppose this action It was 
further suggested that exogenous or endogenous 
cyanides or defective powers of the body to de- 
toxicate such compounds might be a primary cause 
of exophthalmic goiter and that the compensatory 
reaction of the thyroid was brought about through 
the pitmtary or the hypothalamic centers Potas- 
sium thiocyanate is a more recently discovered 
goitrogen Its action on the thyroid was first dis- 
covered m patients under treatment with the drug 
for arterial hypertension This compound is a 
normal metabohte and, it will be recalled, is ex- 
creted m the sahva It appears more likely that 
cyamdes (also cyanates and thiocyanates) exert 
theu effect upon the thyroid either directly or 
through the pituitary, rather than by depressmg 
tissue metabolism generally 

The possibflitj'' of infected drmkmg water, m 
some instances, playmg a r61e m the development 
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of goiter has been mentioned (p 815) The goi- 
trogenic action of ci'amdes and cinnates is not due 
to a kck of lodme m the diet (absolute lodme 
deficiency) but the% increase the demand for iodine 
(rdatixe lodme deficienci), their effects being cor- 
rected hr the administration of lodme 

Tl lOM-ca and thwuracil and a large number of 
chemicalli simflar drugs ha%e been discoiered 
mthin recent \ ears which depress thnroid hormone 
production and lower the metabolic rate Other 
compounds, e g , sulfonamide drugs, potassium 
thiocvanate and ammobenzme compounds, m- 
cludmg para-ammobenzoic aad, also inhibit th\- 
rosme production The Mackenzies first demon- 
strated the anti-thiToid action of sulfaguamdme m 


seen m hyperthyroidism These compounds are 
therefore peculiar in that thej mduce thiioid 
hj-perplasia— mcrease m height of the epithelial 
cells, mfoldmg of the acinar walls, and loss of 
colloid— together with low metabolic rate and 
other eiudence of hypothyroidism These agents do 
not mterfere with the uptake of iodide bv the 
^and, but prevent the oxidation of the iodide to 
lodme, and, as a consequence, the lodination of the 
tyrosme molecule (p 822) The mechanism 
wherebi the antith>Toid drugs cause these effects 
IS not agreed upon unanimously According to one 
\new the action is mdirect, namely, the inhibition 
of some owdatii e enzyme system, e g , pieroxidase. 
Others (Pitt-Ri\ ers) behei e that these drugs, ow- 




Fxc 5S 10 Showing the effect of thiourea on growth Abo-e, S4-da\ -old cretin rat (SO gm ) from a mother which 
had been treated with thiourea for the entire gestation period BelaiCj normal untreated animal (160 gm ) of the 
same age. (After Goldsmith and associates.) 


1943 Smee then, o\er 100 drugs possessmg anti- 
thiToid acPviU to i-aiyrng degrees hare been 
discoiered Thiouracil and certam of its denva- 
ti\es hare been widely used m the treatment of 
hyperthyroidism Othersare too tome tobesuitable 
for clmical use. Among those dem-atii es other than 
thiourea and thiouracil which show antithvroid 
acU\-itj axt propyllliiouracil, mel! y! thiouracil, and 
fhiobarbilal The antithyroid actiMty of the two last 
mentioned drugs is about twice as great as that of 
thioutacak These drugs when administered to 
\ oung animals produce effects comparable m ev ery 
way to those caused by thyroidectom\ , thev cause 
what may be termed a functional or chemical 
thyroidectomy (fig 5810) Butthei produce a his- 
tological appearance m the gland similar to that 


mg to them antioxidant properties exert a direct 
chemical action, prea entmg the oxidation of iodide, 
as wen as the o-ndatiiu coupimg of the di-iodotyro- 
sme molecules They do not inhibit or alter m any 
way the usual action of the thymoid hormone (TH) 
upon the tissue cells, for an animal responds in the 
characteristic way to admmistration of thyroxme 
They do not cause thyroid hyperplasia after hypo- 
physectomy , i e., m the absence of the thymoid 
stimulatmg hormone (TSH) Intact nnirnak after 
treatment with thiouracil and related drugs hare 
enlarged pituitanes which contam no TSH, which 
pomts to excessiie functional activity of the 
pituitary and rapid discharge of the latter hormone. 
Eurthermore, the production of TH by surviiung 
thiTxiid shces treated with these agents m the 
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presence of TSH is inhibited From these estab- 
lished facts it IS \erj' generally beheved that the 
thyroid hj’perplasia is due to the excessive output 
of TSH as a secondary or compensatory effect of 
the fall in the concentration of the thj roid hormone 
in the arculation But the observations of Raw son 
and his associates point to another effect of the 
thiol compounds which is perhaps of greater im- 
portance in causing thyroid hyperplasia The 
th>TOids of rats gi\ en thiouracil for only 24 hours 
showed hyperplasia at the end of this period, >et 
no fall m the blood le\el of protein-bound iodine 
occurred Also, acti\e TSH and thiouracil were 
administered simultaneous!} to cockerels, and ac- 
ti\atcd TSH but no tiiiouraal gi\cn to a second 
group, while a third group received mactivated 
TSH and no thiouraal In the first group the 
height of the acinar cells was over 50 per cent 
greater than that of the second group, and nearly 
ISO per cent greater than that of the third These 
results taken together w ith tiie verj’ rapid response 
to thiouraal in rats have led Raw son and his 
colleagues to conclude that thiouracil augments 
the action of TSH m the circulation 

Thioc} anates exert their antlth^ roid action in a 
somewhat different manner Thc> inhibit the up- 
take and concentration of iodine by the thyroid, 
theu- effect can be nullified bj the administration 
of iodine The goitrogenic effect of the thiol com- 
pounds IS not affected by the administration of 
lodme, except in relatively large (pharmacological) 
dosage 

Stanley and Aslwood have cmplojed an ingenious 
method for the estimation, in man, of the anti-thj’roid 
activitj of a number of drugs based upon their prop- 
ertj' of mhibibng the accumulation of iodide m the 
th>T 0 id Radioactive iodide (I'”) was administered 
orally and counts made of the gamma radiation by 
means of a Geiger-Muller counter placed upon the skin 
over the thjToid 

Anltgoilrogcmc faciors Substances of unknown 
composition present m certain plant foods are 
antigoitrogenic, e g , oats, ordinary lawn grass, 
and fresh alfalfa Even cabbage contams an anti- 
goitrogcnic pnnaple w’hich is usually overbalanced 
by the goitrogenic property of its cyanogen com- 
pounds In none of the plants just mentioned does 
the antigoitrogenic effect depend upon the presence 
of iodine 

The Thyroid Hormone 

A glycerme extract of sheep’s thyroids was first 
employed successfully by the English physiaan 


George Murxa} m 1891 for the rehef of myxedema 
The thyroid tissue itself when given by mouth was 
showm subsequently to be physiologically active 
Baumann m 1896 discovered that lodme was an 
important consbtuent of the thyroid extract By 
aad hydrolysis of thyroid tissue and later by peptic 
digestion he obtamed a brownish powder contam- 
ing 10 per cent of lodme and possessmg the physi- 
ological activity of the whole gland He beheved 
that the lodme was present m organic combination 
and named the compound todoihynn It was shown 
subsequently by Oswald (1899) that the active 
iodine constituent was attached to a protein — 
Ihyroglohuhn — which is the chief component of the 
colloid material fillmg the alveoli of the gland 
Thyroglobulm contains both diiodotyrosme and 
thyroxine joined to the protem molecule by pep- 
tide hnkage It is looked upon as the storage form 
of the thyroid hormone 

The active pnnaple of the thyroid was isolated 
in crystalline form by Kendall in 1919 He named 
the substance thyroxin^ and found that it con- 
tained 65 per cent of iodine and an amino group 
Harrington and Barger in 1927 established the 
chemical formula of thvTOxme and effected its 
s>Tithcsis It w'as found to be constituted of 2 
benzene ruigs united by an oxygen bndge, and to 
contain 4 atoms of lodme and an amino-acid 
(alanme) side-chain The synthesis required a 
number of separate steps 

3 5-di-iodo-4-(4'-methoxyphenox}’’) benzalde- 
h 3 de contains lodme atoms m the same positions 
as two of those in natural thyroxme — 

I 

— 0— ^CHO 
I 

3 5 di-iodo-4-(4'-mcthoxyphenoxy) benzaldehyde 

This compound havmg been prepared, the ammo 
group was attached by condensation with hippuric 
aad The resultmg compound was boiled with 
NaOH m alcohol and then wnth acetic anhydnde 
and hydnodic aad The product of these proce- 
dures , — 3 5-dt-iodothyroninc — , readily takes up 2 
additional atoms of lodme wnth the formation of 
thyroxme, when treated wnth a concentrated solu- 
tion of lodme in potassium iodide (see formula) 

Synthetic thyroxme possesses physiological 
properties identical with those of the natural 
product 

• Now usually spelled thyroxme 
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CHi CH(NH,) COOH 


CH, CH(NH,) COOH 


Thyro-one (3 5 3' 5' tetraiodothyronme)’ 


Thyioxine is not formed in. this manner in the 
thyroid gland, but from di lodotyrosme 

I 

ho/ \ CHjCH(NHi)COOH 
I 

Di lodotyresine 

This compound is formed m the body from ty- 
rosme and certainly represents a stage in the 
synthesis of thyroxme, when added to slices of sur- 
viving thyroid tissue di-iodotyrosme is converted 
to thyroxme Di-iodotyrosme itself has only shght 
physiological activity Most of the orgamc iodine 
m thyroid tissue is m this form, a much smaller 
part bemg present as thyroxme Four separate 
processes or steps ate required for the synthesis of 
thyroxme, (a) the concentration of idodide m the 
gland, (b) the oxidation of iodide to elemental 
lodme, (c) the combmation of lodme with tyrosme, 
and (d) the oxidative couplmg of duodotyrosme 
molecules, forming a diphenyl ether with the loss 
of one alanme s ide-cham The thyrotrophic hor- 
mone (TSH) of the pituitary gland, appears to be 
necessary for all four steps The mechanism re- 
sponsible for the oxidative reactions, second and 
third steps, is not defimtely known, but the most 
probable theory which has been proposed is that 
both the lodmation of tyrosme and the couplmg 
of tuo molecules of di lodotyiosme are effected 
through an enzyme system m which peroxidase 
plays an essential part Fme granules m the thyroid 
cells which give the histochemical reaction charac- 
teristic of peroxidase have been described by 
Dempsey The enzyme has not, so far, however, 

’ The numbering of the posiUons m the thyronine 
nucleus is shown below 

3 ' 2 ' 3 2 

- ^ V 0~ / ^ CH^CH(NH,)COOH 


been extracted from thyroid tissue , but m support 
of this theory is the fact that such antithyroid 
drugs as thiourea and thiouracil inhibit peroxidase 
action An expenment pierformed bv Keston is of 
great mterest and suggests the type of reaction 
that may take place m the thyroid gland When 
radio-active iodide was added with xanthme to 
milk and the mixture mcubated, thyroxme con- 
tammg the isotope was formed The xanthme 
oxidase m the milk, actmg presumably upon the 
xanthme, hberated hydrogen peroxide which m the 
presence of milk peroxidase oxidized the iodide to 
lodme which was introduced into tyrosme groups 
Thyroxine was then formed by the coupling of di- 
lodotyrosme molecules If thiourea were added 
before mcubation no thyroxme was formed 

AddiUonal evidence for the peroxidase theory is 
afforded by the observation of Hamngton that 
hydrogen peroxide hastens the tn mtro lodmation 
of protem (see below) 

Other enzyme systems, e g , cytochrome, and 
tyrosmase, have been suggested as playmg the chief 
r61e m thyroxme synthesis, but this is unlikely, for 
the cytochrome system is not inhibited by thiourea 
or thiouracil and tyrosmase has not been demon- 
strated m th>T'oid tissue nor does the inhibition of 
Its action by thiourea denvatives run parallel with 
the antithyroid activity of these drugs 

The lodinahon of protein and the artificial synthesis 
of thyroxine 

The remarkable discovery was made a few years 
ago that the lodmation of casern, serum protem 
and other protems, followed by hydrolysis, jnelded 
crystals of thyroxme possessing the characteristic 
physiological activity The first experiments m 
which the tn vitro synthesis of thyroxme was dem- 
onstrated were performed by Abelm His results 
were published m a senes of papers from 1934 to 
1938 His claim was not, however, generally ac- 
cepted until the same result was obtamed by 
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Ludwig and Mutzenbcchcr m 1939 They gave an 
account of the method, a clear chemical desenp- 
tion of the product obtained, and described its 
physiological property It \\as also shoi\'n that a 
small amount of thjTovine was formed spontane- 
ously simpl> by prolonged incubation m alkalme 
solution These findings were soon confirmed by 
Harrington and Rn ers and in several other labo- 
ratoncs lodinizcd protein causes all the physi- 
ological cffccls of thyroid extract, relieves mj^- 
edema, and in large doses induces tliyrotovicosis 

It has been thought unlikclj until comparatively 
recenllj that thjToxinc was identical with the hormone 
discharged from the thjaoid into the blood stream It 
was argued that the \en low solubililj of thjToxine 
was against its being the true hormone It was also 
stated that the ph\ siological actiwtj' of thjToglobuhn 
or of the powdered gland was greater than could be 
accounted for bv its thjToxinc content 

Harrington who at one time subscribed to this 
conception has smcc secured ctndcnce bj' im- 
munological mctliods that thjTOXine itself is the 
natural thyroid hormone He and his associates 
succeeded m constructmg an antigen m which 
thjToxinc was combined as the active group 
(hapten) w'lth protein In this tliyrovinc-protcin 
complex the antigenic properties were borne en- 
tirely by thyroxine, the antigenicity of the onginal 
protein was completely lost Rabbits were im- 
munized to this compound bj a senes of injections 
Serum from these animals was then given m a 
senes of mjections to normal rabbits '\\Tien the 
latter W’cre injected wnth a dose of tliyroid hormone 
which IS ordinanl}" effective, no nse in the basal 
metabolic rate wns observed, though the same dose 
of hormone given to animals untreated with the 
antiserum caused a pronounced rise in heat pro- 
duction Thus, the thyroid hormone owed its 
specific activity to thyroxine It is probable that 
thjToxinc rather than thyroglobulm is the form m 
which the hormone is present in the circulation 
Such a belief is strongly supported by the following 
consideration thyroglobulm is active when given 
by mouth, yet owing to the large size of the 
molecule it cannot be absorbed as such but must 
first be broken down m the mtestinal tract Yet 
if It were the circulating hormone the unlikely 
assumption must be made tliat it undergoes resyn- 
thesis in the body in order to exert its activity 
Furthermore, Lcrman, employing the delicate 
precipitin reaction has failed to demonstrate the 
presence of thyroglobuhn in the circulation. 


whereas, free thjTOxme has been isolated from 
unhydrolyzed plasma (Taurog and assoaates) 
Now, we know that the thyroid hormone is 
stored m the gland as thyroglobuhn, and the behef 
that thyroxme is the arculatmg hormone leads to 
the question whether a proteolytic enzyme exists 
m thyroid tissue by which the thyroglobulm is 
broken dowm to permit the smaller thyroxme 
molecule to enter the arculation Such an enz)me 
has been demonstrated by De Robertis m the 
colloid of the gland, and was found to mcrease m 
activity by 100 per cent m thyrotoxicosis and to be 
reduced m hj^pothyroidism The thyrotrophic hor- 



Fig 58 1 1 Effect of thyroxme on a myxedematous 
patient (After Harrington ) 

mone of the pituitarv' activates this enzjme as the 
researches of De Robertis have demonstrated 
Within a few minutes after the injection of TSH, 
droplets appear m the cells linmg the alveoli of the 
gland These intracellular droplets appear to be 
different m composition from the colloid of the 
alveoli and are believed to be smaller molecules 
derived from hydrolysis of the latter (see p 825) 

The action of the thyroid hormone 

The thyroid hormone is believed to act as a 
catalyst to mcrease the oxidative processes of the 
tissues This action most probably is brought about 
through its entermg as an essential constituent 
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into some enzyme system The oxygen consumption 
of tissue excised from a hypothyroid animal is sub- 
normal, whereas the metabolism of tissue removed 
from a hyperthyroid animal is greater than normal 
These observations mdicate, of course, that the 
acbon of the thyroid hormone is exerted duectly 
upon the cells rather than through the nervous 
system The eSect of a smgle admmistration of 
thyroxme upon the basal metabobc rate is slowly 
developed but prolonged (fig 58 11), it commences 
after the lapse of about 7 hours, reaches its maxi- 
mum m from 8 to 10 days and lasts for 5 or 6 
weeks Thyroxme bnngs about the combustion of 
a relatively enormous quantity of material, 1 mg 


sues cannot be explamed by its property of mcreas- 
ing combustion m the ceUs, a substance such as 
dmitropheuol, which mcreases heat producUon, has 
no such action 

Animals when given repeated doses of dned 
thyroid, or of natural or synthetic thyroxme, de- 
velop the features of hyperthyroidism, e g , raised 
metabobc rate, wastmg, mcreased excretion of 
nitrogen and of calaum (chiefly m the feces), 
hyperglycemia and glycosuria, reduction of hver 
glycogen, tachycardia, etc The coinadent admin- 
istration of ammo-acids enhances these effects The 
admmistration of dned thyroid substance by 
mouth m the form of compressed tablets is a com- 



Fio 58 12 Cells of the thyroid of a rat which had been in 3 ected 22 hours previously with the thjTOid sUmulatmg 
hormone (TSH) of the pituitary The intracellular droplets of colloid are mcreased m number and arc collected 
toward the basal part of the cell from where they arc disaiarged into the capillanes The first effect of TSH, withm 
30 mmutes or so, is to cause an mctease m mtracellular colloid which is accumulated toward that part of the cell 
abuttmg on the folhcular lumen The reversal of the direction of the movement of the droplets, ne , from the free 
to the basal part of the cell commences m about six hours after the administration of TSH a, colloid in lumen 
of the folhcle, c, capillary, E, erythrocyte in capillary (After De Robertis ) 


causes the total CO. output to mcrease by some 
400 grams and elevates the basal metabolism by 
2 5 per cent The entire normal adult human body 
contams about 14 mg of thyroxme It has been 
calculated that the gland mamtains this amount 
constantly by manufactunng and dehvermg about 
0 33 mg per day In other words, about 0 33 mg 
of the hormone is consumed daily, and as a matter 
of fact the daily quantity of administered thyroxme 
requu-ed to mamtam the metabolism of a thymoid- 
less adult at the normal level has been found to be 
about 0 5 mg But the diversity of the effects of 
the thynoid hormone upon the dei elopraent and 
differentiation of skeletal, nervous, and other tis- 


plete corrective for myxedema Cretmism also, if 
discovered early, can be unmensely unproved, and 
almost normal bodily and mental development 
induced (figs 58.5 and 58 6) Thyroxme is equally 
effective The latter, m that it is a chemically pure 
substance, and so can be accurately measured, pios- 
sesses an advantage over the dned gland, which is 
vanable m potency* Nevertheless, thyroxme has 

• A given extract may be assay ed either chemically, 
as by detenmnmg its content m lodme bound in 
th3m3ime accordmg to the method of Hanngton and 
Randall or bmlogtcall^ Several biological tests have 
been used, e g , the rate of carbon dionde production in 
mice, the rate of oxygen consumption of rats, or the 
mcreased sensitivity of the latter animals to oxygen 
deficiency, and finally the tadpole test of Gudematch, 
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the greater disadvantage of being less potent and 
possessing a less certain action vhcn given by 
mouth This is due to its relative insolubility and 
its imperfect absorption from the gut 

The Secretion of the Thyroid Horhone 

The th> roid hormone is formed m the cells lining 
tlie follicles and secreted as thjToglobuhn into the 
follicular cavity vhere it is stored as the well- 
known colloid of tlie gland It has been thought 
that the thyroglobulin was then passed, as re- 
quired, into the blood along channels between the 
lining cells, or was even taken up again by the 
cells and transferred by them to the circulation 
It was also held that at times of increased demand 
for hormone, thyroglobulin instead of passing mto 
the follicle was secreted directly mto the blood 
stream As a result of improved methods of mvesti- 


Though nervous impulses may possibly play 
some part in regulatmg the production and liber- 
ation of the th3'roid hormone, it is now generally 
accepted that the chief and essential mode of con- 
trol IS by the thjTotrophic prmaple of the antenor 
lobe of the pituitary 

Factors m the regulation of thyrotrophin secretion 

The factors regulating the production and release 
of TSH and the activity of the thyroid gland 
constitute a most complex system of which the 
details ha\ e not yet been fully disclosed But there 
IS good evidence for the follownng govemmg in- 
fluences 

(1) Production or hberation of the thyrotrophic 
hormone is regulated by the level of the thyroid 
hormone in the circulation — a nse or fall depressmg 
or stimulating, respectively, the production and 



Fig 5813 Diagram of the cnz> malic rcabsorption of colloid under normal conditions (middle sketch), in a 
hj-peracliNC follicle (left) and in a hj'poacUve follicle (nght) Length and dirccUon of the arrows indicate the in- 
tcnsitj of the processes of hjdrolvsis, and rcabsorption, and of apical and basal secretion T, thjToglobuhn, P, 
product of the hvdrolysis of T, TH, arculaUng th> roid hormone The number of plus signs indicates the relative 
quantilj of thyroid hormone (After Dc Robcrlis ) 


gation, espeaally b> the use of radio active lodme, 
and the fact that thyroxine rather than thyro- 
globulm IS thought to be the arculaling hormone, 
this view finds few' supporters todaj’- It now seems 
dear that thyroglobulm represents merely a storage 
matenal and that once having entered the follicu- 
lar cavity docs not leave it again as such, but is 
hydrolysed by a proteolytic enzyme (sec p 823), 
the smaller molecule of thyroxmc passing mto and 
through the aanar cells mto the blood (see figs 
58 12 and 58 13) 

in which the rate of metamorphosis is taken as the 
entenon The last mentioned test is, hewever, depend- 
ent upon the total iodine content of the speamen (p 
807) and as we know, only a part of this is active for 
mammals Axolotls have been used for a similar pur- 
pose Thyroid feeding renders nucc less susceptible to 
poisoning by acetonitrile (Reid Hunt) This fact has 
also been used as a basis for testmg the potency of 
thyroid preparations 


liberation of TSH It is uncertam whether the 
changes m the blood level of the thjToid hormone 
act directly upon the hy^iophysis, or mdurectly 
through the hj'pothalamus The selective reten- 
tion of injected radioactive thjTOxme by the pitui- 
tary has been demonstrated, which favors the first 
mode of action but does not, of course, exclude the 
possibility of an action via the hypothalamus 
(2) The thyrotrophic hormone is mactivated by 
the thjToid cell Raw son found that TSH is m- 
activc after exposure m vitro to normal thyroid 
tissue, but not when exposed to tissue of a simple 
goiter, tissue from a hyperplastic goiter of Graves’ 
disease exerted the most pronounced mactivatmg 
eScct The tissue of lymph nodes and thjmius had 
an effect similar to that of normal thyroid tissue 
The observations on the inactivation of TSH by 
thyroid tissue accounts for differences m the 
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^r mar t eicretioii of TSH bj normal, h 5 pertli>'T 0 id 
and h>T)oth>Toid subjects Normals eicrete a 
email amount oi the active hormone, hvperthyrQid 
patients none at all, and those sufFenng from hj-po- 
thyroidism due to goiterous thjrroids, or as a result 
of total thjToidectomi , exaete large amounts The 


H 



Frc 5S 14 Diagram to shoT factors m the control 
of thjTDid function H hvpothalatnus, P, antenor lobe 
ofpitmtan gland, TSH, thjToid stimulating hormone, 
TH, thjTOid hormone, TC, tissue cells, TD, thiouracil. 
The, thioccanate. Entatorj effects indicated bj plus 
signs inhibitoij b\ minus agns Broken line mdicates 
possible effect of thyroid hormone on hypothalamus. 

mactne hormone excreted m the unne of normal 
persons and m hvperthjTOidism can be activated 
fat means of reducing agents 

(3) The thjToid hormone also depresses some 
part of the mechanism— probablj the action of 
TSH— through Tvhich it IS sjTithesized This effect, 
as sho-m by Galh-Mamrm, is accompamed by a 
reduction m oxygen consumption, which is the 


rcterse of the effect on the thyToid of TSH or of 
the thyrroid hormone on other tissues of the body 

(4) Iodide, m pharmacological dosage, inhibits 
thyroxme svnthesis, an effect vrhidi is thought by 
Rawson to be due to mblbition of an oxidatii'e 
enzyme ^-stem through which TSH enters the 
metabolism of the thiToid cell, or iodide may act 
as Robertis suggests by depressmg the action of 
the proteolytic enzyme through which thyroxine is 
separated from the thiTOglobulm molecule, and 
passed mto the circulation 

(5) Adrenal corUcoids (e-g, cortisone) or the 
adrenocorticotrophic hormone (ACTH) mhibits 
thyuoid hormone production by depressmg the 
action of TSH on the accumulation of iodine by 
the gland (Rawson) It is possible that they' also 
depress the g-nthesis of TSH. 

(6) Exposure of the body to cold causes hyper- 
plasia of the thyToid and mcreased production of 
its hormone, an effect due to mcreased liberation 
of TSH. hrou^t about through the hypothalamus 

The Svs-ehesis oe Tvheoxdce by 
Thyeoidixss Axoiaxs 

The surpnsmg discoiery has been made that 
the thyToidless antmal can synthesize thyToxme. 
Morton and his colleagues fed ladioactive lodme 
to thyroidectomized rats and recovered radioactive 
thyroxine later from their bexhes This observation 
coupled with the fact already mentioned, that 
lodmated protem pcssesses thyToxme-like activity, 
has aroused the speculation that lower forms of 
animal life, which do not possess a thyroid, pro- 
vided that they receive lodme m water or food, 
can ^nthesize thyroxme, or ran utilize lodmated 
protem cximpounds as stimulants to metabolism 
If it were possible to obtam a sufficient quanta^ 
of such compounds m the diet, higher annnals 
also could probably dispense with the thyroid 
gland The thyroid thus is seen as a highly special- 
ized structure whidi more active forms of life have 
evolved for the conversion of compounds of low 
activity formed m the tissues generally, mto a 
pnnaple whose potency has been multiphed a 
hundred-fold over that of the ongmal matenaL 
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Development and Structure 

The mammalian adrenal gland, like the pituitary 
body and the thyroid-parathyroid apparatus, consists 
of two parts which, though closely assoaated anatomi- 
cally, ha%e separate origins, arc structurally different 
and so far as is known, functionally independent. The 
central part of the gland is called the medulla, the outer 
enveloping nm of tissue is known as the cortex In 
certain fishes (Elasmobranch) the analogues of these 
two parts arc not joined together Tissue correspond- 
ing to the mammahan medulla, for example, is found 
as a number of small discrete masses on either side of 
the spine in assoaation with the sjmpathetic ganglia, 
while an elongated structure lying between the kidneys 
{tnler-renal body) corresponds to the adrenal cortex of 
mammals In the amphibia and reptiha the tiso types 
of tissue have come together, but masses of cortical 
cells arc intemunglcd with islets of medullatj' tissue 
and the two tissues are not segregated into a peripheral 
and a central zone, as in the mammahan adrenal 

The medullary cells exhibit charactenstic staining 
reactions, feme chlonde turns them blue, osmic aad 
black, and chromic aad or its salts a dark brown As a 
result of the last mentioned reaction they arc spoken 
of as chromophil or chromaffin cells 

In all ammals the medullary tissue and the sympa- 
thetic ganghon cells have a common ongm , they develop 
from pnmitivc cell masses which have separated from 
the neural crest. Migrating from thar sites of ongin 
these masses of ectoderm cells undergo differentiation 
along two paths, some into sympathetic ganglion cells, 
others into chromaffin tissue In the abdomen on ather 
side of the mid-hnc a relatively large mass of chro- 
maffin cells becomes enveloped by cortical tissue to 
constitute the adrenal medulla Other smaller masses 
persist as accessory chromaffin tissue m assoaation 
with the gangha and plexuses' of the sympathetic On 
the other hand, sympathetic ganghon cells may be 
found scattered among the cells of the adult adrenal 
medulla The cortex is developed from mesoderm It 
arises as a bud from the celomic epithelium covermg 
the inner side of the fore part of the mesonephros The 
celomic epithehum immediately behmd this area gives 
rise to the germinal epithehum from which m turn 
the sex glands develop 

The medulla is composed of closely packed groups 
of polyhedral cells contammg chromaffin granules which 
are looked upon as the mother substance of the medul- 
lary secretion The cell groups are separated by blood 
smuses which empty into a central vem The cells of 
the cortex are arranged in three zones These are from 

* Such chromaffin collections are called paraganglia 


without inwards the (1) zona glomertilosa, m which 
groups of cells arc arranged in a arcular or oval pattern, 
(2) zona fasctctdala, in which the cells are arranged m 
columns, and (3) zona reiictdaris, which is composed of 
a network of cell cords (fig 59 1) The cells of the cortex 
contain fine droplets of doubly refracting hpid ma- 
tenal w’hich is also seen m the form of dust-hke particles 
in the capillaries of this part of the gland, it is probably 
the active cortical hormone or its precursor 

The cells of the cortex onginate at the periphery of 
the .gland, in the zona glomcrulosa just beneath the 
capsule, or more probably from the cells of the capsule 
Itself These young cells contam numerous mitochon- 
dria but relatively little hpid matenal As the cells 
become older they migrate towards the medulla of the 
gland, the mitochondna become fewer and the hpid 
matenal more abundant The hpid dirmnishes again 
later, the migrating cells become shrunken m appear- 
ance and finally die near the cortico-medullarj' junction 
The hpid droplets contain cholesterol and insoluble 
ketones The mitochondna are beheved to be concerned 
in the produebon of the corbeal hormone. Hypertrophy 
and hyperaCbvity of the adrenal cortex (mduced by 
corbcotrophin, p 788, or by removal of one adrenal) is 
assoaated wath prohferabon of the mitochondna and 
a decrease m the hpid matenal Adrenal atrophy (as 
follows hypophj'scctomy) is accompamed by a decrease 
m nutochondna and the hpid matenal appears to be 
inaeased due to its accumulabon into larger droplets 
clumped together 

On the basis of hpid distnbubon, the normal adrenal 
cortex has been divided by Weaver and Nelson mto 
four zones — an outer zone, compnsing the zona glo- 
merulosa and pioor in hpid matenal, a narrow optically 
inactive zone, between the zona glomcrulosa and the 
zona fasaculata, an optically active zone which is the 
nehest in hpid matenal, its cells bang well filled wath 
fine dust-hke particles, and an innermost zone, relabvely 
poor in hpid and compnsing the zona rebculans and a 
small part of the zona fasaculata 

A sex difference in the size and histological appear- 
ance of the adrenal cortex has been demonstrated in 
animals The glands are larger m women than in men, 
a difference which is enhanced when the smaller female 
body IS taken into account In animals, the adrenals 
of the female are reduced to the size of the male glands 
under the influence of testosterone 

Blood and Nerve Supply 

The adrenal is one of the most nchly vascular organs 
in the body, recaving 6 to 7 cc of blood per gram of 
tissue per mmute. It is supphed by 3 small artenea 
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winch are denved, respectively, from the mfenor 
phremc artery, the renal artery and the aorta These 
form nch plexuses m the cortex. The plexuses are con- 
tmuous with the smuses of the medulla which dram 
mto the central vem of the latter The nght adrenal 
vem empties directly mto the inferior vena cava, the 
left vem mto the renal vem The nerves are denved 
from the great splanchnic, the fibers pass through a 
plexus (suprarenal) before entering the gland These 
fibers are meduUated and have no cell staUons in their 
course That is, they are entirely preganghomc, the 
medullary cell itself taking the place of the ganghon 
cell and postganghomc fiber, thej differ thus from all 
other sympathetic pathways (see p 1102) 



Fig 59 1 Section of the human suprarenal capsule 
A, medullary portion, B, zona reticularis, C, zona 
fasaculata, D, capsule, the zona gloraerulosa is situ- 
ted just beneath the capsule (After Moiimow and 
Bloom.) 


The Adrenal Medulla 

Thomas Addison's report m 1855 (p 809) and 
the experimental work of Brotvn-SSquard m 1856 
gave the first hmts concemmg adrenal function 
The last-mentioned observer showed that complete 
removal of the glands from rabbits caused death 
Not until many years later was it shown that the 
effects described by these pioneer mvestigators 
were due to loss of the adrenal cortex The French 
phjsiologist Vulpian, workmg at about the same 
time as Addison and Brown-Sfiquard, discovered 
that the medulla, unlike any other tissue, was 
stamed blue by feme chlonde, and that the blood 
of the adrenal v em sometimes gave a similar reac- 
tion The stammg reaction, it is now known, is 
characteristic of the mtemal secretion of the 
medulla (adrenalme) In 1894 Oliver and Schafer 
obtained an aqueous extract from the medulla 
which upon injection caused a pronounced rise m 
blood pressure 


The active pnnaple of the extract was obtamed 
m pure form m 1901 by Takamine and by Aldnch 
Upon analysis the latter observer found the empiri- 
cal formula to be C.HnOjN The substance has 
been given vanous names — adrenalme (or adren- 
alin), epmephrme, adrenin and suprarenm The first 
of these names is most commonly used Adrenalme 
is dosel> related to tyrosme, as will be seen from 
the followmg structural formula 




OH — CHi 

I 


NH— CH, 
OH 

Adrenaline or epmephrme 


Adrenalme is a secondary alcohol, its full chemical 
name bemg 3,4-dihydroxy-a phenjl ^methylammo- 
ethanol It was first prepared sjmthetically by Stoltz 
(1904) and later by Dakin (1905) Adrenalme possesses 
an asymmetnc carbon atom, so three isomers are jjos- 
sible (i e , a levo and a dextro-rotarj and a racemic 
form) The natural levo compound is 15 times more 
powerful than the dextro rotary form 


The mtermediate steps m the synthesis of adren- 
ahne by the adrenal medulla are not definitely 
known But tyrosine is most probably a precursor 
and dihydroxj'phenylalanme (“DOPA”) produced 
by Its oxidation is supposed to be one of the mter- 
mediate steps The mtroduction of a second hy- 
droxyl group mto the tjTOsme molecule can be 
effected and “DOPA” produced by the action of 
the enzyme tyrosinase, present m plants The en- 
zymatic decarboxjdation of “DOPA” (by “DOPA” 
decarboxylase) could then form dihydroxyphenyl- 
ethylamme (oxytjTamme) and by the mtroduction 
of an hydroxyl group mto this compound nor- 
adrenalme (arterenol or norepmephrme) could be 
formed The addition of a methyl group to the 
latter would then yield adrenalme This last step 
has been demonstrated by Biilbnng who found that 
a suspension of adrenal tissue can convert, by 
methylation, noradrenalme to adrenahne 
The formulae on page 829 show the possible 
chemical steps m the production of adrenalme 
The beUef that tyrosmase was confined to plants 
has been refuted m recent years by the demonstra- 
tion of its presence m animal tissues as well It has 
also been slmvyn that DOPA_^can be— produced 
from tyrosme by the actior^f ultraviolet light m 
the presence of Fe-^+ ions or ascorbic aad 
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OH 


CH; — CH — COOH 


NH: 


Tj rosinc 

I 

’I\Tosinasc 
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CH— COOH 
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Nil. 


OH 


OH 


Dih> droxj phcn j lalaninc 


IS rapidly inactivated in the body One site of in- 
activation IS the hver^ wh ere p resumably it is 
o xidized by an amino- oxidase A smaller proportion 
IS conjugated \vith sulphunc acid Oxidative in- 
activation 'asHiy tHe~cytochrome system occurs 
also and perhaps to an even greater extent m the 
tissues generally, which accounts for the eva- 
nescent action of adrenahne following mjection 
Outside the body adrenaline is much more stable 
m blood and tissue fluids than m Rmger solution, 
m which it undergoes oxidation to form a re d com - 
pound The substances m blood and tissue fluids 
which have a stabilizing or protective action upon 
the adrenaline molecule are reducmg agents, such 
as glutathione and ascorbic acid (Welch) It is 
significant that the adrenal gland is especially nch 
in'thesc'substances 


C( 


dopa” decarboxylase 


i 


ACTIONS OF AN EXTRACT OF THE ADRENAL MEDULLA, 
ADRENALINE AND NORADRENALINE 



Dill} droxy^)hcnyl cthylaminc 

•i 


CP'^ 


/<^CHOH— CH. 

A I 

NH. 

OH 

Noradrenaline or arterenol 
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/^CHOH— CH. 
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NH CH, 


OH 


OH 


Adrenaline or cpincphnnc 


INACTIVATION OF ADRENALINE 

Adrenahne disappears rapidly after mjection, 
due it IS supposed to its oxidation in the tissues 
The effects following subcutaneous injection are 
much less intense, though more prolonged, than 
those induced by intravenous administration 
IVhen given orally, adrenaline is inert Adrenaluie 


Not until nearly 50 years had passed since the 
pressor effect of the adrenal medulla was demon- 
strated by Oliver and Schafer, w’as it discovered 
that noradrenalme (arterenol, norepmephrme) as 
well as adrenaline was present m the gland It has 
also been found by von Euler m postganglionic 
sy mpathet ic nerves Adrenaline and noradrenalme 
arc present m the adult Lum^n adren al medulla m 
the proportion of aboujt 5 to 1 , b ut noradrenaline is 
m higher proportion Than this m the glands of 
young children, and m very large amounts (up to 
90 per cent) m some adrenal tumors It is probable 
as Blaschko suggests, and as is mdicated by the 
formulae chemical, that noradrenalme is the im- 
mediate precursor of adrenaline The discovery of 
noradrenalme has led to a revolution m our ideas 
of the actions of the medullary secretion but, like 
most revolutions, has been followed by a penod of 
uncertainty and confusion The two hormones, 
though closely allied m action, show certain im- 
portant differences For many years research has 
been earned out on adrenal medullary extracts m 
the belief that its only active principle was adrena- 
line It w ill be necessary, therefore to describe the 
actions of the pharmacopeial or commercial 
preparations, for the most part, and where possible 
m the light of modem research to state which 
actions are due to adrenaline, and which to nor- 
adrenalme ^t tim outset the generalization may 
be made that^th the exception of the effects on 
the vascular system, and on the pregnant uteras of 
the cat, the effects of noradrenalme, m -so far as 
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t^y have been investigated, are weaket than those 
of adrenaline. Both agents act upon structures 
innervated by sjonpathetic nerve fibers and, •with 
a few exceptions, the effects closely imitate those 
caused by stimulating sympathetic nerves They 
do not act upon the nerve endings themselves, 
hut on the effector organ, or perhaps some special 
substance m the effector (Langley) This hypo- 
thetical substance came to be known as the recep- 
tive substance of Langley From this s>mpathetic- 
like action, adrenaline and noradrenalme (as well 
as a number of drugs) are said to be sympalho- 
mimcinc in then effects 

(o) Vascular effects Ordinary preparations of 
adrenabne (eg, U S P epmephnne) have a pro- 
nounced pressor action causing widespread vaso- 
constriction But adrenaline itself is by no means 
a general vasoconstrictor Its overall effect upon 

TABLE 79 


Effects of adrenaline and noradrenaline on blood jloio 
(ml/mtn ) 

After Barcroft, modified 



BETOIS AQVXH 
AUKX OK KOK 
ADKZKAtZifZ 

DOKINO 

AOKEK hOKAOBCN 

Liver 

1500 

3000 

1500 

Kidneys 

1500 

900 

1200 

Muscles 

1000 

2000 

1000 

Brain 

750 

i 

900 

675 

Overall 

4750 

6800 

4375 


the vascular system is vasodilatation, that is, it 
decreases rather than mcreases the penpheral 
vascular resistance of the body as a whole It 
<»nstr^ powerfully the artenoles and capillaries 
of the skm a nd the artenoles of the kidney, but 
dilates the vessels of the skeletal muscles and fiver, 
and probably also of the coronary system This 
■rasodilator effect upon the muscles and fiver 
jovershadows_the ■vasoconstnctor effects with a 
consequent decrease m the total penpheral resist- 
ance The pronounced rise m blood pressure — a 
true adrenaline effect — is due entirely to its in- 
creasmg the _ cardi ac output The nse in blood 
pressure is confined to the systofic~^'ase,'the di- 
astolic phase showing no change or a fall — an ex- 
pression either of the absence of any increase in, 
or a reduction of the total penpheral resistance 
(see table 79) 

Noiadmnalme is an overall vasocon stnctor. 


causing an increase in the total periphe ral r esist- 
ance, and a hypertensive effect which is from 30 to 
70 per cent greater than that of adrenaline Nor- 
■adrenalme constricts the cutaneous vessels; but_ 
toTSTdegree than does adrenabne, the latter m 
man causmg a much more pronounc^ pallor 
Noradrenalme causes a reduction m Jblood 
through the bram of about 10 per_crat,^whereas 
adrenabne mcreases it by 20 per cent or so 
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Fig 59 2 Lower tracmg shows effect of intravenous 
injection of 0 02 mg adrenaline upon blood pressure. 
Upper traanc from the same animal shows the fall in 
pressure produced by the mjccUon of 0 02 mg of 
adrenabne following a previous dose of 0 4 mg per kg 
of ergotamine tartrate. (After Geibng ) 

(6) Heart Adrenaline (USP epmephrme) 
e.terts a direct stimulating effect upon the myo- 
cardium, it increases the oxygen consumptio n of 
the heart and augments the cardiac output mamly 
by an mcrease m stroke volume, this bemg respons- 
ible for the nse m systolic pressure These effects 
are apparently due to the action of adrenalme as 
such, for noradrenalme either has no effect upon 
the cardiac output or decreases it In animals with 
the vagus nerves mtact, adrenaline slows the heart, 
as a secondary effect of the hypertension ( Marey's 
jaw)^ but cau^ cardiac acceleration after vagal _ 
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s ectio n In man, adrenalme accelerates the heart 
\ 2 ^hile noradrenaline causes bradycardia Adrena- 
lme (U S P epmephrme) speeds aunculo-ventncu- 
lar conduction, the action of noradfenalme m this 
regard is unknoira Adrenalme also appears to 
mcrease the susceptibdity of the ventncular muscle 
to the development of extras> stoles, or even of 
ventncular fibnllation 

(c) Plat)i muscle Adrenaline inhibits the muscle 
of the stomach, vilcshne, bronchioles and "wall of the 
iirinary bladder Both the tone and movements of 
the intestine are inhibited (fig 59 3) , the bron- 
chioles are dilated It c\cites the muscle of the 
gall-bladder, ureter, trigone and sphincter of the 
bladder, the retractor penis and the pyloric, ileocolic 
and internal anal sphincters The uterus, whether 
pregnant or non-pregnant, is contracted m man 
and m many animals, but m the cat, rat, mouse and 
guinea pig, the pregnant organ alone is contracted 
b> adrenalme, the non-pregnant is relaxed The 
contractions of the human uterus at term are often 
inhibited b\ adrenalme Most of the se effects are 
exhibited, though less strongly, by noradrenaline, 
with the exception of the excitation of the pregnant 
uterus of the cat upon which noradrenaline exerts 
a greater effect As a result of the exatation of the 
radiatmg fibers of the ins (dilator pupillae) the 
pupil IS dilated b\ adrenalme espeaally if the 
supenor cervical ganglion has been prexnously ex- 
cised Mueller’s muscle is stimulated and the cj e- 
ball protruded Retraction of the upper eyelid is 
caused by the stimulation of its smooth muscle 
The nictitating membrane of animals is retracted 
Adrenalme also stimulates the erectores pilae 
muscles and other smooth muscle fibers m the skm 

(d) Skeletal muscle Adrenalme postpones muscle 
fatigue and mcreases the tension developed m a 
twitch of skeletal muscle It mcreases muscle tone, 
and may cause tremors or muscular twntchmg 
The effects of noradrenalme upon muscle are much 
less pronounced (see fig 65 3, p 964) 

(e) Respiration After a short initial penod of 
apnea the respirations are increased m rate and 
depth The apneic penod is apparently secondary 
to the rise m blood pressure and is brought about 
through the carotid sinus mechanism (p 283) 

(f) Carbohydrate metabolism Adrenalme adram- 
istered by mjection causes hyperglycemia and 
glycosuna It shows an antagonism to msulm — re- 
lievmg hypoglycemic convulsions These effects, 


which are also shown by noradrenalme, but to a 
less degree, are due to the mobilization of sugar 
from the hver whose glycogen stores are thus re- 
duced The hyperglycemic effect is therefore great- 
est m well-fed animals with an abundant hepatic 
store of carbohydrate, and of course is not obtamed 
m hepatectomized animals The glycogen of the 
muscles is also reduced by adrenalme On the other 
hand, there is evidence (Himsworth and Scott) 
that the rate of removal of glucose from the blood 
by the tissues is accelerated WTien administered 
to animals after a prolonged fast or m other con- 


Fig 593 Rabbit’s intestine m Ringer’s solution 
At X Ringer’s solution -f- adrenaline 1 100,000,000, at 
X' Ringer’s solution substituted Time 30 sec (After 
Hoskins ) 

ditions which deplete the hepatic glycogen stores, 
adrenalme causes an increase m liver glycogen The 
latter is due to the breakdown of muscle glycogen 
to lactic acid which, diffusmg mto the blood, is 
earned to the hver where resyn thesis to glycogen 
occurs There is a fall m the morganic phosphate 
of the blood due apparently to the phosphorj'lation 
of glycogen and the formation of glucose mono- 
phosphate If the adrenaline admmistration is con- 
tmued the hver glycogen is converted m turn to 
glucose which passes mto the blood, causmg hyper- 
glycemia, It IS subsequently reconverted to glvco- 
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gen m the muscles (Cori) The cyde may be repre- 
sented m the foUowmg scheme 

Musde glycogen 

C ) 

Blood lacuc Blood glucose 
aad ( ) 

Liver glycogen 
Cart cycle 

Noradtenalme exerts little effect upon the 
concentration of lacoc acid m the peripheral blood 
(Beam et al ) 

(g) General Metabohsm Oxygen consumption is 
mcreased by from 20 to 40 per cent, and COj pro- 
duction by from 30 to 50 per cent, the respiratory 
quotient is therefore raised In man the mercase 
m the basal metabolic rate occurs iMthin a short 
time after the subcutaneous injection of 0 5 cc, of a 
1 1000 solution, the temperature of the muscles 
rises TheeSect of adrenaline upon heat production 
13 known as its calongenic action, it docs not occur 
after removal of the liver (Soskin) 

Boolhby and Sandiford attributed the latter 
efiect largely to stimulation of cellular oxidations 
throughout the tissues of the body gcneralK , and 
m a minor degree to the hipergly cemia (“carbo 
hydrate plethora"), and the increased utilization 
of carbohydrate, that is, to the specific dynamic 
action of glucose The extent to which each of these 
factors contribute to the mcreased heat production 
IS a controversial question, but the consensus 
favors mcreased carbohydrate utilization as the 
predommant factor (see Griffiths) Cutaneous vaso- 
constnction leadmg to dimmished heat loss and 
Its effect upon metabolism, as well as mcreased 
muscular tone, are probably contributing factors 
The caiongemc effect is not brought about through 
an action upion the thynoid smee it is obtamed after 
thyroidectomy Moreover the nse m metabohe rate 
commences withm a few mmutes and returns to 
normal withm 2 hours or so, whereas the effect of 
thyroxme upon heat production does not com- 
mence for some hours and is prolonged for se\ eral 
days (p 823) 

(A) Other ejects of adrenaltne {fj S P) (1) Se- 
aetion of sah\a, (2) lacrymation, (3) sweatmg in 
such animals as horses and sheep, but m most other 
animals the sweat glands, though innervated by 
the sympathetic, are not exated by adrenalme 
(see p 734) Sweatmg can be evoked mmosthuman 
subjects by adrenalme or noradrenahne, (4) con- 
traction of the spleen (stimulation of the smooth 


muscle of its capsule and trabeculae) and conse- 
quent increase in the blood volume and in the red 
cell count (p 70), (5) increase m the coagulability 
of the blood, (6) small doses increase the flow of 
unne as a result of constriction of efferent glo 
merular vessels, larger doses constrict both af- 
ferent and efferent xcssels and through reduction 
of the renal blood flow dimmish the unnary flow 
(p 452), (7) a fall, sometimes preceded by a nse, in 
the potassium of the blood , (8) contraction of mel- 
anophores of certain cold-blooded animals, e g , 
frog and homed toad (Redfield),’ (9) mcreased 
output of the adrenocorticotrophic, thy rotrophic, 
and "ovulition” hormones of the pituitary gland 
(p 886), (10) afftets the transmission m nerxe, 
(11) enhances or depresses, according to the 


i-io 



Fro 594 Showing the effects of adrcnalmcupon the 
blood pressure and the uterus (in situ) of a pregnant cat 
before and after the administration of dibenaminc The 
mtravenous injecUon of 2 5 mg per kg is indicated by 
the arrows (Alter Nickerson and Goodman) 

dosage, the action of acetylcholine at synaptic 
junctions (p 1102) 

Tire Eftects or Certain Substances uton tite 
Action or Aorevaline Ergotoxme’ or crgotamine 
(dcn\aU\cs of ergot) annuls the excitatory (motor and 
secretory) responses of adrenaUnc or of sympathetic 
stimulation, but inhibitory effects, c g , \ asodilator, arc 

*The contraction of the mclanophores of the homed 
toad which results from adrenal administration occurs 
when the animal becomes exated Since in the latter 
instance the effect is abolished if the arculation to the 
mclanophores is occluded but not when the skin nerves 
arc cut, the efiect must be due to a chemical substance — 
presumably adrenaline — in the blood 

• Ergotonne is made up of three alkaloid', ergo- 
cormne, ergocnstine, and crgocrymlmc, derivatives of 
lysetpc aad These compounds, wnen hvdrogenatcd to 
dihydiworiune, -enstme and -cryptinc, arc much less 
toxic than ergotoxinc, and permit their ciqicrunenlal 
use in man Of the three, the acbon of dihydroconune 
has the most fully invesbgated It blodks the acUon 
of both adrenalme and noradrenahne. 
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not interfered with * For this reason certain effects of 
adrenaline administration or of sympathetic stunulation 
appear to be reversed by the ergot alkaloids Thus, as al- 
ready mentioned, only a depressor effect is obtamable 
•with adrenahne if ergotosine has been adnunistered pre- 
viously Also, after ergoto-ane, adrenahne causes ex- 
pansion of the melanophores of the frog instead of the 
usual contraction The hyperglycemic response to 
adrenahne is abohshed after ergotoxine Apocodetn is 
another drug which reverses or annuls some of the 
effects of adrenahne whereas cocaine enhances its vaso- 
constnctor, cardiac and pupillary reactions In their 
effects upon the capillaries, blood pressure and bron- 
chioles, histamine and adrenahne are antagonistic, and 
adrenalectomized animals show an mcreased suscepti- 
bihty to histamme admimstration The blood-concen- 
tratmg effect of histamme administration is lessened or 
prevented by a previous mjection of adrenahne There 
IS also some evidence that histamme mcreases the out- 
put of adrenahne from the medulla 

Other antagonists of adrenahne and of sympathetic 
effects have been discovered more recently Dibenamtne 
(N,N-dibenzyl-P chloroethylamme) is espeaally effec- 
tive m blockmg adrenahne or sympathetic action (see 
fig 59 4) This drug though it reverses the presser ac- 
tion of adrenahne differs from ergotoxme m that it does 
not prevent the hyperglycemic action of adrenahne Nor 
are the inhi bitory effects of adrenahne upon the virgm 
cat’s uterus and the mtestme altered by dibenainme 
The formula of dibenamme is shown below 

<Z>®\ 

N— CH, CHi Cl 



Foumeau compounds, such as the benzodioxanes, 
933F and 883F, also block adrenergic nerves, as well as 
the actions of adrenahne and noradrenalme Besides 
these penpheraUy actmg (adrenergic blockmg) agents 
others which abolish ganghomc transmission, such as 
mcotme, tetraethyl ammomum and the methomum 
compounds, may be mentioned here Nicotine acts by 
depolarizing the ganghon cell, which it first stimulates 
and then paralyzes The methomum compounds 
(penta-, hexa-, and decamethomum) brmg about their 
blockmg action m a different way, namely, by compet- 
ing with naturally formed acetylchohne for “possession” 
of the ganghon cell, that is, for the specific chemical 
receptors of the cell Their abUity to compete with ace- 
tylchohne depends upon their resembhng the latter 
chemically, bemg also quaternary mtrogen compounds 

^The abohtion of the effect of sympathetic stimu- 
lation, IS called a sympatholytic action, while a drug 
which abohshes the exator action of adrenahne is called 
adrenolytic The term adrenergic blocking agent may be 
apphed to a drug which has either an adrenolytic or a 
Sjmpatholytic action, or both 


The methomum compounds have come mto chnical 
use for the reduction of the blood pressure (ch 16), and 
for their curan-hke action 

Adrenaune-like Substances Ephedrine was iso- 
lated by Chen m 1924 from the Chmese plant ma hnang 
Its chemical resemblance to adrenahne may be seen 
from the formula 



Ephedrine (l-hydroxy-l-phenyl-2- 
methylammopropane) 


This alkaloid is closely similar to adrenahne m its 
action, causmg bronchiolar relaxation, vasoconstnc- 
tion, hyperglycemia, mhibition of mtestmal muscle and 
exatation of other smooth muscle It has also a cal- 
ongenic action, its pressor effect (Curtis) is reversed 
by ergotoxme and reduced by cocame Ephednne is 
about 1000 times less powerful than adrenahne, but its 
effects are more prolonged Because of its more lastmg 
effect It is often combmed with adrenahne m com- 
mercial preparations Unlike adrenahne it is active 
when taken by mouth, SO to 150 mg causmg a pro- 
nounced nse m blood pressure Accordmg to the theory 
of Gaddum and Kwiatkowski, ephednne exerts its 
achon after a fashion analogous with that by which 
eserme enhances the acbon of acetylchohne (p 1098), 
namely, by inhibiting the oxidative deammation of 
adrenahne by ammo-oxidase Tyr amine is a sympa- 
thomimetic amme formed by the action of bacteria 
upon protem (decarboxjdation of tyrosine) It is also 
secreted by the sahvary glands of certam molluscs It 
IS chemically alhed to adrenahne and resembles the 
latter m several of its actions, e g , it elevates the blood 
pressure and stimulates the uterme muscle Its struc 
tural formula is 

CHj — CHi 

I 

NHj 
OH 

Tyramine (l-(4'-hydroxyphenyl)-2-ammo ethane) 



Amphetamine or benzedrme is a compound closely al- 
hed chemically to adrenahne, as shown m the followmg 
formula 

H;CH — CHj 
NHs 

Amphetamine (l-phenyl-2-armnopropane) 
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Hus s>mpatlioinuDet3C amine has also a stimulating 
acUon upon the mental processes somewhat like that 
of caffeme, inducing wakefulness, postponmg mental 
fatigue and reheimg ner\ oils depression* 

A number of other sjTupathomimetic amines ha\e 
been disco\ered,c.g ,phenjIethjIamine,neos>-nephruie, 
2 naphth>l (l>)-methil madazoline (pn\me), 2-amino- 
heptane (tuamme) For the cheinistr> and acUon of 
such compounds the reader is referred to a paper b> 
Be>-er 

The skins of certam toads secrete substances (bufo- 
tenine and bufotencdtne') similar m action to adrenahne, 
the secretion of these substances is mcreased dunng 
nenons eiatement. 

The Euploviient of Adeesauke rs Medioke. 
Adrenahne is used (a) To staunch bleedmg from acces- 
able mucous surfaces (epistaxis, bematemcsis) or from 
the skm On account of its pressor effect it is of no 
value and maj do harm m pulmonarj hemorrhage and 
other forms of mtemal bleeding (b) To shnnk mucous 
surfaces, espeoallj of the nose, and is then frequentlj 
used m combmation with ephednne. (c) To relax the 
musde of the bronchioles m asthma, the rthef following 
Its use IS \-erj striLmg (d) To combat certain allergic 
conditions, c-g , serum sickness, and to antagonize the 
effects of the histamme like substances supposedlj 
liberated m the skm m such conditions as urticaria and 
giant edema, (e) To stimulate the respirations or to 
resusatate the heart which has ceased to beat, m the 
latter e\ ent it maj be gi\ en bj mjechon mto the cardiac 
musculature. Adrenahne is of value in sj-ncope due to 
Stokes-Adams disease (p 229) It should be mentioned 
that the administraaon of adrenahne dunng chloro- 
form anesthesia is attended by the danger of mducmg 
ventncular fibrillation (p 237) ff) To enhance and 
prolong the action of cocame and similar local anes- 
thetics, the \-asoconstnction thus mduced retards the 
absorption of these substances, thus prolongmg them 
effects and reduemg their tonatj It is also used as an 
aid m spmal anesthesia, (g) Xoradrenalme has been used 
m certam hypotensive states for its vasoconstnetor ac- 
tion. 

BIOLOGICAL TESTS TOR ADRENALINE 

(a) Intestinal seprcnl The fluid suspected of con- 
tammg adrenahne (blood, serum, etc.) is apphed to a 
segment of sumvmg rabbit mtesUnc Inhibition of the 
mtcstinal moiements will result if the fluid contains 
adrenahne. An estimation of the adrenahne concen- 
tiaUon m the flmd maj be arn\-ed at b> matching its 
acUon with that of an adrenahne soluUon of known 
dilution. 

(b) A segment of the non pregnant uterus of Ike rabint 
mav be emplojed m a suuUm manner This test object 
IS stimulated m the presence of adrenahne 

(c) Isolated astesud nn%s A tmg of a small artery 
known to react to adrenahne bj constncUon is sus- 


pended m Locke’s SoluUon The arterial ring IS attached 
by a thread to a lever apphed to a smoked surface. 
The fluid to be tested is added to the bath m which 
the arterial rmg is immersed 

(d) Th dertrzaUd sns Removal of the superior 
cervacal gangbon renders the pupil highly scnsiUve to 
the dilator action of adrenahne (the paradoxical pupff- 
lary tcacUon of Mcllzer) The test fluid is uisUlled into 
the conjunctival sac of an animal so prepared 

(e) The eercl pochl rretlod of Strain end Rogof 
This is an auto-assay method The liberation of ad- 
renaline IS demonstrated through its acUon upon the 
denervated ins The inferior vena cava is clamped be- 
low the entrance of the adrenal veins and again just 
below the diaphragm All vems entering this cava 
pocket, except the adrenal veins, are ligated After a 
measured period of tune the upper clamp is removed, 
dilatauon of the pupil results if adrenaline has been 
secreted in the mterval between the clomfc and openmg 
of the upper clamp In quanUtaUv e dctenninations the 
lower clamp is remov cd and the blood collected through 
a cannula inserted mto the vein The conccnlrauon of 
adrenahne in the collected blood is then estimated from 
tests upon a segment of beating intestine- 

TAe denoTu/ed /•file/ (described on p 835) 

THE SECRETORV ACTmn OF ’niE ADRENAL 
MEDELLA 

The secretion of the chromaffin cells of the ad- 
renal, which enters the general arcublion vna the 
adrenal vem, contams both adrenaline and nor- 
adrenaline, hut the proportions of the two m the 
orculalion are unknown The discharge of the se- 
cretion from the gland appears to be entirely under 
nervous control, denervation of the adrenals re- 
sults in suppression of their secretion That the 
secretion of adrenaline is dependent upon nerve 
impulses has long been recognized, but the libera- 
tion of noradrenalme has been demonstrated more 
recently by Biilbnng and Bum, who detected it 
in the arculation of the cvTscerated cat with intact 
adrenals after stimulation of the splanduuc nerv e 

It IS not believed that significant amounts of 
the secretion of the adrenal medulla enter the cir- 
culation under ordmary resting conditions Stewart 
and Rogofi some y ears ago determmed m animals, 
by the caval pocket method, the rate of adrenaline 
secretion and estimated that dunng bodilv rest 
the amount of the hormone in the circulation 
was not greater than from 1 2,000,000,000 
to 1 1,000,000,000 (Rogoff) Such a high dilution 
has no demonstrable eSect m the mtact normal 
animal On the other hand, Cannon and Rapport 
found that in states of stress (see emergency iunc- 
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tion, below) or during splanchnic stimulation, the 
output of adrenahne amounted to from 0 003 to 
0 004 mg per kilogram per mmute Reduction or 
exhaustion of the adrenahne content of the gland 
results from stimulation of the great splanchnic 
nerve, puncture of the floor of the fourth ventricle 
or reflexly from exatation of a sensory nerve The 
adrenahne hberation caused by one or other of 
these procedures may cause an mcrease m metabo- 
hsm of over 20 per cent Anesthesia, asphyxia, 
strenuous exercise, a faU m blood pressure or any 
state of stress The administration of such drugs 
as strychnme, mcotme and morphme also cause 
the secretion of adrenahne if the nerves to the 
gland are mtact, but not after the gland has been 
completely denervated Massage of the adrenal 
also causes the passage of adrenahne mto the blood 
stream Cannon and Rapport place the center for 
the control of adrenal secretion m the upper part 
of the floor of the fourth ventncle This is probably 
not the highest center smce stimulation of the 
hypothalamus (paraventncular nuclei) mil cause 
a discharge of adrenahne 

THE r6lE of the ADRENAL MEDULLA IN THE BODY 

There seems httle doubt that the effects follow- 
mg the mjection of adrenahne mdicate the physio- 
logical actions of the secreted hormone m the hvmg 
body That adrenahne is a true hormone, and not 
merely a pharmacological agent, is supported by 
the followmg facts 

(a) The almost perfect correspondence between 
the effects of adrenahne admmistration and those 
resultmg from the stimulation of certam sympa- 
thetic nerves, (b) the common ongm of the adrenal 
medulla and the sympathetic nervous system, (c) 
discharge of adrenahne mto the blood stream under 
the experimental conditions mentioned above, and 
(d) the results of researches to be immediately de- 
scnbed 

The adrenal medulla is not essential to life In 
animals one adrenal may be removed completely 
and the medulla of the other excised without any 
apparent ill effect — the ammal survives the oper- 
ation mdefinitely 

The emergency theory of adrenal function 

Cannon and his colleagues have furnished con- 
vincmg evidence that the medulla hberates its 
secretion m significant amounts only under condi- 
tions which call for unusual effort on the part of 
the body to perform work, to prevent changes m 


its internal environment or to resist threatened 
dangers In such times of stress the medullary 
secretion, it is beheved, reinforces the sympathetic 
nervous system Through this hormonal-nervous 
cooperation the several bodily reactions associated 
with such states of emergency are raised to maxi- 
mal efi&aency Cannon and his associates employed 
the denervated heart as an mdicator of adrenalme 
hberation The operation for denervation com- 
prises section of the vagi and removal of the 
stellate and second thoraac gangha of the s)mpa- 
thetic cham, the heart is thus completely isolated 
from nervous control Smce m theu: experiments 
any effect due to a change m the temperature of 
the blood was excluded, a pronounced acceleration 
of a heart so prepared was taken to be the result 
of a chemical substance carried m the blood stream 
Fright, rage, pam, asph}^a, anesthesia, muscular 
activity, exposure to cold, stimulation of a sensory 
nerve and several other conditions, caused within 
10 seconds an mcrease m heart rate of from 20 to 
40 beats per mmute Removal of the adrenals, 
then- denervation, or ligation of the adrenal vems, 
prevented this effect The conclusion, therefore, is 
justified that the vanous conditions mentioned 
cause the reflex hberation of the medullary hor- 
mone The denervated heart responds to as httle 
as 1 part of adrenahne m 1400 milhon parts of 
blood In some of Cannon’s experiments, cats were 
fnghtened by the barkmg of a dog, the rate of the 
denervated heart mcreased by from 15 to 30 beats 
per mmute The cardiac acceleration was accom- 
pamed by pupillary dilation, erection of the hairs 
and spittmg When motor activity, e g , strugglmg 
m the animal holder, accompanied the emotional 
exatement, the cardiac acceleration was more pro- 
nounced (40 to 80 beats per mmute) Even mmor 
muscular movements without emotion, e g , ex 
tendmg the legs, w alkin g or tummg the body 
caused an acceleration of from 5 to 20 beats 
The hyperglycemia and glycosuna resultmg 
from emotional excitement m man and animals is 
probably assoaated with the discharge of adren- 
ahne, smce it has been shown that the contmued 
nse m blood sugar which occurs durmg the emo- 
tional reactions (sham rage) followmg removal of 
the cerebral cortex (p 1027) is dependent upon the 
adrenals The blood sugar contmues to nse after 
this operation, though the glycogen stores of the 
liver are removed from nervous control by section- 
mg the hepatic nerves On the other hand, the 
effect does not occur after removal of the adrenals. 
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even though the hepatic nerves are intact In those 
instances in which the emotional state does not 
follow the operation of decortication, the hyper- 
glycemic effect also fails to appear Puncture of the 
floor of the fourth ventricle or stimulation of the 
adrenal nerves also causes hyperglycemia after the 
hepatic nerves have been previously cut 

Though direct evidence is diflacult to obtam it is 
reasonable to assume that besides the effects men- 
tioned above, adrenahne when secreted mto the 
blood stream brmgs about other acUons v,hich we 
have seen to be characteristic of its action when 
mjected 

A recapitulation of the actions of the sympatho- 
adrenal system will show how important these 
several actions are m fitting an anunal for defense 
or flight, for attack or pursuit (1) The rise m gen- 
eral blood pressure accompanied by dilatation of 
the vessels of the contractmg skeletal muscles, and 
of the coronary artenes, and the mcreased force 
and output of the heart, raise the circulatory sys- 
tem to a state of maximal efficiency (2) Hvper- 
glycemia mdicates the mobilization of the carbo- 
hydrate stores of the hver thus an adequate supply 
of fuel for the active muscles is ensured, muscular 
fatigue occurs less readily (3) Increased oxygen 
capacity of the blood is brought about by the 
discharge of red cells from the spleen (4) Bron- 
chiolar dilatation and an mcrease m the rate and 
depth of respiration permit an mcreased oxygen 
mtake to supply the tissue cells, at the same time 
the level of oxygen consumption of the latter is 
raised (5) Shortened coagulation time of the blood 
lessens the danger from hemorrhage (6) Fmally, 
the emotional manifestations of man and the fight- 
mg attitudes or defense reactions of various am- 
mals are sympatho-adrenal effects, e g , pupiUary 
dilatation, and, possibly, the startled expression 
due to contraction of Mueller’s orbital muscle 
which retracts the upper eyehd, cutaneous vaso- 
constriction, acceleration of the heart, contraction 
of smooth muscle m the skin causing “gooseflesh” 
m man, and the erection of the hairs, quills or 
feathers of animals, sweatmg, sahvaty secretion 
(cat),' and the color changes of some cold-blooded 
animals 


tint!,, and perhaps a significant f 

spitting IS a defense react 
s^pathetic stimulation causes a profuse watery £ 
Blands'^ In other amn 
QTOpathelic sumulation causes a scanty flow of vi« 

there aataton*^^''’" 


The iomis theory of adrenal Juiiclxon 

It has been suggested that the raedullo adrenal secre- 
tion maiutams the sympathetic nerve endings m a state 
of sensitivity or tone and that the height of the normal 
blood pressure is dependent upon the continuous dis- 
charge of the hormone mto the blood Low blood pres- 
sure has been ascribed to adrenahne deficiency (so- 
called hypoadrenalemia) and essential hypertension 
to the hberation of adrenahne m excess (hyperadrena- 
leroia) But the evidence agamst such conjectures is 
conclusive, the theory has been entirely discredited 
For example, if one adrenal is excised and the other 
curetted or burnt away, no fall m blood pressure occurs, 
so long as a sufficient amount of cortical tissue is left 
intact Furthermore, we have seen that adrenahne does 
not increase the peripheral resistance (which is the 
basis of essential hypertension), and neither noradre- 
naline nor adrenaline is found m greater than usual 
amounts m the adrenals of hj^pertcnsive subjects There 
are, however, certain types of hjpcrtcnsion, namelj 
those associated with pheochromocj tomata or adrenal 
hyperplasia which are due to hypersecretion of the hor 
mones of the adrenal medulla 

Pheochromocyloma and hyperplasia of the adrenal 
medulla 

Pheochromocj toma is a tumor composed of chrom- 
aflin tissue arising either m the adrenal medulla itself 
or m an outljnng collection of chromaffin cells (para 
ganglia, Zuckerkandl’s organ). The secretion of one of 
these grow ths, or of a simple hj’pcrplasia of the adrenal 
medulla, is a rare cause of hj>pertension, though not as 
rare as it once was thought tobe. The hypertension raaj 
be due to the presence in the circulation of unusual 
amounts of adrenalme, or of noradrenaline, or of both 
hormones, of which the tumor or hyperplastic medul 
lary tissue contains excessive amounts Noradrenalme 
rather than adrenahne is usually in greatest concentra 
tion and may constitute 90 per cent of the gland’s hor- 
mone content. Both hormones have been found m 
excess in the unne of subjects of this type of artenal hy- 
pertension The hj'pertension may be paroxysmal, with 
sometimes a violent onset, or the excessive secretion of 
the hormones may be continuous, the high blood pres- 
sure then bemg sustamed and mdisUnguishablc, clmi- 
cally, from essential hjrpertension Hj'pcrglycemia and 
glycosuria, especially when the disease is paroxysmal, 
may occur, pallor, rapid pulse and profuse sweating 
usually accompany the attack Peripheral circulatory 
collapse may ensue dunng a paroxj'sm which is thought 
to be analogous to the shock m animals which follows 
the injection of large doses of adrenalme, or hjqjoteiision 
and orculatory collapse may result from surgical re- 
moval of the tumor This is attnbuted to the depressed 
tone of the vasomotor center, made evident only after 
the abolishment of the excessive adrenal secretion 
Adrenal hyjiertension can be distinguished from es- 
sential and other hypertensive states by means of Gold- 
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enberg’s benzodioxane test. Benzodiosanes temporarily 
aboUsb, through their adrenergic blocking action, 
hypertension of adrenal ongm, hut not that due to other 
causes 

SYMPATHIN 

It has been mentioned that the prompt accelera- 
tion of the denervated heart does not occur m 
adrenalectomized anunals during excitement, sen- 
sory nerve stimulation, etc Cannon and his col- 
leagues found, however, that a slowly developed 
acceleration of the denervated heart occurred 
dunng excitement or muscular activity though the 
adrenals had been extirpated The increase m heart 
rate took about a mmute to develop, reached its 
maximum in about 3 mmutes and then gradually 
subsided Its occurrence was not prevented by the 
removal of all accessory adrenal tissue, by hypo- 
physectomy or by the excision of the thyroid, 
parathjToids or gonads, or by denervation of the 
liver It vas abolished, however, by removal of the 
sympathetic chams It was also found that the 
characteristic slow acceleration of the heart oc- 
curred when the lower abdommal sympathetic 
cham was stimulated The latter nerve contams 
fibers supplymg the smooth muscle of the skm 
which are responsible for the erection of the tail 
hairs Secretion of the denervated salivary glands, 
contraction of the mctitatmg membrane, a rise m 
blood pressure and of blood sugar also resulted 
from the stimulation of the abdommal sympathetic 
These effects as well as the cardiac a'cceleration 
occurred though the cord had been divided m the 
thoraac region, and the sympathetic chain above 
this level removed A matenal origmatmg m the 
hmd part of the animal was evidently conveyed m 
the blood stream to the heart and other structures 
mentioned Blockmg the blood flow retummg from 
the area supphed by the stimulated nerve or re- 
moval of the patch of skm prevented the cardiac 
response As a result of these researches Cannon 
and his associates concluded that dunng sympa- 
thetic stimulation a chemical substance resemblmg 
adrenaline in its action w^as hberated from the sym- 
pathetic endmgs supplymg the smooth muscle of 
the skm They named this substance sympathin 

Camion and Rosenblueth found that sympathm 
and adrenalme showed certam differences m action 
Preparations of adrenalme (eg, U S P epmeph- 
ruie) exhibited both excitatory and inhibitory 
actions, whereas, there appeared to be tw'o types of 
sympathin, one, which they named sympathm E 
(excitatory), was formed at the termmals of some 


sympathetic nerves, such as vasoconstnctors, 
while the other type, called sympathin I (inhibi- 
tory), was produced at other nerve termmals, such 
as those m the small mtestme But sympathm E 
was found to be not purely excitatory, and sympa- 
thm I not purely inhibitory This rather confusmg 
state of affairs has been clarified by the discovery 
of the existence of two hormones of the adrenal 
medulla S3m3pathm E is now considered to be nor- 
adrenaline, as first suggested by Bacq, sjmpathm 
I IS thought to be adrenalme itself von Euler pro- 
poses that the qualifymg letters E and I should be 
substituted by N (for noradrenalme) and A (for 
adrenaline) It is likely that noradrenalme rather 
than adrenalme is the predommant humor hber- 
ated at nerve endmgs 

The Adrenae Cortex 

The cortex of the adrenal, unlike the medulla, is 
essential to life Removal of more than about five- 
sixths of this part of the adrenal causes death 
withm a few' days Removal of the mterrenal body 
of Elasmobranch fishes (p 827) is also fatal Stew- 
art and Rogoff found that the average survival 
time of dogs after complete double adrenalectomy 
was 10 days and the maximal time 15 days They 
observed that pregnant animals or those m heat 
^(pseudopregnancy) actually survived much longer 
For this reason, they suggested that some sub- 
stance formed ht these tunes substituted for the 
cortical hormone This observation bas been amply 
confirmed, and it has been shown further that the 
survival of adrenalectomiaed dogs and rats is ex- 
tended by the admmistration of progesterone (p 
881) Stewart and Rogoff showed also that the 
hves of completely adrenalectomized animals could 
be prolonged by the mjection of a cortical extract 
combmed with the transfusion of salme Hartman 
too obtamed an extract which he called corlin 
This was capable of definitely prolongmg the sur- 
vival time of adrenalectomized animals Swmgle 
and Pfiffner m 1930 extracted by means of hpid 
solvents a very potent substance from the cortex 
which counteracted the effects of adrenal depnva- 
tion When treated with this preparation adren- 
alectomized animals survived mdefinitely, it also 
proved highly successful in the treatment of Addi- 
son’s disease * 

“ Dogs are employed for assaymg the potency of the 
extract A dog umt (D U ) is defined as the minima] 
daily quantity per kg of body weight which will 
maintain for from 7-10 days an adrenalectomized dog 
m normal condition, as judged by the blood, non- 
protem mtrogen level and body weight 
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an OOTLINE of the CHEinSTEY OF ADRENOCORTICAL 
PRENCrPEES 

These are now often referred to as adrenal corh- 
coids Those which act mainly upon the metabolism 
of i\ater and salt have been named mvicralocorlt- 
coids Those vhich affect the metabobsm of carbo- 
h>drate are called glucocorltcoids Between 20 and 
30 steroid compounds have been isolated from the 
adrenal cortex, but most of these are physiologi- 
cally mactive The formulae of the six best known 
of the crj'stalhne physiologically active compounds 


It IS absent, or obtainable only m insignificant 
amounts, from adrenal extracts This synthetic 
compound which is prmapally concerned m the 
metabolism of water and salt (Na and K) is ad- 
mmistered m the form of the acetate, either mtra- 
muscularly or as pellets implanted subcutaneously 
A matenal called the amorphous fractwn remams 
m the adrenal extract after the foregomg ciystal- 
hne compounds have been removed It contains 
90 per cent of the physiological potency of the 
whole cortical extract 


^■CHaOH 

1 

19 "°C=0 



(Kendall’s comp B) 


CHjOH 



11 Desoiycorticosterone 
(DC) 


CH,OH 

I 

c=o 



1 l-Dehydrocortjcosterone 
(Kendall’s comp A) 



(Kendall’s comp F , costerone (Kendall’s cotnp E, 

hydrocortisone) Reichstem’s comp FA, cortisone) 


CHiOH 

I 

0=0 



1 7-Hydroxy-l 1-dcsoxycorti- 
costerone (Reichstem’s 
comp S, desoij cortisone) 


corltcoslerone, duoxycorltcosleronc, 11-deJiydro- 
corltcosleroiie, I7~hydroxycorlicoslerone, 17 hydroxy- 
ll-dehydrocorttcoslerone and 17-hydroxy-ll-desoxy- 
corticosterone — ate given above 
Corticosterone was isolated by Reichstem and 
his associates m 1937, and by KendaU et al m the 
same year, and was later synthesized by the former 
group of workers It is also known as Kendall's 
compound B Desoxycorticosterone, which lacks 
the hj droxyd group at position 1 1 , was later synthe- 
sized bv Steiger and Reichstem from sUgmasteroL 


Recently a steroid with up to 100 times the 
mmeralocorticoid activity of desoxycorticosterone 
has been isolated from the amorphous fraction It 
IS known as dectrocorltn or, smee it has an aide 
fiyde group at Cu, as aldosterone Otherwise 
It IS identical chemically with corticosterone 
A substance wnth a similar action has been 
found in adrenal blood of the dog and the 
monkey 

Besides compounds exhibitmg the specific ac- 
tions of the adrenal cortex, others with estrogenic. 
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progestational, or androgenic properties have been 
isolated from adrenal extracts, these are estrone, 
progesterone, 17-^0" -hydroxy progesterone, A*-an- 
droslencdtone-3-l7 , and adrenosterone (A*-andro- 
stenelrionc-3 ,11 ,17) The last four of these com- 
pounds are androgenic, and the last three have a 
ketone group m position 17, and are known as ad- 
renal neutral 17 -ketosteroids (17-KS) The 17- 
ketosteroids excreted m normal unne are, an- 
droslerone, dehydrotsoandroslerone and 11-hydroxy- 
jsoandrosterojie Cortical steroids of both the 11- 
oxy, and the 11-desoxy series arc also excreted m 
the unne These and the 17-KS are, as mentioned 
below, excreted in mcreased amounts m adrenal 
tumor or after the admmistration of the adreno- 
corticotrophic hormone 

The most active androgen m the adrenal cortex 
is adrenosterone Its formula is given below 


O 


O CH,|| 

\/\iA 


CHJ 




0 


CijHjiOi 

Adrenosterone 


The daily unnary excretion of neutral 17-ketosteroids 
averages 15 mg (65 international units) and 10 mg 
for men and noraen, respectively, and 1 mg for chil- 
dren under 7 years of age In u omen all is derived from 
the adrenal cortex, there being no ewdcnce of any 
being of ovarian origin In men two-thirds of the unnary 
17-KS are of adrenal ongin, the remainder being fur- 
nished by the testes The adrenal 17-ketosteroids are 
possibly metabolic derivatives of those corticoids hav- 
ing an OH group at posiUon 17, such as, compounds E 
and F Presumpti\ e but mconclusive ewdcnce for the 
ongin of the adrenal 17-KS from adrenal steroids 
wnth an hjdroxjl group at position 17 is that thar 
excreUon is reduced m Addison’s disease and in pitui- 
tary cachexia, but is increased in cortical tumor or 
hj'perplasia, and in states of stress The con\ersion of 
17-h>drox>Iated steroids to 17-keto steroids is rcadil> 
accomplished tn vitro, and the administration of adreno- 
corticotrophin in man cau'cs a considerable increase in 
17-ketostcroid excretion Altemateb it has been sug- 
gested that the adrenal 17-kctosteroids arc produced 
from cholesterol as are also, most probablj, the corti- 
coids, but through separate and independent pathways 


(Moms) Estrone is an aad 17-ketosteroid, and is not 
detected b> the method of estimation cmplo\cd, it is, 
therefor, not included as part of the total 17-ketosteroid 
excretion (Sec also p 905) 

The precursor of corticoids, cholesterol and ascorbic 
acid depletion by ACTS 

There is good evidence that cholesterol is the 
parent substance of the cortical hormones The 
cholesterol content of the adrenal cortex is re- 
duced by 50 per cent by the injection of the ad- 
renocorticotrophic hormone, by trauma, or during 
states of stress (Long and associates) The greatest 
reduction in the cholesterol content was reached in 
5 or 6 hours after the injection of ACTH, and re- 
quired some 24 hours to be restored to normal 
This IS a specific effect of the hormone upon the 
adrenal cortex, for no similar reduction of the 
cholesterol of other organs w as obserx'ed Increase 
of liver glycogen accompanies the diminution m 
adrenal cholesterol, which is taken as an indica- 
tion of the release of glucocorticoids Evidence 
secured through the use of isotopically labelled 
carbon (C”) also points clearly to cholesterol as the 
matenal from w’hich the cortical steroids (as well as 
the bile salts) are elaborated Chaikoff has demon- 
strated the synthesis of cholesterol by slices of 
beef adrenal incubated with labelled sodium ace- 
tate 

The ascorbic acid content of the adrenal is also 
diminished by 50 per cent or more by ACTH or by 
trauma In the rat, w'hich can sjTithesize it, the 
vitamm after its reduction commences to rcac- 
cumulate within 3 hours, and its concentration in 
the gland is restored to normal or abo\e within 12 
hours In the guinea pig, on the contrary, whicli 
depends upon the diet for its supply of the vitamin, 
no accumulation occurs by this time The signifi- 
cance of these results with respect to adrenal corti- 
cal function IS unknown, for corticoids arc elabo- 
rated m the absence of the vitamin, that is, m 
scorbutic animals 

The natural cortical hormone 

Though some uncertainty still remains, the evi- 
dence pomts to compound E or T, or both, as being 
normally secreted by' the human adrenal cortex 
In the first place the administration of adreno- 
corticotrophic hormone (ACTH), the natural 
stimulant of adrenocortical acti\ ity, duplicates the 
effects induced by' the administration of compound 
E or F Itself The effect of ACTH is abolished, of 
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course, after adrenalectomy The actions of E or F 
or of ACTH approach more closely to what might 
be expected of a natural hormone than does des- 
oxycorticosterone, uhich fails to correct fully the 
defects of adrenal insufihaency, namely, the tend- 
ency to hypoglycemia durmg fastmg, and the ab- 
normahties of the electroencephalogram It also 
exerts an abnormally great antidiuretic response 
and does not mduce eosmopenia, a characteristic 
action of cortisone and ACTH These pnnaples 
however exert little effect upon salt and water 
metabolism 

But more direct evidence can be cited to support 
the behef that cortisone (E) and hydrocortisone 
(F) are the natural hormones Only cortisone has 
been isolated from normal human unne Hydro- 
cortisone has been found m large amounts m the 
unne of patients with adrenocortical tumors 
Compounds A and B (dehydrooorticosterone and 
corticosterone) are probably the immediate pre- 
cursors, respectively, of compounds E and F 
(Kendall) 

There appears, however, to be a speaes differ- 
ence m the proportions of the active steroid hor- 
mone content m the adrenals, as well as of the 
compounds secreted Hechter, m perfusion experi- 
ments of sumvmg beef adrenals, found that the 
addition of ACTH to the perfusion fluid caused 
an mcrease m the effluent of compounds B (corti- 
costerone) and F, but no mcrease of E 

The manifestations of cortical deficiency in animals 

An animal which has been completely adrenalec- 
tomized shows the followmg features during the 
short period of its survival Loss of appetite (par- 
ticularly for fats), vomiting, diarrhea, rapid loss 
of weight, muscular weakness and prostration, 
pronounced diuresis until the later stages, fall m 
bodv temperature, hypotension, and a reduction 
m the basal metabohe rate of about 20 per cent 
(fig 59^) Themetaboheresponsetoa cold environ- 
ment is less than that of a normal animal, and any 
form of stress is poorly met The blood becomes 
concentrated (loss of plasma water) and shows a 
fall m sodium and sugar, and a nse m non protein 
nitrogen, phosphate, calaum and especially of 
potassium The urinary excretion of sodium is m- 
creased (p 842) and that of potassium reduced 
(see fig 59 6) There is reduced excretion of uri- 
nary nitrogen and other signs of renal failure 
Though there is spontaneous diuresis the ehmina- 
tion of ingested water is defective The glycogen 


store of the liver and muscles are dimmishcd 
These changes, as w ell as the effect upon the elec- 
trolyte concentrations of the blood, arc detectable 
within 42 hours following adrenalectomy Post- 
mortem examination frequently shows congestion 
of the gastrointestinal tract and pancreas ^ 

The foregoing picture can be entirely prevented 
by the administration of an extract of the cortex 
and even comatose animals can be restored to 
health, heat, pregnancy and lactation then proceed 
normally in adrenalcctomized bitches, and growth 
IS mam tamed in adrenalectomized puppies 

The cortex quite evidently is concerned with 
water metabolism and with the metabolism of 
potassium and sodium (see also ch 35) In adre- 



Fig 59J Cbaractenstic changes in metabolism, or 
culauon and blood concentration in a group of adrcnal- 
ectomized ammals following withdrawal of extract 
(After Harrop and associates ) 


nalectomized animals as well as m the adrenal 
msuffiacDcy of man, a marked reduction m total 
base occurs which is due mamly to the loss of 
sodium The potassium concentration of the serum 
is raised above the normal let el, the nse bemg due 
to reduced excretion by the kidney as well as to 
leakage from the tissue cells mto the extracellular 
fluids The loss of sodium due apparently to di- 
mmished reabsorption by the renal tubules is ac- 
companied by an mcreased ehmmation of water 
Marked dehydration results The admmistration 
of sodium chlonde to adrenalcctomized animals 

^ PigmentaUon as seen m man has not been observ ed 
m lower animals, though, according to Hartman in 
white c^ a grayish discolorahon of the skm may be 
noted Bronze freckles have also been described in 
adrenalectomized monkeys and pigmented spots in the 
buccal mucosa of dogs 


I 
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and a reduction m the potassium mtake exert a 
remarkably beneficial effect On the other hand, 
the withdra\\al of salt from the diet increases the 
seventy’ of the condition The sodium rather tlian 
the chloride ion is the important factor 

The reduction of blood sodium was observed 
onginallv bv Bauman and Kurland, and the bene- 
ficial effects of transfusions of salme m sustainmg 
adrenalectomized animals were desenbed by Stew- 
art and Rogoff and by Hartman, but the impor- 
tance of sodium loss in the development of the 
symptoms was first pointed out by Loeb and his 
associates and by Harrop The value of a low 
potassium content of the diet m the survival of 
adrenalectomized animals w as shown by Allers and 
his assoaates Completely adrenalectomized ani- 
mals can be mamtamed m good health W'lthout 
treatment by a cortical hormone if placed upon a 
diet low in potassium but high m sodium chloride 
and, m order to prevent the acidosis which other- 
wise de\elops, containing sodium atrate The 
tendenev to hjT>oglyccmia is controlled by a high 
carbohydrate diet These measures, however, do 
not completely restore an anunal to a physiological 
state, for they are unable to withstand stress or to 
perform w ork w ith full efficiencj’’ 

It IS claimed that mcrcascd susceptibility to certain 
toxic agents, c g , histamine, morphine, diphtheria 
toxin, etc , IS another manifestation of adrenal insuffi- 
aenej The adrenal cortex also appears to be concerned 
in some waj' with the maintenance of the nutrition 
of certain nervous tissues, degenerative changes have 
been noUced in autonomic gangha (cervical, stellate 
and celiac) follow mg adrcnalectoraj , and almost com- 
plete loss of function of the vasomotor and cardiac 
accelerator nerves in adrenalectomized animals was 
demonstrated years ago by Elliott and more recently 
b} Clcghom and assoaates The mtcsUnal absorption 
of water and electrolytes and the diuretic response to 
water dnnking arc greatl> reduced in adrenalectomized 
animals The relation of the adrenal cortical hormone 
to the development of renal hypertension is described 
in chapter 16, and its r61e of the cortex m lactation is 
discussed in chapter 61 

The physwlogical actions of the cortical extract and 
of its dijjcrent fractions 

All the active cortical steroids whose formulae 
are shown on p 838 have a double bond between 
positions 4 and 5, it appears to be the sine qua non 
of physiological activity, a compound bemg ren- 
dered inert by hydrogenation in this position An 
oxygen at position 21 is also necessary for any 


marked degree of cortical activity progesterone, 
which lacks it, has only a very weak cortical ac- 
tion An oxy'gen atom at position 11 cither as = 
0 or — OH as m compound E or F endows a 
compound with the pow'er to act upon carbohy- 
drate, protem and fat metabolism, a hydroxyl 
group in addition at position 17 enhances this 
effect The — OH group m this latter position is 
also essential for the antirheumatic and other 
allied actions of compounds E and F The com- 
pounds A and B w'hich are identical in chemical 
structure with the latter, except that the — OH 
at position 17 is lacking, have no antirheumatic 
action Desoxycorticosterone m which no ketone 
or hydroxyd group is present at position 11, and 
the hydroxj'l group is absent as w ell from position 
17, also lacks antirheumatic effect 

The fundamental action of cortical steroids 
(glucocorticoids) upon carbohydrate and protein 
metabolism is the catabolism of tissue protein, the 
carbon part of the amino acids thus released bemg 
utilized for the new formation of glucose (gluco- 
neogenesis) and the accompanying storage of 
glycogen m the liver Due to tlie stunulation of 
gluconcogenesis the glucocorticoids exert an anti- 
msuhn action If inadequate amounts of these 
hormones are secreted (as m adrenal insufficiency) 
hypoglycemia during fasting is likely to result 
The adrenalectomized animal is depancreatized as 
well, therefore does not exhibit the usual hyper- 
glycemic effect of the latter operation 

The glucocorticoids cause the mobilization of 
fat from the fat depots and mcrease the fat content 
of the liver Nothing more need be said here con- 
cerning the role play'ed by the adrenal cortex m the 
metabolism of carbohydrate and fat, smee these 
subjects have been dealt with m chapters 49 
and 50 

Corticosterone and other compounds with an 
oxygen atom at position 11 reduce muscular 
fatigue, whereas desoxycorticosterone is mert m 
this respect, the glucocorticoids on the other hand 
exert only' a shght effect on salt and water me- 
tabolism 

The restoration of normal kidney function is ex- 
hibited by desoxycorticosterone but to the greatest 
degree by the amorphous fraction Either of these 
compounds causes a prompt reduction m the non- 
proteiii mtrogen of the blood The most outstand- 
mg action of desoxy'corticosterone is upon salt and 
water metabolism, it mcreases the plasma volume 
and the concentration of sodium m the body flmds. 
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but reduces that of potassium It reduces the 
mtraceUular concentration of potassium and m- 
creases that of sodium, and with contmumg dosage 
the concentration of Na may nearly equal that of 
K. The admmistration of potassium almost com- 
pletely conects the abnormal quantitative relation- 
ship of these electrolytes These effects are due 
largely but not entirely to an action upon the renal 
tubules (p 451) They are partly extrarenal for 
this steroid appears to influence membrane perme- 
abihty of the tissues generally As a result of its 
effect m causmg the retention of sodium and water, 
deso-cj'corticosterone admmistration, especially if 
the mtake of sodium is mcreased, may be followed 
by a great mcrease m plasma volume and edema 
In overdosage, more senous effects may result, e g , 
hypertension, dilatation of the right ventricle and 

EFFEa OF OOCA UPON THE CONCENTRATION 
OF INTRACEU-UUkR Kla AND K 
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Fig 59 6 Tlie replacement mtracellularly of potas 
Him by sodium m the muscles of normal dogs undei 
^ influence of deso^ corticosterone acetate (DOCAl 
WftCT Seb) udtmnistraPon of KCl 

pulmonary congesUon Death from cardiac failure 
has resulted from its dimcal use The rapid mcrease 
m plasma volume, and, as a result of this, the ex- 
tra burden thrown upon the cardiovascular sys- 
tem are thought to be the most important facton 
eadmg to these ill-effects Depression of the po- 
teium concentration of the body fluids may be 
the lethal factor m some instances Loeb and his 
plates have shown that the administration of 
desoxycorticosterone to animals may lower the 
pol^^ Ici^el to the pomt where paralysis re- 
SU ts to dogs given desoxycorticosterone daily for 

accession, a condiUon 
rcambling diabetes insipidus develops The water 

IS mcne if salt IS admmistered as well, 

^ maeased by from six to ten fold The output of 
^ accordmglj and its specific gravity falls 

ton m to'”'"?''”'' salts or a^educ- 

ton m the sodium mtake is undoubtedly of benefit 


m patients receivmg large doses of desoxycorti- 
costerone (see fig 59 6) 

An mfluence upon growth has been demonstrated 
(by Hartman and Thom) for desoxycorticosterone 
and the amorphous fraction Young adrenalec- 
tomized animals show retarded growth which is 
resumed when either of these preparations is ad- 
mmistered Corticosterone and compound E, on 
the contrary, actually inhibit growth 

The reputed action of cortical pnnaples m re- 
ducmg capfllary permeability should be mentioned 
smce such an effect affords a jwssible theoretical 
basis for then use m surgical and bum shock 
Menkm has reported that the dilatation and m- 
creased permeability of the capillary vessels caused 
by inflammatory exudates (see p 98) can be re- 
duced or prevented by the admmistration of ex- 
tracts of the adrenal cortex 

Table 80 summarizes the prmaple physiological 
actions of the different fractions of the adrenal 
cortex. 


TABLE 80 


r»AcnoH or corncAi sttiact 

UADI PHVSI0U3O1CAI. ACTION 

Compounds with an oxy- 
gen atom at Cid e g , eorti 
costerone, deh> drocorli- 
costeroneand 17-hydroxy- 
ll-dehydrocorticosterone 
(cortisone) 

(a) Gluconeogenesis from 
protein, leading to hyper- 
gl>cemia, and mcrease in 
the glyogen stores (b) 
protein breakdcmm, (c) 
mobilization of fat, (d) 
minunal effect on water 
and salt metabolism 

Desoxycorticosterone 

(a) Greatest effect next to 
electrocortm (p 838) on 
rvater and salt metabolism, 

(b) most effecbve m sus- 
tammg life m adrenalecto- 
mizcd animals, (c) most 
effective m postponmg 
muscular fatigue, (d) sec- 
ond only to the amorphous 
fracpon m restonng renal 
function, (e) but httle ef- 
fect on carbohjdrate, pro- 

1 tern or fat metabolism 

Amorphous fraction 

1 (a) Most effective m re- 
stormg renal function, 
(b) nearly as effecPve as 
desoxycorticosterone m 
sustammg hfe m adrenal- 
ectomized animals, (c) 
neak action m postpon 
mg muscular fatigue. 
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The action of the adrenal cortex upon lymphoid 
tissue and the production of plasma protem is 
discussed m chapter 10 

Corlisonc 

Great mterest has been aroused withm recent 
years, and both laboratory and cbniral research 
mto the functions of the adrenal cortex have been 
mtensified by the dramatic discovery of Hench 
and his associates of the therapeutic value of com- 
pound E (cortisone) m acute rheumatism and 
rheumatoid arthntis In acute rheumatism there 
IS rapid reduction of fever, and of the swelhng 
and pam m the jomts, followmg the oral or par- 
enteral admmistration of cortisone The high 
sedimentation rate which occurs m this disease is 
restored to the normal value by this steroid Com- 
pound F (hydrocortisone) and the adrenotrophic 
hormone of the hypophysis, ACTH (through its 
stimulation of the production and hberation of the 
cortical hormones) have a similarly beneficial 
effect Rheumatoid arthritis is m most cases bene- 
fitted by these compounds, sometimes dra- 
matically, but improvement as a rule is not sus- 
tamed after treatment has been discontmued 

The adrenal steroids effect amehoration of these 
arthritic diseases though there is no evidence of 
adrenal msuffiaency Smce such large doses are 
requued, much greater than are employed m the 
treatment of Addison’s disease, it is not credible 
that these compounds act by correcting a hormone 
deficiency That they act pharmacologically, 
rather than by replacement, there can be little 
doubt In the dosage employed they appear to exert 
a specific effect upon the metabolism of the col- 
lagenous tissues (connective tissue fibers embedded 
in cement or ground substance contaming hyalu- 
ronic aad) of jomts, skm, artenes and many other 
structures The results of Opsahl’s experiments 
niay provide a clue to this action She found that 
in mice, adrenal cortical extracts inhibited the 
enzyme hyaluronidase, as shown by a reduction of 
the “spreadmg effect” of the enzyme Compounds 
A, E, and F exhibit this inhibitmg action, but 
Compound E was the most effective 
The therapeutic value of cortisone and dehydro- 
cortisone has been mvestigated m a large number 
of diseases, many of them apparently quite unre- 
lated to one another The diseases upon whose 
course cortisone, dehydrocortisone or ACTH has 
been found to have a favorable effect, though m 
many cases this has been shght or evanescent. 


can for the most part be grouped imder three mam 
headmgs, as shown below 

Collagenous diseases (collagenoses) 

Acute rheumatism (rheumatic fever) 

Rheumatoid arthritis 
Rheumatoid spondyhtis 
Psonatic arthritis 
Scleroderma 
Penartentis nodosa 
Dermatomyositis 

Allergic diseases or diseases due to abnormal sensitivity 
of cells 

Bronchial asthma 
Allergic rhinitis (hay fever) 

Contact or atopic dermatitis 
Urticana 

Lymphatic and myelogenous diseases 
Acute and chrome lymphatic leukemias 
Lymphosarcoma 
Hodgkm’s disease 

Lymphoid thyroiditis (struma lymphomatosa) 
Myelogenous leukemia 
Sarcoidosis 
Mulbple mj’eloma 

In the followmg list are a number of other patho- 
logical states m which ACTH or cortisone has been 
employed with vanable success and which cannot 
be placed m any of the above categones Ulcerative 
colitis, acute inflammatory eye diseases, alco 
holism with delirium tremens or Korsakoff’s 
psychosis, chronic nephrosis, Waterhouse-Fride- 
nchsen syndrome, Loeffler’s syndrome, and the 
adrenogemtal syndrome 

Deleterious ejects which may result from cortisone or 
ACTH treatment A number of senous adverse effects 
may result from treatment with these agents Prolonged 
cortisone therapy may lead to adrenocortical atrophy 
Collapse and death from acute adrenal insufficiency 
may follow cessation of treatment Several mstances of 
the development of Cushmg’s disease (ch 57) e g , 
hirsutism, roundmg of the facial contours, osteoporosis, 
kyphosis and hypertension have been reported from the 
contmued admmistration of cortisone or ACTH Men- 
tal aberrations rangmg from an exaggerated sense of 
well-bemg (euphoria), moodmess or mild anxiety states 
to definite psychoses, e g , paranoia, have been reported 
following cortisone therapy Wound heahng is ap- 
parently delayed by cortisone, and resistance to certam 
infections is loi;\ered Hamsters can be mfected nith 
pohomyehtis virus by mtrapentoneal mjection, and 
develop a highly virulent form of the disease if pre- 
treated with cortisone, but animals similarly mjected, 
but not receivmg the hormone, could not be infected 
(Shwartzman) The spread of a tuberculous infection 
from a previously localized focus is thought to be 
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another senous effect nhich may sometimes follow 
cortisone therapy Peptic ulcers not uncommonlj de- 
\-eIop under treatment with these agents and perforaUon 
of the bowel m cases of ulcerativ e cohtis so treated have 
somctunes occurred 

T/ie adreiiaf corlcx and the sex Junctions The 
following observations point to the cortex as being 
m some way associated functionallt mth the 
gonads (a) Animals during heat or pregnancy 
or mjected with the luteinizmg pnnaple of the 
hj^iophysis, withstand adrenalectomj better than 
at other times, and progesterone lengthens the 
life span of adrenalectomized rats, Billbnng has 
shown a correspondmg relationship between the 
testes and corticosterone In drakes the semi- 
niferous tubules atrophy between breedmg sea- 
sons and birds adrenalectomized at the latter time 
require less corticosterone for mamtenance than do 
those adrenalectomized durmg the breedmg season 
A direct correlation was observed betw een testicu- 
lar size and the quantity of hormone required The 
greater amount necessary for maintenance m the 
breedmg season may be due to an antagonism be- 
tween the actions of the adrenal and testicular 
hormones, or, as Parkes suggests, to the produc- 
tion of a pnnaple with adrenal cortical acUvitv by 
the testes m the mter breeding season (b) Estro- 
gens and androgens can be extracted from the 
adrenal cortex and are found m normal unne The 
excretion of these substances also occurs m eunuchs 
and in oi anectomized women, which indicates that 
thej are denved, in part at least, from the adrenal 
cortex. It is not improbable that normally the 
adrenal cortex, through the manufacture and liber- 
ation of these hormones plays a rhle m the control 
of the sex functions The persistence of the sex 
libido after the excision of the gonads (p 872) con- 
forms mth such an idea (c) Corticosterone and the 
sex hormones are dosdy related m chemical struc- 
ture Desoxj corticosterone exhibits progesterone 
actixntv (d) the cortex enlarges durmg pregnancy, 
and special cells (cells of StiUmg) appear in the 
adrenal cortex of the frog during the mating season 
(e) the oi-anes of hypophj'sectomized tadpoles are 
maeased m weight by mjeebons of cortical ex- 
tract. (f) m women the mtermenstrual periods are 
said to be shortened by from 3 to 5 day's by the 
administration of cortical extract (Hartman and 
associates) (g) cortical extracts ha\ e been reported 
to cause precoaous sexual matunty m rats (h) 
sexual abnormabties are striking features assoa- 
ated with tumors of cortical tissue (p 847) (i) 


growth of the gonads of both male and female rata 
IS stimulated by feeding wnth adrenal tissue (j) 
the origin of the genital organs and cortex from a 
common embryonic tissue (cdomic epithelium) 

ThercgidatwnoJ cortical hormone secretion, ACTB 
hberalwn Though the secretion of the adrenal 
medulla is controlled by nerves (cholinergic, ch 
72), the output of cortical hormones is regulated 
by the ad rcnocortico trophic hormone But since 
the liberation of the latter is under hy'pothalamic 
control, and the hypothalamus is influenced 
through impulses from higher centers of the brain 
(states of stress), and through the liberation of 
adrenaline, the cortex is under indirect nervous 
control 

Since the discovery of the eosmopcnic and ly’m- 
phopemc responses to ACTH, the control of the 
secretion of this trophic hormone has been rather 
thoroughly mvestigated The regulating mecha- 
nisms are extraordinarily complc-x, and not yet 
fully understood, but the following picture de- 
picting the integration of the hypothalamus, 
adenohy'pophysis, adrenal medulla and adreno- 
cortical hormones to bnng about a Kmd of chain 
reaction cannot be far from the truth Hypotha- 
lamic function can be depressed or stimulated 
by impulses from higher cerebral centers as well 
as by injury, or some abnoimabty of the penph- 
eral tissues, the impulses ascending b\ sympa- 
thetic and somatic afferents and fiber tracts of the 
spmal cord From the hypothalamus sympathetic 
efferents descend to the adrenal medulla and cause 
the release of adrenaline The latter, earned m the 
blood stream, acts m turn upon the hypothalamus 
and possibly also directly' upon the anterior pitui- 
tary Itself* Injections of insulin or of histamine 
(the former through its hypoglycemic effect) also 
stimulate the hypothalamus Acted upon in any 
of these ways, the hypothalamus causes the re- 
lease of ACTH by the adenohypophysis through 
Its neurobumor com eyed m the hypophyseal- 
portal \ essels, the output of adrenocortical steroids 
IS increased, cosinopenia and ly'mphopcnia and 
depletion of the cholesterol and ascorbic aod con- 
tent of the cortex result But the rise m the blood 
lei'el of the adrenal steroid hormones puts a dieck 
upon the ouput of ACTH We may say , then that 
the mechanism governing the activity of the ad- 
renal cortex IS largely self-regulated There is some 
question whether nerve impulses from injured 
tissues can of themselv'es, i e , m the absence of a 

Noradrenaline m physiological dosage does not ap- 
pear to exert this effect 
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reflex bberation of adrenabne, cause ACTH re- 
lease Besides the release of ACTH through im- 
pulses initiated m injured tissues, it is possible 
that a product of cell destruction (histamine ?) 
may act humorally upon the hypothalamus either 
directly or indirectly through the release of ad- 
renaline 

Some of the e\adence for the foregoing account of 
the mechanisms governing ACTH release may now 
be cited The cosinopemc or Ijmiphopenic response 
or the reduction in adrenocortical ascorbic acid is 
employed to detect the release of ACTH 

(I) Under conditions of stress ACTH is liber- 
ated if tlie hjTiophysis is mtact but is abolished 
by complete section of tlie neural stalk or by a 
lesion m the posterior part of the tuber ancreum 
(2) Electrical stimulation m the latter region by 
means of a buned sccondar}^ coil and a large pri- 
mary coil surroundmg the animal’s cage (i c , by 
remote control in order to obviate any extraneous 
stressmg stimulus) causes ACTH release (see 
Hams) (3) ACTH liberation follovnng tissue m- 
jury (e g , burning) is almost completely abohshed 
by sjmipathectomy and section of the spinal cord 
above the level of the injury The slight cosmo- 
penic response which is still obtainable may be due, 
as mentioned above, to products of tissue destruc- 
tion (4) Section of the spinal cord at the level of 
the 3rd thoracic segment prevents the reflex secre- 
tion of adrenaline resultmg from a scalp injury, 
but does not block impulses from reaching the 
hypothalamus Animals, after cord section at this 
level, do not release ACTH m response to an in- 
jury of the scalp whereas normal animals do This 
expenment suggested that adrenaline liberation 
is of paramount importance m the ACTH release 
caused by tissue injury (Long) 

Methods for the bio-assay of ACTH preparations 
Several methods for the biological assay of cortico- 
trophin have been adopted (1) Determination of the 
quantity of hormone required to cause a SO per cent 
mcrease m adrenal n eight, when iniectcd into 21-day 
old rats, this is defined as a normal rat unit (2) The 
amount of ACTH required to induce a fall of 17 per 
cent m the eosmophil count of mice (3) Repair test the 
quantity of ACTH required in a 4 day period to restore 
to normal the adrenal cortex of 28-day-old female rats 
hypophysectomized 14 days previously (4) Mainte- 
nance test A unit of ACTH as defined by this test is the 
amount required over a penod of 15 days to maintain 
the pre operative adrenal weight of hypophysectomized 
40-dav old male rats (S) Ascorbic acid depletion test the 


left adrenals of male rats (120-160 g weight) are re- 
moved 27 hours after hypophysectomy The hormone 
preparation is injected mtravenously and the right 
adrenal removed one hour later The two sets of ad- 
renals are removed and analysed for their ascorbic aad 
contents From a companson of the ascorbic acid con- 
centration in the nght and left sets of glands the ascor- 
bic acid depletion of the former is estimated 

DISEASE OF THE ADRENAL CORTEX IN MAN 

Addison’s disease 

The sjmdrome known today as Addison’s 
disease was first desenbed (in 1855) by Thomas 
Addison and ascribed by him to tuberculous dis- 
ease of the adrenals Experimental and clmical ob- 
servations smee that time have fuUy substantiated 
Addison’s conclusion that the disease is due to ad- 
drenal involvement Tuberculous disease of the 
gland is found, however, m only a proportion of the 
cases It has also been shomi that deficiency of the 
cortex and not of the medulla is the essential cause 
of the disease Its duel features, which dosely 
resemble those seen in adrenalectomized animals, 
are (a) muscular weakness and languor, (b) low 
blood pressure and reduced circulation rate, (c) 
gastrointestinal disturbances, loss of appetite (an- 
orexia), hypochlorhydna and vomitmg, (d) pig- 
mentation of the skin and mucous membranes, 
bronzing, tanning or a dirty brown cutaneous dis- 
coloration being a dassical sjTnptom of the disease, 
(e) lowered metabolic rate, subnormal temperature, 
sodium loss and a rise m serum potassium, reduced 
blood volume (plasma loss), dehydration and loss 
of weight, (f) renal insufficiency with consequent 
nse m blood nonprotem nitrogen, (g) depression 
of the sexual functions, (h) hypoglycemia may 
occur and be the unmediate cause of death (i) 
Abnormal electroencephalogram, slowmg of alpha 
rh3d;hm and reduced number of beta w'aves (j) 
Changes in the electrocardiogram, e g , low volt- 
age, flat or inverted T, prolongation of P-R and 
QRS and depression of RS-T The pigmentation 
of the skin mav be so deep that the patient is mis- 
taken for a mulatto, it is most pronounced m those 
regions, nipples, abdomen, etc , where the normal 
pigmentation is greatest (fig 59 7) The palms of 
the hands and soles of the feet remain pale The 
discoloration is due to the excessive accumulation 
of *‘he normal cutaneous pigment, melaiim This 
IS deposited chiefly in the basal cells of the epi- 
dermis, but pigment granules are also found m the 
dermis The change m pigment metabolism which 
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causes the deposits is unknovm » Szent-Gy6rgyi 
found that ascorbic aad wbich, as already men- 
tioned, IS present in relatively high concentraUon 
in the adrenal cortex inhibits pigment formation 
m plant tissue but it remams to be shown that a 


Addison’s disease, unless treated with cortical 
hormone or with a diet of high salt and low potas- 
sium content, IS almost invariably fatal within 
from 1 to 3 vears The high salt, low potassium diet 
exerts an almost specific effect m adrenal msuffi- 



Fio 59 7 Showing pigmentation of the skin together with patches of dcpigmcntation in a patient with Ad 
dison’s disease (After Kepler ) 


lack of this substance m Addison's disease is 
responsible in any way for the bronzmg 

* Bloch found that sections of not mat skin became 
deepl} pigmented when placed in a dilute solution of 
3 4-ihhidroi)’phenilalanine, albino skin treated sum 
larly remained unpigmented Solutions of other aro- 
matic compounds (e g , t>Tosine, tryptophane, pyro- 
gallol, etc ) did not cause pigmentation of skin sections 
Bloch concluded that <mi> drexj fiheni lalanine, which 
he called dopa, was the precursor of melanin, the con 
version being brought about b) an ovidiaing enzyme 
(dopa oxidase) in the skin Until recently tjTosinase, 
present in potato, fungi and other plants, and which 
IS capable of catalysing the conversion of tyrosme to 
“dopa”, has been believ ed to be absent from mammalian 
tissues. But since its discovery in animals this enzyme 
has been assimed the role of catalyzing the reactions, 
tyrosine to “dopa”, and "dopa” to melanin (see Lemer 
andFitmatnck) Tyrosinase is non believed or thought, 
to be identical with Bloch’s dopa oxidase See scheme 
below 

The reaePons resulpng m melanin produepon are 
Inhibited by ascorbic acid, and, under certain circum 
stances, by cortical steroids So fat, the foregoing facts 
have not led to a satisfactory theory of the cause of the 
pigmcntapon m Addison’s disease. 


cicncy, but dcsotj corticosterone acetate is most 
usually employed, it is given m oil or as pellets 
mserted subcutaneously However, as already 
mentioned, there arc certain disadvantages associ- 
ated wnth the use of this corticoid, a marked anti- 
dmresis with sodium retention and loss of potas- 
sium occurs when a certain dosage is exceeded 
A high Na and low K in the diet enhances the 
adverse effects Nor does the dcsoxx compound 
constitute a complete replacement therapy for 


HO< ^ ^ CH, CHNH COOH 
•r I tjunsme 


HO 


4 

melanin 


CH, CHNH COOH 

3-4 dihj droxyphenylala- 
mne (dopa) 
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the tendency to hypoglycemia during fastmg and 
the electroencephalographic and electrocardio- 
graphic abnormalities are not corrected Cortisone 
given with DOCA provides more complete re- 
placement therapy in Addison’s disease 




Fig 59 8 Enlarged abdomen and prccoaous sexual 
development of a bo> aged thirty months A mass 
palpated in the abdomen was probably a suprarenal 
cortical tumor (After Rowntree and Ball ) 


Cortical tumors — adrenogential syndrome, 
pseudohermaphrodittsnd^ 

Tumors composed of cortical tissue which se- 
cretes an excess of androgenic compounds may 
arise m the adrenal itself or m aberrant collections 
of cortical cells (adrenal “rests”) which are found m 
the broad ligament of the uterus, m the neighbor- 
hood of the testes or m the retroperitoneal tissue 
of the abdomen or pelvis Such growths, or a 
diffuse hyperplasia of the adrenal cortex, may 
occur m children or m adults, and are associated 
with extraordmary abnormalities of development, 
especially of the accessory organs of ^esLand of the 
secondary sex characters (p 871) 

When cortical hy^perplasia or a tumor composed 
of cortical tissue occurs m young children, puberty 
appears prematurely, a male child of 4 or 5 years, 
for example, may show the sexual development of 
an adult (fig 59 8) The testes and penis are en- 
larged, hair may appear upon the chest, pubis and 

*'• Pseudohermaphroditism is defined as a condition 
m which the gonads of one sex only are present but the 
external genitalia combine features of both sexes, so 
that from inspection of them alone it is difficult or 
impossible to determine the sex In true hermaphro- 
ditism both ovarian and testicular tissues are present, 
It IS an embrvological aberration and not due to a hy- 
perfunctional adrenal cortex (see also ch 61) 



at 


Fig 59 9 Vmhsm due to adrenal tumor On left, at age of 28 years before the onset of the disease, on nght, 
age of 35 years at height of disease (After Lescher ) 
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face, and there raav be precoaons sesual dsire. 
Often there is also nnnstial mnsailar devdopment 
or eEtreme obesty There is eafl> ossification oi 
the epiph>’ses Nlie cnfidren shovong thee char- 
acters have been cesctfbed as resembling “an 
imant Hercules’ (Herculean t>-pe of Weber), or 
'a burlv b-e-^ers drayman” (Guthrie) Gro-vth 
IS ran d as a rule, but the epiphi-ses luse eari\ , 
\oung sab 3 ects ci the disease thereio'e do not 
reach full stature. 

In bttle gnls the b*easts hr-pertrophv , hair 
appears on the mens i eneriS and around the \nilva, 
the uterus aeuelops p-ematureli tne editors is 
hi-pertroph-ed and there is sometimes p-ecocous 
menstmation. In appearance such childrea rfeem- 
We stout httle —omen. Women —ho are subjects 
OI this disease become mannsn m appearance and 
aspoation (iirihrm, fig 59A>) The u o ce deepens, 
menstmatian ceases, the b-easts atrophu and hair 
ma\ gnrv upon the lace, chest and limbs, ho- 
mosesnahty is a common teature. The urmaia ex- 
cretion oi androgens (17-teto$tero d^) is mcreased 
seu-eral fold In some adult female subjects, the 
vuiLsm IS accompamed bj gUcosuna and de- 
creased sugar tolerance, due apparently to an 
mcreased production of glucoco ds Tms tyjie is 
kno—n as the Achard-Tiers synorome and vas 
described bv these authom as the ‘dmbetes of 
bearded women” Adult male subjects oi co*tical 
tumors, as a rule, give no etudence of endocrine 
disturbances In some, however, an eraggeratioa 
or the mascalme characters is manuest, e.g , en- 
largement 01 the penis, a tendenev to hirsutism and 
increased sexual appetite. In others the tumor 
secreUs excessive amounts of estrogen —ben a cer- 
tain degree or femmizapon is ob^^en ed e.g , en- 
largement of the mammae, atrophy of the letes 
ana a lemmine distributioa of faL 
It might be expected that with the increase in 
active adrenal cortical tissue, changes m electrolvte 
balance correspoadmg to those loUo— mg mjeebons 
of adrenal ccrtical hoTnone, namely , a nse m blood 
sodium and a fall m potassium, would be found. 
But actuaEv such changes occur only m a pro- 
portion 01 cases and are, as a rule, moderate in 
degree. On the other hand there may be an as- 
socated dquesHon oi adrenal salt retaimng lactois 
with the appearance of Addisonian symptoms, due 
to atrophy of the opposite adrenal Surgical re- 
moval of the tumor or hyperplastic tissue is the 
ptferred treatment wnen possible. Sometimes as 
a result oi atrophy of the normal adrenal tissue, 
zente cortical msuffiaency develops after opera- 
tion. In order to fomstaH such a crisis treatment 


with a cortical hormone is instituted pre-opera- 
ti\ely The administiaton of cortisone is some- 
times successful m suppressing adrenal hyper- 
plasia, the deyated blood ley el of this hormone 
tends to inhibit the output of ACTH and, as a 
consequence, to reduce its stimulatmg efiect upon 
the hyperplastic tissue. This treatment ho— eyer 
appears to be of bttle benefit if the disease is due 
to a tumor whose actiynty appears to be mde- 
pendenl of pituitary control 

Bros er and Macs haye made tie mt(rcslmg dis- 
coTcn that hyperplastic ad-enal oo-Ucal tissue o* tumo- 
Ussue in cases vinlism contains large numbers cells 
which have an aSnity fo' fechnn (fuchsmophil cells) 

possesnmg this p-operty a*e nomially absent from 
the mature adrenal or p'eseat only in ven small num- 
ber The- are a characteristic feature, however of the 
feral adrenal o' boii sexes be — cen the lOi and 17th 
weets (in the case of the male) and between the lllh 
and ISdi weelra (in the case o' the femalel but disap- 
pear thereafter Tbcse ob'^nc-s rrggest that virilism 
IS due to ICC elabo-ation o a mascuhnuang hormone by 
the fuchnnophil cells and that the fema'e fetus nor- 
mallv passes through a ina’c phase. The ir-po-tancc of 
the facbsmophU cells m the p-oducLon of byperadreno- 
co-uca] reran licsranoas has been questioned ho— ever 
by Soffer 

Otr^ Ints cf circrj ccr^^cl fjrct cr 

In mild cr atyp cal cases c' adrenoortical insuf- 
fimenev the following tests may be etrplo rd fo* its 
detection 

(1) Err-rr^mc mp’n." to ACTH is one of the mo' 
senstiy c tests In comal pc'M'ts a 50 per cent reduc- 
tion in circulating eo^ophils results from the adminis- 
tration of a test dcse of coiticotrophin, whereas the 
response is absent o* much reduced m adrenocortical 
mroffiaency 

(2) Mrhrsrr Kc^'or Pc^tr lal to ingested water 
Xo-mallv diuresis commences within 30 to A5 ramutes 
after water drinhmg in adrenal msaffiaency the excre- 
tion of the excess water is much delay cd 

(3) CtPler-PrstT-Wilder test. The unnarv excretion 
of sodium chlowde dnnng a 53 hour penod of ngidb 
restricted salt intake accompamed by the administra- 
tion of polasriim, Xormally less than 150 mg per 190 
cc. 0 ^ urme is excreted m the last 4 hours of the test 
The subyect of adrenal msuEaency excretes a much 
larger quantity This test is potentially dangerous, fer 
unless the adrenal insuffiaency is oi mild o* moderate 
degree, an adrenal crisis may be preapitated. 

Other determinations, c.g , the tendency to hypo- 
glyxcmia during fastmg, the sensitrvuty to insulin, 
estimaUon of urmary 17-KS (which are reduced m 
adrenal msuEaency and mcreased m normals by ACTH 
administratioa) and the unc aad-creaUmne ratio which 
IS normally mcreased by cortical stimulaticiii. 
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The Parathyroids 
Development and structure 

These glands were first recognized as separate struc- 
tures and descnbed bj Sandstrom (1880) He gave 
them their present name m the belief that they were 
remnants of embrj'omc thjToid tissue They anse, 
hoi\e%er, quite independently’ of the thyToid from the 
endodermic lining of the IH and TV \'isceral clefts m 
close assoaation \nth the ongm of the thymus Nor 
have they any known functional relabonship mth the 
thyroid The parathyroids are usually stated to be 
four in number, tw o in relation to the dorsal surface of 
each thyroid lobe The upper one on each side is called 
the “external” or “parathyroid TV” It hes near the 
upper pole of the thyroid and is often embedded in 
the latter’s substance The lower one — the “internal” 
or “parathy’Toid III” — is situated near the lower pole 
of the thyroid or at a variable distance below this 
level and nearer the mid-lme of the neck It is drawn 
mto a position below (caudal to) parathyToid IV m 
early’ embry’omc life The number of parathyroids 
and their positions are, howe\er, very inconstant, in 
man as well as in ammals, and accessory’ parathyroid 
tissue may be found anywhere m the neck or even in 
the thorax embedded within the thymus The Roman 
numerals HI and W refer to the gill cleft from which 
the gland arose The terms “internal” or “external” 
signify the proximity’ of the gland to the mesial or to 
the lateral aspect, respectively, of the thyroid lobe 
The human parathymids are roughly oval in shape, 
and about 6 mm in length 

The parathy’roid tissue is compiosed of large round 
cells, closely packed into masses separated by capillary 
blood sinuses, the cells rarely show an alveolar arrange- 
ment, in the adult gland they’ are of two main types (a) 
Clear dn^ cells These have large nuclei, the proto- 
plasm stains poorly and is usually non-granular Such 
cells are, apparently, the essential sccretmg cells of 
the gland, since they are the only ones present in the 
human gland up to the 10th year, and at any age m 
some ammals, e g , the dog (b) Oxyphil cells These 
are larger than the preceding and contain granules in 
their cytoplasm which stam with eosm They do not 
appear m the human gland until after the 10th year 
and are entirely absent from the glands of the dog 
The blood supply of the glands is very nch, it is de- 
nved from branches of the mfertar thyroid artery The 
nerve supply is scanty and the fibers are probably 
entirely vasomotor m character They have the same 
ongm as those mnervatmg the thyroid Secretory 
nerves have not been demonstrated The functional 


activity of the parathyroids is possibly controlled by a 
hormone liberated by the antenor lobe of the pitmtary 
(p 844) 

THE EFFECTS OF PARATHYROIDECTOIIY — 
HYPOPARATHYROIDISU 

The small size of the parathyroids in laboratory 
animals and the fact that they are often embedded 
m the thy’roid make their separate removal by 
operation very difficult if not impossible The 
usual experimental procedure is excision of the 
thyroid WTien this is earned out upon cats or 
dogs a large enough proportion of parathyroid 
tissue is usually removed along with the thyroid 
to produce urgent symptoms of parathyroid defi- 
aency These symptoms constitute the condition 
know’n as tetany Since tetany may be produced 
m other w’ays (see below) the condition when 
mduced by parathyroid removal is called para- 
thyroid tetany or tetania parathyreopnva Tetamc 
symptoms do not, however, mvanably result from 
complete thyroidectomy The failure of symp- 
toms to appear is due most likely to the presence 
of accessory parathyroid tissue, or to one or more 
of the four glands ha\’ing been left behmd, since 
it IS not unusual for a parathyroid, especially one 
of the lower pair, to be situated a short distance 
from the thyroid A descnption of the tetamc 
state IS given on p 850 

In general, y oung animals are more susceptible than 
older ones to the effects of parathyroid depnvation 
A meat diet also appears to increase the susceptibihty 
But apart from the factors of age and diet the seventy 
of the tetamc manifestations and the tune of their 
appearance after thjToparathyroidectomy vary greatly 
m different speaes and between different individuals of 
the same species This vanabihty is also in many 
cases due to differences in the amount of accessory 
tissue which exists or to the mconstancy m the po- 
sitions of the glands In the rabbit, for example, the 
mtemal (lower) parathyroids usually he below the 
thyroid and unless these are sought for and removed 
tetany does not, as a rule, develop Tetany is mduced 
in the rat with difficulty by thyroparathyroidectomy, 
yet the condition can be mduced by other means 
(p 852) In cattle also this operation is not followed 
by tetany 

In the human subject tetany sometimes follows 
thyroidectomy for goiter, or for mabgnant disease 
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and IS then due to the inadvertent or unavoidable 
removal of the parathyroids {posl-operotive tetany) ' 
The removal of a parathyroid tumor is also 
frequently followed by tetany (p 859) Some of 
the eaibest reports of tetany foUowmg thyroid- 
ectomy came from the surgical dimes of Kocher 
at Berne, and Reverdm at Geneva, m the latter 
half of the 19th century The tetanic symptoms 
were then ascribed to infection of the operation 
wound (Kodier) or to thyroid defiaency (Rever- 
dm) Though the parathyroids had been desenbed 
only a few years previously by Sandstrom, their 
functions were unknown until the experiments of 
the French physiologist Gley who m 1892, estab- 
lished the fact that their removal was the cause of 
the tetanic seizures which followed operations for 
goiter 


A GENERAL DESCRIPTION OF THE TETANIC STATE 


A In animals the tetany following parathyroid 
extirpation has been studied most extensively 
Its chief features are (a) fall in serum calcium 
from the normal level of from 10 to 12 rag per 
100 cc to 6 mg or less The fall may be very 
abrupt, reachmg the latter value m twenty-four 
hours, or may be delayed for from forty-eight to 
seventy-two hours or so (b) Rise in inorganic 
phosphorus of the blood from a normal of around 
5 mg per cent to between 6 and 8 mg or more 
The urinary excretion of calcium and phosphorus 
IS reduced When the serum calaum falls below 7 
mg per cent, no calaum can be detected m the 
unne by Sulkowitch’s test, which consists of the 
addition of an oxalate solution to an equal amount 
of unne If the unne contains calaum, this reagent 
causes a fine precipitate of calaum oxalate to be 
thrown down (c) Rapid noisy breathing^ (100 or 
more per mmute), high temperature (104° to 105°F ) 
and tachycardia (d) Salivation, often with froth- 
ing at the mouth (e) Fibrillary twilchings of the 
muscles followed by tonic or clonic (jerking) muscu- 
lar contractions The jaws are clenched and the 
limbs are either stifdy extended or jerk violently, 
the head is dorsi-flexed Sometimes there are auto- 
matic swimmmg-hke movements of the forelimbs, 
m dogs, or, m cats, rhythmical jerkmg movements 


' It IS not very unusual for mild symptoms of tel 
to occur after operation but to disappear later T 
are probably due to injury and a temporary functi 
der^wement of parathyroid function 
’ The mcrcased pulmonary ventdaUon, by blot 
oB carbon dioxide and produemg a condition of all 
M, no doubt maeases the seventy of the sympl 
(see tetany of hyperpnea) ^ 


of the paws, as though the animal were trying to 
shake water from them (f) The muscles show in- 
creased excitability to the galvanic current (p 851) 
and to mechanical stimulation Normally 6 mflli- 
amperes are required to produce a cathodal open- 
ing contraction (C 0 C ) when the electrode is 
apphed to the skm over the muscle or its nerve 
In the tetanic state less than 1 milliampcre may be 
effective The time constant of accommodation is 
mcreased (see p 919) (g) It has been shown by 
Imne and Jenkmson that the phosphocrcahnc of 
the muscles is reduced and its rate of resyn thesis 
slower than normal (h) Death usually occurs from 
asphyxia, due to spasm of the laryngeal and thor- 
aac muscles 

The tetanic symptoms are closely related to the 
serum calaum level As this becomes lowered 
the symptoms, mild at first (perhaps merely slight 
stiffness of the hind lunbs), become gradually 
more severe and when the scrum calaum has 
fallen to between S and 6 mg per cent, the tetanic 
state IS usually fully developed 
Parathyroidectomized rats show an mcrcased 
appetite for calaum, when given a choice between 
a calaum solution and water they' dnnk more of 
the former than do normal rats under the same 
circumstances As compared wnth normal animals 
they dnnk less of a phosphate solution 
B In man In mfants and very young children 
tetany is usually seen m assoaation wuth nckets 
In adults, it is most frequently due to parathy- 
roid defiaency — the result of an operation for 
goiter or for the removal of a parathyroid tumor 
(p 859) The syunploms arc usually less intense 
than those seen m parathyToidcctomized animals, 
the condition, as a rule, running a more chronic 
course. Rapid respirations and high temperature 
are not usually seen The serum calaum does 
not, as a rule, fall below 7 or 8 mg per cent Neuro- 
muscular hyperexatability is the outstandmg fea- 
ture Though jerking movements or generalized 
convulsions may occur m children they' are unusual 
in adults The hypertonic state of the muscles 
causes the hands and feet to be drawn mto typical 
attitudes which are spoken of as carpo-pedal spasm 
(fig 601) The hands are flexed at the wrists, and 
the fingers flexed at the metacarpo phalangeal but 
extended at the mterphalangeal joints The thumb 
IS adducted into the palm This position consti- 
tutes the so-called accoucheur’s hand of tetany 
The feet are extended at the ankles and the toes 
plantarflexed Spasms of the eye-musdes may be 
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seen, and occasionally spasmodic retention of 
unne occurs In infantile tetany spasm of the 
muscles of the glottis is not uncommon, causmg 
mspirator>' stndor Qaryngysmus stridulus) W^en 
severe, the laryngeal spasm causes complete clo- 
sure of the glottis for a time, cyanosis results and 
when asph5^ation seems unminent a sharp m- 



Fig 60 1 Tetany Descnption in text. (Upper 
photograph after Purvis Stewart, lower, after CaboL) 

spiration occurs accompamed by a high-pitched 
“crowmg” sound These vanous forms of muscu- 
lar spasm are grouped under the general term 
spasmophilia 

Latent tetany 

Frequently the serum calaum remains just 
above the cntical level at which definite tetanic 


symptoms appear Emotion, some undue strain 
upon the orgamsm, e g , pregnancy, lactation or a 
failure m general health, may, however, precipi- 
tate an attack of manifest tetany m a subject who 
had been suffenng from the disease m latent form 
Certam tests are employed to unmask this mapi- 
ent form of the disease (a) Chvostek’s sign , — 
tapping over the faaal nerve m front of the ear 
causes twntchmg or spasm of the faaal muscles 

(b) Trousseau's sign, — occlusion of the arculation 
in the arm bj' means of blood-pressure armlel 
causes the hand to assume the tjqncal attitude 
The effect is probably due to the anoxemia m- 
duced m the muscles of the hand and forearm 

(c) von Bonsdorff’s phenomenon is the facilitation 
of the muscular spasms caused by hyperventila- 
tion while the circulation to the arm is occluded 

(d) Erh's sign, — mcreased exatability of the 
muscles to the galvamc current already referred to 

OTHER EORilS OF TETANY 

These with the chief changes m blood chemistry 
are shown m table 81 

Infantile and idiopathic tetany 

Tetany occasionally anses spontaneously m 
infants and may then be due to parathyroid 
defiaency Spontaneous, or idiopathic tetany as 
it IS sometimes called occurs also, though rarely, 
in adults as a result of defective parathyroid func- 
tion Tetany ansing m this way does not differ 
essentially from that following parathyroidec- 
tomy The tetany of infants is usually, however, an 
accompaniment of nckets and, so far as is known, 
is then not due to parathyroid defiaencj' During 
the active stage of nckets the serum calaum is 
little if at all depressed, but durmg the healing 
stage of the disease calaum is diverted to the 
bones and the calcium of the serum falls It is at 
this tune that tetany occurs Tetany may also be 
produced m rachitic rats by plaong them upon 
an antirachitic diet (Hess and assoaates) 

The tetanies of osteomalacia and sprue 

Osteomalaaa is a disease of the bones of adults 
(p 768) Its pathogenesis is essentially the same as 
that of nckets The serum calaum is often very 
low, tetany is of common occurrence Tetany 
occurs m celiac nckets and non-tropical sprue (Table 
81) In the latter disease the absorption of fat 
and of calcium is defective and the serum calcium 
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depressed Tetan^ also sometimes occurs m tropi- 
cal sprue. 

Telan\ associated xith alkaloses (gastnc, Iiypcrpneic, 
and bicarbonate tetany) 

In p% lone obstruction, dflatation of the stomach, 
or as a result of persistent \omitmg from other 
causes, the lo=s of chlonde m the wmitus causes a 
change m the aad-base balance tovrard the alka- 
Ime side Tetan\ follows AlLalosis is also the 


dogs. It IS onK after the injection of the all aline 
salts, howc\er, that tetani occurs This differ- 
ence IS probablj due to the different efiects of the 
two salts upon the aad ba^c balance — the one 
tending to cause all alosis and a reduction m the 
ionization of calaum, the other aado=is and a 
relatiee increase in the concentration of calaum 
ions (sec bclov ) The injection of a neutral muc- 
turc of the tvso salts or of phosphoric aad itself 
docs not cause telane 


T/\BLE SI* 

7j pes of Mary 


Infantile or idiopathic tetanj 

Tetanj of osteomalaaa 

Tetanies of sprue and celiac rickets 
Gastnc tetanj 
Bicarbonate tetan\ 

Hyperpneic tetan% 

ParathjToid tetant 

(a) Eipenmental 

(b) Post-operati\ e 
Phosphate tetany (\a HPO,) 

Citrate tetanj 

Tetanj due to calaum and atamin D defi- 
acnev 

Tetanj due to magnesium defiaencj 
Gnanidin tetant 


* Ulth modificauons and addiUons from MacCallun 

mc^^d pulmonarj jentilation In this case ,t 

whi* ‘^^rbon dioxide 

wbch ^ cause of the inaeased blood alkalm- 

tetanj -hke seizures nhich sometimes foUoiN the 
a-Wtration of large quantities of sJZ bi 
carbonate for therapeutic purposes 

Phosphate tetany 

opamentaU, 


ou-ciru 

Brc\iiBo*cAn 

or BLOOD 

f 

cnLotDT: 

pH 

J 

1 rTTO‘^moic5 

Reduced 

Normal 

Normal 

Normal 

\ —— — 

1 Normal or 




i 

1 reduced 

Reduced 

Normal 


Normal 

1 Normal or 





j reduced 

Reduced 

Normal 




Normal 

Increased 

Reduced 

InCTca.<ed 

! Inaeaser! 

Normal 

Increased 

Reduced 

Increased 

i 

Norma! 

Incrca'ed 


Increased 


Reduced 

Normal 


Normal 

IncTcifctl 

Reduced 

Normal 




Reduced 

Normal 

Normal or 

Normal or 

IncTiascd 



increased 

inaeased 


Reduced 


_ 



Reduced 





Normal 

_ 



— 

Normal or 




— 

shghtli 




Inaeased 

reduced 






Citrate tetany 

An mtrasenous injection of sodium atratc is a 
less sure wat to induce tetanj, but in a certain 
^^rtion of animals tjpical contmlsions follow 

Sfm The 

serum calaum is lowered 

Tetany due to calaum and 'atamin D defiacncy 
® =ce absent from the diet tetany do« 
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^IiLK Fever Hj'pocalcemia and tetany somebmes 
occur in cons after cahnng as a result of the loss of 
calaum in the milk The condibon is treated by in- 
flabng the udder mth air, nhich suppresses milk 
secrebon and causes a rise in the serum calcium, or by 
the intravenous injecbon of calcium A similar condi- 
bon is seen in sheep after lambmg and is then referred 
to as “lambing sickness” or “enc distemper” 

Magnesium defaency tetany 

The general features of this tj-pe of tetany arc indis- 
tinguishable from those due to calaum deficiency It 
has been produced in rats, dogs, and young cattle by 
feedmg diets deficient in magnesium Calves reared 
upon the whole milk, which has a low magnesium con- 
tent (0 01 per cent), frequentlj' show severe tetany 
and may die in convnilsions The blood calaum and 
phosphorus arc wnthin normal limits but the magne- 
sium IS reduced to little more than half the normal 
value This tj^ie of tetany is not known to occur m the 
human subject 

PATHOGENESIS OF TETANY 

MacCallum and Voctglm discovered (1908) that 
the serum calcium was mvanably depressed m 
tetama parathyreopnva and that the condition w as 
immediatclj' relieved by the intravenous injection 
of calaum In the years follow mg the recognition 
of the connection between tetany and the para- 
thyroids, and up to the work of MacCallum and 
Voetglin, the tetanic state was beheved to be due 
to some endogenous tovic metabolite (e g , guani- 
dme) which was destroyed in some way by the 
parathyroids, but accumulated m the blood and 
tissues after parathyroidectomy 
With the general recognition of these facts the 
calcium deficiency theory of tetany came into bemg 
The low serum calaum found in other forms of 
tetany, that is, produced otherwise than by para- 
thyroid defiaency, e g , the tetanies of nckets, 
osteomalacia and sprue, also mdicates that calcium 
deficiency is the direct cause of the neuro-muscular 
hyperexatability m these conditions Depression 
of the serum calaum also explams the convulsions 
following the mjection of phosphate It is gener- 
ally accepted that the determinmg factor in the 
production of tetany is the concentration of tott- 
tsed calaum (p 860) m the plasma and extra- 
cellular fluids of the body, rather than the total 
calaum concentration For example, in nephritis 
■with a low serum protein, the total calaum of the 
serum may be reduced to 3 or 4 mg per cent, yet 
tetany does not occur, presumably because the 
concentration of ionic calaum has not been re- 


duced to the critical level As shown by the 
experiments of Loeb upon frog muscle the sodium 
and potassium ions tend to mcrease neuromuscular 
exatability, the calaum and magnesium ions to 
depress it The calaum concentration of the tissues 
themselves (muscle or brain) is not altered m 
tetany, the mcreased neuromuscular excitability 
would therefore appear to be due to an unbalance 
between the concentration of ionic calcium m the 
extracellular and mtracellular fluids (See also 
p 854) 

It IS difiBcult to assess the importance of hyper- 
phosphatemia as a factor in the production of 
tetany, for a reciprocal relationship exists m the 
blood betw’een the concentrations of calaum and 
phosphorus Phosphate retention or phosphate 
mjection causes a fall in the calcium of the serum, 
a nse in the concentration of the calaum of the 
serum, on the other hand, tends to depress the 
blood inorganic phosphorus Nevertheless, tetany 
can result from a reduction in the serum calcium 
as in infantile nckets and osteomalacia with a 
normal concentration of blood phosphate Hyper- 
phosphatemia, therefore, though undoubtedly in- 
creasmg the seventy of the tetanic symptoms does 
not appear to play the primary r61e m then 
development 

The tetany of alkalosis cannot be explamed 
upon the basis of calcium defiaency, smee m this 
type the serum calaum is not significantly low- 
ered It is suggested, however, that the shift of 
the acid-base balance of the blood toward the 
alkaline side causes a reduction m the lomc cal- 
aum fraction without altenng the concentration 
of the total calaum of the serum The foUowmg 
equation illustrates the possible relationship be- 
tw'ecn the concentrations of calcium, bicarbonate, 
phosphate and hydrogen ions 

iCa-M-] [HCO,] [EffOd 

(HT ^ 

According to this equation an maease m the 
concentration of the bicarbonate ions or of phos- 
phate ions or a fall in the concentration of hydro- 
gen ions would cause a reduction m the concen- 
tration of ionized calaum wuthout a change m the 
total calaum level of the serum 

Certam observations, however, are m conformity 
with such a hypothesis The beneficial effect upon 
tetany of the admmistration of an aadifying salt 
such as ammonium chloride, smee it is not accom- 
panied by a nse m the total calcium of the serum. 
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and the difference, aheadj mentioned, between the 
actions of the alkahne and aad phosphates (p S52), 
maj be espkmed upon such a basis 

The question of the neuromuscular mechanisms re- 
sponsible for the tetanic seizures Las not receited a 
dcasuc answer D ^ Paton and his associates sec- 
tioned the cord in parathvroidectomized dogs and 
observed cessation of the dome and tome giasms, but 
the tremors and the fibnllarj twitchmgs were abolished 
onlj bj section of the penpheral nenes These re- 
sults mdicated that the tome and dome spasms were 
supraspinal m ongm while the finer mo\ements were 
dependent upon spmal centers West more recently 
conduded that the supraspinal centers were not in- 
\oUed smee the characteristic tome and dome spasms 
persisted after section of the cord m the upper thoraac 
region The mtegntj of the spinal reflex arcs was, 
however, considered to be essenPal for the tome and 
dome mamfestaPons smee the\ were abolished after 
section of the dorsal roots. The fibrillar} movements 
and the mcreased electrical eiatabiht} of the musdes 
appeared to be dependent upon a penpheral mechanism 
The} persisted for at least 24 hours after section of both 
afferent and efferent nerves In contradiction of Wheat’s 
condusions, Greenberg and his ctSUeagues state that m 
rats, tetamc moiements of the hind limbs but not of 
the forehmbs are abolished b} transection of the cord 
at the let el of the 7th spinal segment. The} conclude 
that aeti vit} of nert ous centers above the spmal let el 
IS essential for the det elopment of both the tome and 
dome seizures 


TKEATilENT OF TETANt 

Though the tetamc svnnptoins are rapidlt abol- 
ished b} the mtrat enous administration of calaum 
salts, the beneficial effect is of short duraPon Cal- 
aum bt mouth is of little talue m acute tetan}, 
but 15 of some value in the more chrome forms 
Aadif}Tng salts, e.g , ammomum chloride are also 
of benefit. A smgle mjeebon of parath}Toid ex- 


tract will reheve the condition m a few hours and 
hold it m abciance for several davs In chronic 
tetanv (e.g , post-operabve) irradiated ergosterol 
m the form of dihv drotachy-sterol or calaferol is 
of great value, espeoaUv when combmed with a 
high calaum and a low phosphorus mtake .Ac- 
cordmg to Anderson and Lvall adjustment of the 
calaum and phosphorus of the diet (0 5 to 0 65 
gm of phosphorus, dafl}) is capable alone of 
controlhng the s}mptoms Lactose or de.xtrm m 
tte diet tends to reduce teUmc neuromuscular 
}-perexcitabihti, for the organic aads produced 
during the fermentation of these carboh} drates 
lower mtestmal pH, and therebv maease calaum 


THE ACTIONS OF PARATHYROID EXTRACT 
(pARATHORilONT;) 

The belief m the calaum-regulating function 
of the parathvToids, which follow cd naturallj upon 
the discover} that hvpocalcemia was an accom- 
paniment of parath}Toid defiaenev , receiv ed spec- 
tacular confirmation in 1925 In this }ear Colhp 
obtained an extract from beef parathjToids which 
possessed a powerful!} h}-percalcemic effect’ By 
the mtrav enous or subcutaneous administration 
of this extract to parathvroidectomized dogs the 
serum calaum can be mamtamed at the normal 
level Aiolent tetanic svmptoms arc abohshed 
withm three or four hours after the injection of 10 
or 20 umts, and b} the dad} admmistration of 
considerablv smaller doses than this the animal 





Fic 607 Curves of serum calaum, blood phomhorus 
and non protein nitrogen reproduced from Collip’s 
article describing the effects of parathvroid extract. 
The curve representmg the non protein mtrogen is not 
from the same animal as are the curves of serum ciil- 
aum and blood phosphorus 


IS mamtamed m good health mdefinitelv If after 
the calaum has been raised to normal the ad- 
ministration of the hormone is contmued m fre- 
quentlv repeated doses (10 to 20 units twice dadv 
or oftener) or if giv en m such dosage to a normal 


Ine extract was obtained bj boiling fresh elands 
for 1 hour with 5 per cent HCL The resulting hquid 
f alhalme to pH S b} the addition 

ot AaOH H}'droch!onc aad was then added slow!} 
until a maximal isoclectnc preapitauon of protem oc- 
cur^ The preapitate was removed b} fiatration or 
centnfugmg The filtrate or supernatant fimd con- 
tains the active prmaple. The potenc} of the extract 

® defined as riu 

of the quantrt} of extract which will cause a nsc^ 
i mg per cent m Ae scrum calaum of a 20 kilogram 
dog withm a peni^ of 15 hours The extract, for which 
me name parathormone” was suggested bi CoUio 
™U} sotXm 5 ca v-ials and hf a potoc} of To 
^ts per ca It IS ^ecUve b} mtrav enous or sub- 

“<^11 ^hen given 
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animal, overdosage effects are produced These 
are (a) Early changes in blood chemistry^ The 
serum calcium rises abruptly and withm from 
twenty-four to forty-eight hours usually reaches 
a concentration of from 18 to 22 mg per 100 cc 
(fig 60 2) Durmg this time the inorganic phos- 
phorus show s a moderate fall follow ed by a return 
to normal and a small nse There is a slight rise 
m the potassium and magnesium of the serum 
(b) Early symptoms During the rise in serum 
calciuni there are loss of appetite, depression and 
w'eakness, poliuiria, vomiting, diarrhea and dehy- 
dration (c) The urinary excretion of calcium and 
phosphorus is greatly increased The increased 
excretion of phosphorus precedes the rise in serum 
calcium and the increase in urinary calcium There 
IS little change in the fecal excretion of these ele- 
ments (d) Later blood changes are a reduction in ^ 
the h3percalcemia by 2 or 3 mg per cent, a 
pronounced rise in the plasma inorganic phos- 
phorus, a four-fold mcrcasc in blood nonprotein 
nitrogen, a reduction in blood volume by 15 per 
cent due to plasma loss and, m consequence, con- 
centration of the blood and, a great increase in 
Its viscositj' (c) Later symptoms At the tunc that 
these blood changes are occurring urgent symp- 
toms appear, — vomiting of bloody fluid and 
sometimes the passage of blood-stamed stools, 
signs of renal failure, great prostration endmg m 
death (f) At autopsy the gastro-intestinal mucosa 
IS found to be the seat of extensive hemorrhages, 
and the stomacli and upper part of the intestinal 
canal contain a quantity of bloodj" fluid 
All the manifestations are intensified by a high 
calaum diet or the administration of calcium salts 
The preceding descnption applies chiefly to 
dogs The serum calaum of herbivorous animals, 
rats, mice, rabbits and guinea pigs, responds much 
less readily to the extract and the post-mortem 
picture so characteristic of its effects m dogs and 
cats, is not seen In herbivorous animals, on the 
other hand, repeated doses cause the deposit of 
calcium m the soft tissue (metastatic calcifica- 
tion), particularly of the artenal tree, this is 
mfrequent in dogs In the human subject hyper- 
calcemia IS produced about as easily as it is m 
dogs In both man and dogs tolerance to the 
hormone not infrequently becomes estabhshed 
after a certam number of doses 
Therapeutic (physiological) doses administered 
to a normal man, or to a subject of liypopara- 
thyroidism, cause a moderate inaease m P and 


Ca excretion, a fall m serum P and a nse m serum 
Ca, 1 e , a complete reversal of the biochemical 
abnormalities caused by parathyroidectomy (fig 
603) 

The excess calcium m the serum followmg para- 
thormone overdosage is denved from the skeleton 
Bauer, Aub and Albnght have shown that re- 
peated doses of the extract to rabbits causes a 
reduction of the trabeculae of the epiphyses m- 
dicating that they serve as a store of calcium, 
which IS rapidly mobilized by the hormone (fig 


Serum r 



• SO Urulj rororhorr^Dne PetlOdS 

Fig 603 Showing the effects of the parathyroid 
hormone upon the serum calaum and phosphorus and 
upon the unnary excretion of these nunerals m a case 
of hypoparathyroidism (After Albnght and Ells- 
worth ) 

60 4) By the admmistration of parathormone over 
long penods a condition corresponding to osteitis 
fibrosa cystica of man (see below) has been pro- 
duced by Bodansky and Jaffe in guinea pigs, and 
by others in rats and puppies Continued ad- 
ministration of the hormone to experimental ani- 
mals results in gross and microscopical changes in 
the glands themselves, they become much re- 
duced m size and their cells appear shrunken, 
show hydropic degeneration and a diminution in 
the number of mitotic figures Such changes mdi- 
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cate that the administered hormone has depressed 
the functional actnity of the glands 

The fundamental nature of the hormone’s action has 
been the subject of a considerable amount of discussion 
and no certain conclusion can be drawn. It has been 
thought b} some (Cameron and Moorhouse) that the 
hormone controlled the formation of a specific non- 
diSusiblc orgamc calaum compound The calaum 
let el m the blood was conceited to depend upon a 
“senes of mterlocked eijuflibna between this com- 
pound and morgamc calaum ions ’’ Increase m the 
concentration of the organic compound m the blood 
caused a coirespondmg mcrease m ionic calaum which 
was furnished b> the bones (see also p 863) After 
parathjTDideclomt , conditions were retersed, a fall m 
concentration of the compound and redaction m lomc 
calaum resulted. Another taew (Greenwald) was that 
the hormone itself, or a substance formed through its 



The histological studies of Selj e m rats, on the other 
hand, suggest that the calaum is mobilized b> cellular 
acbvitj Dunng the hs-poxalcemia the bony trabecu- 
lae showed large numbers of osteoclasts which are 
beheied to be responsible for the removal of calaum. 
Vfhen the animal became tolerant to the hormone the 
osteoclasts were replaced by osteoblasts and the bone 
density increased, i e., calaum was deposited 
Albn^t and his associates adopt the snew that the 
parathyroid hormone exerts its primary action upon 
phosphorus metabolism, and a secondary action upon 
bony siniclure Ellsworth suggests the essential and 
speafic action is upon the ladney , presumably by re- 
duemg rtabsorption from the tubules as demonstrated 
hr Hamson and Hamson In the opimon of Albnght 
and Reifenstem the specific action is upon the phos- 
phorus of the tissue fluids, the hormone acting in some 
way upon the mineral to render it more readily excreted 
(or less readily reabsorbed) b\ the renal tubules This 
is supposed to lead Vo the followmg tram of events 
there is first a lowenng of the serum phosphorus which 
IS followed by the release of the calaum phosphorus 
salt from the bones The resorption of bone causes in 
turn an elevation of the serum calaum, but no nse m 
blood phosphorus, this remains depressed owing to 
the mertased unnary eicrelion The product of the 
serum concentrations of calaum and phosphorus m 
inilligrains remains at about the normal value of 40 
The hyTercalctmia is followed by the maeased cicre- 
tion of calaum in the urine, which tends to lower 
again the concentration of calaum m the blood and 
bod\ flmds This is countered and the new calaum- 
phosphorus equilihnum which has been established 
IS sustamed by the continued solution of bone salt. An 


Fig 60 4 Showmg trabeculae of humen of cat on 
(A) a high calaum diet, and (B) on a lovr calaum diet. 
(Redrawn from Bauer, Auh and Albnght.) 

action, mcreased the soUent power of the plasma for 
calaum. This substance, designated X, was supposed 
to mute with calaum ions to form an undissoaated 
orgamc calaum compotmd which was stated to re 
semble calaum atrate Through such action of the hor- 
mone concentration of calaum rons m the plasma was 
reduced and the concentration of undissoaated caL 
aum mcreased. Since the plasma was behev ed to be in 
equaibnum withsohd tncalcium phosphate (Ca,(PO,) ) 
of osseous tissue, a reduction m the calaum ion con- 
centration of the plasma resulted m the hTeration of 
calaum ions from the bones The result was a nse m 
the total calaum (dissociated plus non-dissooated) of 
the plasma. Little direct experimental ewdence can 
^ ated m support of either of the foregomg views 
Both picture the hberation of calaum from the bones 
as a physicochemical process, namely, that the para 
thyroid secretion acts not directly upon bone metabo- 
electroly'te equihbna of the 


observation reported by some workers and which has 
a beanng upon this subject, is the failure of the hor- 
mone to cause hypercalcemia in nephrectomized nm- 
mals However, others have not found that parathy- 
roid extract is meffectiv e after removal of the kidneys 
(Eflsworth and Fuller, Haist and Taylor) But in 
either event, that is, whether or not hypercalcemia 
occurs after nephrectomy, osteoclastic aclivutv is 
stimulated by the hormone, and resorption of bone 
thus induced Furthermore, nephrectomy (which alone 
has no appreaable effect upon the serum calaum) 
followed by parathyroidectomv , causes hypocalcemia. 
The hormone, therefore must have been exerting its 
usual effect though kidney function had been abolished 
Strong evudence for a direct action of the parathy- 
roid hormone on bone is afforded by the experiments 
of Barmcot upon rats \STien the parathyroid glands 
were removed and attached to excised pieces of jianetal 
hone and the two together grafted to the cerebral 
hemisphere of a htter mate, mtense osteoclastic ac- 
tivity and resorption of bone m the neighborhood of 
the parathyroid tissue were observed Actual per- 
forations of the bone were produced Calciferol, and 
vitamm A both of which are known to affect bone 
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metaboLsm, had a local effect similar to that of the 
parathyroid tissue Cholesterol, estradiol, or inert mate- 
nal, e.g , glass beads, were quite ineffecbve 

From the foregoing review of the experimental evi- 
dence It IS probable that the hormone plays a dual r61e, 
namely, directly upon bone, probably through stimu- 
latmg osteoclastic activity, as well as m some obscure 
way upon the phosphorus of the body fluids 

Secretion of the parathyroid hormone 

The hberation of the parathyroid hormone is 
mdependent of nervous control There is suggestive 
but no decisive evidence that the output of the 
hormone is regulated by the antenor lobe of the 
pituitary through a parathyrotrophic hormone 
(ch 57) A low level of serum calaum stimulates 
the hberation of the hormone by the glands, for 
when the thyroid-parathyroid apparatus was per- 
fused with decalcified blood and the perfusate m- 
jected mtravenously mto normal dogs, theur serum 
calaum was raised from 1 3 to 4 9 per cent withm 
3 hours or less (Patt and Luckhardt) 

No fimctional mterrelationship between the 
thyroid, adrenals or gonads and the parath 3 TOids 
has been demonstrated 

Therapeutic uses of parathyroid extract 

In post-operative tetany parathormone is of the 
greatest value m relieving urgent symptoms It 
should be combmed with large doses of calaum 
(40 to 60 grams daily of the chloride or larger 
doses of the lactate or gluconate) and with foods 
possessmg a high calaum content, e g , milk 
Parathormone is generally considered unsuitable 
for prolonged admmistration, smce it depletes the 
bones Also, after a time, tolerance to its action 
frequently occurs It would seem, however, to 
be a logical procedure to give the hormone m 
doses that would be just suffiaent to replace the 
natural hormone which is lackmg, together with 
large doses of calcium Calaum chlonde, smce 
it supplies calcium directly, and through its aadi- 
fying action mcreases the lomc calaum, is of 
great value It may be combmed with irradiated 
ergosterol 

In lead poisoning the metal is deposited m the 
hones as tertiary lead phosphate (PbjfPOilj) displaong 
calaum from tncalaum phosphate (CajfPOds) Para- 
thormone mobilizes the lead from the bones and m- 
creases its excretion m the unne Ammomum chlonde 
and other acidifymg agents have a similar effect These 
salts are adrmmstered combined with a low calaum 
diet, which also encourages the mobilization of lead 


According to Aub and his assoaates the maease in 
hydrogen ion concentration acts by converting the 
msoluble tertiary lead phosphate mto the soluble di 
lead salt Caution should be exerased m the use ol 
de-leadmg agents since senous effects may result from 
the sudden entrance of large quantities of the metal 
mto the arculation Toxic effects due to this cause 
are combated by a high calaum diet, which favors re- 
tention m the bones of the lead compound When it is 
considered that the deposition in the bones of ingested 
lead IS a device which protects the body from the toxic 
effects of the metal it is questionable whether it is de- 
sirable, as a rule, to employ de-leadmg agents To 
remove the source of poisonmg and penmt the metal 
to be hberated spontaneously and gradually from the 
skeleton should be suffiaent 

It has also been shown that radium deposits in bone 
may be hberated by parathormone and a low calaum 
diet 

Attempts to remove extra-skeletal deposits of cal- 
aum fay means of parathormone have not met with 
success This is not unexpected since the action of the 
hormone m mobilizing calaum and phosphorus is con- 
fined to the skeleton and may actually induce calcifica- 
tion of soft tissues (see p 869) 

The relation of vitamin D to parathyroid function 

There are many pomts of sunilanty between the 
actions of excessive dosage of vitamm D (calciferol) 
or dihydrotachysterol (AT-10) and the parathyroid 
glands The former, like parathormone, causes a 
high degree of hypercalcemia, and Hess, Wein- 
stock and Rivkm found that m monkeys h)q)er- 
calcemia is less readily mduced by irradiated 
ergosterol after parathyroidectomy Higgins and 
Sheard found that the parathyroids of chicks de- 
prived of ultraviolet light became hyperplastic, 
but were restored to normal appearance by the 
admmistration of cod-liver oil Taylor, Weld, 
Branion and Kay found that the toxic overdosage 
effects of irradiated ergosterol were less severe 
than usual m dogs m which an operation for the 
complete removal of the parathyroid tissue of the 
neck had been performed They also showed that 
the overdosage effects of parathormone and of 
irradiated ergosterol were similar Both substances 
cause the same degree of hypercalcemia (fig 60 5) 
and hyperphosphatemia, and a nse m the non- 
protem mtrogen of the blood In large doses either 
causes the withdrawal of calcium from the bones 
and mcreases the excretion of calcium and phos- 
phorus m the unne Both agents lower the renal 
threshold for calcium, by reducmg its tubular 
reabsorption The symptoms durmg hfe and the 
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post-mortem findings after poisoning with either 
mgfpnal are also identical, and those species 
(herbivora) resistant to parathormone are simi- 
larly resistant to overdosage with irradiated ergos- 
terol It has been shown by others that either 
parathormone or irradiated ergosterol gives nse 
to metastatic calcification and to bony changes 
analogous to osteitis fibrosa c>’stica Irradiated 
ergosterol, however, takes longer to show its effect 
upon the serum calcium than does parathyroid 


Though others had previously described the con- 
dition it IS very generally referred to as von Reck- 
hnghausen’s disease. The morbid changes m the 
bones are, decalcification, the formation of cyst- 
like cavities and resorption of the bony tissue of 
the trabeculae and shaft which become largely 
replaced by fibrous tissue (fig 60 6) Histologicallj 
a great mcrease m the number of osteoclastic ele- 
ments (p 856) IS seen The condition was shown 
by Mandl m 1926 to be due to an adenoma of a 




extract, and the hypercalcemia once established 
persists for some weeks (fig 60S) 

Another dissimilantj' between the actions of 
vntamm D and the parath>-roid hormone is that 
the vitamm, but not the hormone, increases the 
mtestinal absorption of calaum (p 764) 


Sipcrparalkyroidismin man Osteitis fibrosa 
generaJtsala (osteitis fibrosa cystica) 


This IS 
described 


a condiuon of the bones which was 
many years ago by von Reckhnghausen 


parathyroid gland Its chief chnical features are 
(1) Pam m the bones (2) Extreme hypotomcity 
of the skeletal muscles (3) Elev'ation of serum 
^aum (sometimes up to 20 mg per cent or so, 
but usually not above 15 or 16 mg) (fig 60 7), 
faU m plasma morgamc phosphorus (between 1 
^d 2 mg per cent) and high plasma phosphatase 
(4) Increase m unnaiy calaum, poljTina, high 
madence o renal calculi, renal damage, e g , pen- 
tubular calaum deposits leading to mterstitial 
nbrosis, and cystic dilatation of the tubules (An- 
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derson) (5) There may be mental changes The 
calcification appears to be secondary to a specific 
degenerative lesion, but the mmeral deposits m 
their turn induce further damage of renal tissue 
Deposits of calcium may occur m other tissues as 
well (metastatic calcification, p 869) (6) Spon- 
taneous fractures, deformity of the bones of limbs 
or spme, reduced and unregular density of the bones 
are evident under the X-ray (7) A small tumor 
(parathyroid) may be palpable m the neck In a 
case reported by Hunter a parathyroid tumor was 
found at operation behmd the esophagus at the 
level of the second thoracic vertebra In some m- 
stances the condition is due not to a smgle aden- 
omatous tumor but to diffuse hyperplasia of para- 
thyroid tissue 
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Fig 60 7 Showing chemistry of blood m hyper- 
parathyroidism, and the effect of removal of the para- 
thyroid tumor (After Hunter) 


The treatment of the condition is removal of 
the tumor The serum calcium falls abruptly after 
operation and frequently reaches a subnormal 
level, tetany of an mtractable nature not im- 
commonly results The cause of the abnormally 
low serum calcium is not obvious at first sight 
smce it might be expected that the remammg 
healthy parathyroid tissue would be sufficient to 
maintam the serum calcium at the normal level 
The phenomenon is probably due to the persistence 
after operation of a compensatory depression of 
activity m the other parathyroids which had re- 
sulted from the excess hormone discharged by the 
adenomatous gland Bodansky and Jaffe found, 
for example, that m anunals, hjqiocalcemia fol- 
lowed the termmation of a prolonged course of 
parathormone mjections Depression of function, 
or even atrophy of an endocrme by a high blood 
level of its hormone is a general prmciple of hor- 
mone physiology Adrenal atrophy caused by corti- 


sone, and the depression of thyroid function by a 
high level of thyroid hormone m the blood are 
other examples In the latter two instances the 
hypiofimction is attnbuted to the failure of ade- 
quate amounts of the adrenocorticotrophic and 
thyrotrophic hormones, respectively, to be released 
from the pituitary 

Parathyroid hyperplasia may be mduced ex- 
perimentally by the foUowmg means (a) low cal- 
aum diet (rats and rabbits), (b) lack of vitamm D 
(chicks), (c) daily mjections of phosphate over a 
period of weeks, (d) surgical reduction of renal 
tissue, or experimental nephritis, the former pro- 
cedure produces dwarfing m rats and a condition 
resemblmg the renal nckets of children (Pap- 
penheimer) In the human subject hyperplasia of 
parathyroid tissue may occur m assoaation with 
chrome nephntis, m which event the parathjuroid 
enlargement may be a compensatory reaction to 
the h 3 q)Ocalcemia which is the result m turn of 
phosphate retention and hyperphosphatemia 

In rare mstances, acute hyperparathyroidism is 
seen with manifestations similar to those caused by 
overdosage with parathyroid extract Such a state 
is aggravated by a high calaum mtake which may 
so mtensify the symptoms as to cause death 

Calctom Metabolism 

Calaum is an mdispensable mmeral, it is a 
constituent of all anunal fluids and solid tissues, 
it plays an important r61e m a number of physio- 
logical processes and conditions The most ob- 
vious of these are (a) coagulation of the blood 
(ch 12), (b) formation of bone (p 863), (c) cardiac 
rhythmicity (p 192), (d) mamtenance of normal 
neuromuscular exatabffity (p 853), (e) milk pro- 
duction (p 900), (f) membrane permeabflity (p 
31) 

THE DISTRIBIJTION OF CALCIUM IN THE BODY 

Calaum constitutes about 2 per cent of the 
weight of the adult body and about 99 per cent 
of the total quantity is contamed m the skeleton 
The muscles contam about 8 mg per 100 grams of 
wet weight, plasma or serum from 9 to 11 5 mg 
per cent The red corpuscles contam only mmute 
amounts, the content of the whole blood is, there- 
fore, between 4 5 and 6 mg per cent. The other 
body flmds, e g , lymph, aqueous humor, asatic 
and edema fluids, etc., contam it m somewhat 
lower concentration, while the concentration m 
the cerebro-spmal flmd is only about 5 mg per 
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cent Negligible amounts of calaum are deposited 
m tbe skeleton before the fifth month of mtra- 
uterme life, and nearly 70 per cent of the skeletal 
calaum of the new-bom is the result of deposition 
dunng the last two months of prenatal life (fig 
60 8) The mother suffers a much greater loss of 
calaum to the sucklmg child Whereas, only about 
20 grams of the element are lost dunng pregnancy, 
over 80 grams are seaeted m the milk dunng a 
normal lactation penod 



Fiq 60 8 Showing the increase m the calaum of 
human fetus in later months of gestation (From Hess 
after Schnuta ) 


THE STATE OF THE CAICTOM IN THE BLOOD 

Practically all the calaum of blood, as just 
mentioned, is contained in the plasma, after ciot- 
tmg it IS all present m the serum, and it is upon 
this that determinations are usually made The 
dot Itself contams mere traces 
The calaum of blood exists m tn'O mam forms, 
itoii-dtffiistble and diffusible The non-diffusible 
form IS bound to tbe serum proteins, both albumin 
and globulm fractions (but chiefly to the albumin 
fraction) m the proportion of about 0 84 mg per 
gram of protein It remains m the serum when the 
latter is dialyzed or subjected to ultra-filtration 


of calcium carbonate and phosphate The follow- 
ing IS a summary of the calcium fractions in serum 


Serum calcium 
Non-diffusible 
Diffusible 
Ionized 
Umomred 


mi ter IOC cc 

4 0-50 

5 0-65 
4 75-6 25 
0 25 


The non-diflfusible calaum, as might be ex- 
pected, vanes with the protem concentration of 
the plasma For example, m Bnght’s disease (with 
low plasma protem, and without phosphate reten- 
tion) the dechne m serum calcium roughly parallels 
the fall m plasma albumin and the hypocalcemia 
is due mainly to a reduction m the non-diffusible 
fraction Lymph, which has a lower concentration 
of protem than plasma has also a lower calcium 
content 

The calaum of the cerebrospmal fluid, which is 
practically protem-free is almost entirely in the 
diffusible form, and has a concentration approxi- 
mately equal to that of the diffusible fraction m 
the plasma The calaum concentrabon of the 
cerebrospinal fluid has, therefore, been taken as 
an index of the diffusible fraction of the plasma 
calaum upon the assumption that the former 
fluid is simply an ultra-filtrate This assumption is 
not warranted, since it is more probable that the 
cerebrospmal fluid is secreted by the choroid plexus 
(ch 71) Also, the administration of parathyroid 
extract or the mjection of calaum salts, both of 
which raise the diffusible calaum of the plasma, 
causes little maease m the calaum concentration 
of the cerebrospmal fluid, it is little affected by 
parathyroidectomy 

McLean and Hastmgs have devised a biological 
method for the determmation of the ionized cal- 


The non-difiusible part constitutes about 45 per 
cent (from 4 to 5 mg per 100 cc ) of the total serum 
calaum The diffusible portion amounts to 55 per 
cent or so (5 to 6 5 mg per 100 cc ) of the total 
calaum, when the serum is ultra-filtered this frac- 
tion passes mto the filtrate Nearly all {he diffusible 
calcium of the serum is in ionized form The previous 
low figures which have been given for the con- 
centraUon of ionized calaum (1 5 to 2 mg per 100 
cc ) are, accordmg to McLean and Hastmgs er- 
roneous They state that only a very small amount 
of diffusible un-ionized calcium (about 0 25 mg 
per 100 ca) is present, it is m the form of a atiate- 
like compound The ionized calaum is m the form 


aum of body flmds based upon the sensitivity 
of the frog’s heart to the calaum ion concentra- 
tion In this method the amplitude of the contrac- 
tion of the isolated heart is recorded ujjon a 
moving drum A cannula (a modified Straub 
cannula) is passed through the aorta into the 
ventncle and tied m position A senes of calaum 
chloride solutions graded in concentration by 0 1 
millunol per hter is made up The cannula is filled 
with the unknown flmd (serum, edema fluid, 
cerebrospmal flmd, etc ) and the amphtude of the 
heart s contraction recorded The cannula is then 
emptied and refilled with one of the standard 
solutions If the amphtude of contraction given 
with the latter is greater than that given by the 
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unknown solution, a standard solution of lower 
concentration is tned, if the contraction amplitude 
IS less, the cannula is filled with a more concen- 
trated solution The calaum solution givmg a 
contraction which just matches that given with 
the unknown fluid is taken as having the same 
concentration as the unknown 

McLean and Hastmgs state that the lomzabon of 
calaum m the body fluids is determined primarily by 
an equdibnum between calaum and protem which 
may be eicpressed by the following equation 

^ =K= 10-=-*=(at25‘’C and pH 7^5) 

(CaProt) 

In other words, they consider that the calaum in 
protem-contammg flmds is present as calaum pro- 
temate which ionizes as a weak electrolyte mto cal- 
aum and protem ions, with a residue of the protem- 
bound calaum, i e , of the non-diffusible calaum 
fraction They state that, knowmg the protem and 
total calaum concentrations, the calaum ion con- 
centration m human serum or other protem contaimng 
body fluid may be calculated from this equation 

THE ABSORPTION AND EXCRETION OF CALCItTM— 
CALCIUM BALANCE 

Calaum is found m food as both orgamc and 
morgamc compounds, but probably it is absorbed 
only m the morgamc form Absorption occurs 
mainly from the upper part of the small intestine 
The reaction of the mtestinal contents is an im- 
portant condition m the absorption of this mmeral, 
its salts, for the most part bemg readily soluble m 
aad but msoluble m alkalme media Gastric an- 
aadity, therefore, tends to reduce calaum absorp- 
tion Sugars, especially lactose, which m their 
fermentation yield orgamc aads m the mtestme, 
favour absorption Fats (free from vitamm D) re- 
duce calaum absorption on a high Ca, low P mtake, 
owmg most probably to the formation of msoluble 
calaum soaps, but for some reason, perhaps the 
production of soluble complexes with fatty aads, 
such fats maease the absorption of calcium on a 
diet with a low Ca/P ratio Protem food tends to 
maease the absorption of calcium smce the latter 
forms soluble complexes with certam ammo acids 
Soluble calaum salts, such as the chlonde, carbon- 
ate, lactate, and gluconate, but not the relatively 
msoluble phosphate, are readily and, m moderate 
dosage, almost completely absorbed After the m- 
gestion of a large dose of a soluble calaum salt, 
the serum calaum level rises, reachmg its maxi- 


mum value m about two hours The normal serum 
concentration is reached agam about three hours 
later It is not possible to mamtam the calaum level 
above normal for any considerable time by the 
admmistration of calaum salts 

Milk IS the best dietary source of calcium, but 
important amounts (up to 0 2 gram daily) of 
available calcium may be obtamed from “hard” 
drinkmg water The calaum of many vegetables 
IS well utilized by the rat, the calcium of carrots 
(and probably of certam other vegetables as well) 

IS readily absorbed by the human mtestme, bemg 
nearly as valuable as that m mUk Spmach and 
other plant foods contammg oxahc or benzoic 
aad, which form relatively msoluble compounds 
with calcium, reduce calaum absorption In cereak 
(wheat, oatmeal), owmg to their content of phytic 
acid (mositolhexaphosphonc acid) which combmes 
with calcium and magnesium to form an msoluble 
salt, much of the mmeral is unavailable The action 
of phytic acid m the mtestme depresses the ab- 
sorption of calaum m other foods as well While 
wheat flour has a higher phytic acid content than 
has whtie flour and, therefore, is a poorer source of 
absorbable calcium As mentioned ekewhere (ch 
55), the phosphorus of phytic aad is ako largely , 
unavailable. These facts explam the decalcifymg 
action of certam cereak 

Calaum is seaeted mto the small mtestme m 
various digestive juices, but httle is ehmmated 
through the wall of the colon The exaetion of 
calcium contmues upon a calcium-free diet or dur- 
mg a fast and, under these conditions, the body is 
m negative calcium balance In man, on an ordi- 
nary mixed diet the calcium of the feces amounts 
dafly to from 0 4 to 0 8 gram, this, though a con- 
siderable amount is endogenous, is mainly the un- 
absorbable calaum of the food 

Smaller quantities of calcium are exaeted m 
the urme, an average of 150 mg bemg lost daily 
by thic; route, though there are rather wide varia- 
tions An maease or deaease m the absorption 
of calcium is reflected m parallel changes m the 
urinary exaetion 

The calcium balance, that is the difference be- 
tween the quantity of calaum mgested and that 
exaeted m the urine and the feces, is positive 
(calaum retention) durmg growth, pregnancy, acro- 
megaly, or after a period of calcium starvation 
Sherman and Hawley found that children from 
three to thirteen years of age, upon a dafly cal- 
aum mtake of from 0 74 to 1 02 gram of calaum. 
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utilized (i e , retained) from 015 to 0 62 gram 
per day, the quanUtj retamed w-as m proportion 
to the size of the child (0 01 gram daily per kilo- 
gram) In adults, Breiter and his colleagues 
found that the utilizaUou of the calaum of milk 
varied from 15 3 to 30J per cent The calaum bal- 
ance IS negative m infantile rickets, celiac and renal 
rickets, sprue, osteomalacia, hyperparathyroidism, 
hyperthyroidism (pp 858, 810), dunng starvation 
ov calaum deficiency, and usually dunng lactation 
In infantile nckets (p 764), celiac nckets, and 
osteomalaaa (p 768), \utamm D admmistration 
reduces the negative balance, establishes cal- 
aum equflibnum or mduces a positive balance 
This vitamm mcreases the absorption of calaum 
from the mtestme m normal as well as m rachitic 
animals and augments the deposition of calcium 
and phosphorus (as bone salt) m the normal gron - 



Fig 60 9 Front and side news of skeletons of twin 
brothers (albino rats), one of which had receiied a diet 
of nonn^ calaum content (wheat, meat, and milk) 
while the other had received a low calaum diet (wheat 
and meat) (After Sherman and MacLeod ) 

mg skeleton and m nckets Calaum deposition is 
also influenced bj Mtamins A and C (p 747 and p 
759) The dad) calaum requirement and the cal- 
aum contents of vanous foods are gii en m chapter 
56, pp 779 and 780 (see also fig 60 9) 

BONE 

The composition of bone Osseous tissue freed 
from fatty marrow is composed of orgamc matenal 
(maudy protein), water and mmerals The chief 
protem constituent is ossein, but there are also 
small quantities of osseomucoid and an albuminoid 
Water constitutes about 25 per cent of the bone 
waght, orgamc matenal 30 per cent and morgamc 
constituents 45 per cent The mmerals consist of 
Ca, P, hig, and small quantities of potassium, 
sodium, chlonne, flnonne and iron Citrate is 
present m bone, mdeed, 70 per cent of the body’s 
entire store of atrate is contamed m the skeleton 


The existence of a diffusible atrate-likc compound 
of calcium in serum has been mentioned That 
citrate and calaum metabolism are intimatcl) 
associated seems established, but the nature of the 
relationship is unknown (sec also p 870) 

Calaum makes up from 15 to IS per cent of the 
weight of fresh osseous tissue and from 20 to 25 
per cent of the weight of bone which has been 
dned and extracted with ether 
Bone calaum exists in two forms, calaum 
carbonate — CaCOj — and tncalaum phosphate — 
Cai(PO0 * The ash of bone amounts to about 
60 per cent of its dry weight Calcium constitutes 
about 36 per cent of the ash, phosphorus about 
16 per cent, magnesium 0 5 per cent and COj 5 5 
per cent The ratio of calaum to phosphorus is 
approximatcK 2 2 to 1 The ratio of residual 
calcium (i e , calaum other than that present as 
carbonate) to residual phosphorus (phosphorus 
not combined with magnesium) is about 2 to 1 
This IS, approxunatel) , the ratio of the two mm- 
erals in tncalaum phosphate Magnesium is 
present mainK as Mgi(P 04 ) The proportions 
of the three chief compounds in bone ash arc 
Caj(P 04 ) 80 per cent, CaCOi 13 per cent and 
Mgj(POi) 2 per cent Some of the foregoing data 
are gi\ en in table 82 

RickcU bone con lams a lower percentage of 
ash and larger proportions of water and organic 
matenal The ratio of calaum to phosphorus, 
however, rcmauis unchanged whether the nckets 
(expcnmental) develops upon a low calaum or a 
low phosphorus diet The magnesium content of 
bone is said to be maeased m nckets and in 
osteomalaaa 

It IS now general!} believed that the calaum 
carbonate and calaum phosphate of bone arc 
present not as separate compounds simply mured 
together with smaller amounts of other mmeral 
salts, but as a complex chemical structure. 

From a comparison of the refractiv'e mdices and 
X-ray diffraction patterns of bone and dental 
enamel on the one hand, and certam erv stallme 
minerals composed mainly of calaum and phos- 
phorus, Tavlor and Sheard concluded that the 
morgamc solid phase of hone and of dental enamel 
resembled the apatite senes (jxidohte, fluorapatite, 
etc.) Fluorapatite which many consider to be 
nearest m chemical structure to the bone salt has 
the formula, Caio(OH) (POOb In bone, h\droxy- 

‘Small amounts of calaum chlonde and calaum 
nuonde are also present 
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apaltte, Caio(OH)j(PO<)e m which OH replaces F., 
or a closely similar compound is very generally, 
though not unanimously, accepted as the predom- 
mant compound m bone The bone salt is laid down 
m the form of minute crystals Compounds m 
which sodium, magnesium and other minerals are 
substituted for Ca are also found m bone 
The ratio of total calcium to phosphorus, 2 2 1 
(or 10 atoms of Ca to 6 of P) and that of residual 
calaum to residual phosphorus, 2 1 (9 atoms Ca 
to 6 of P) which exist m bone also support this 
conclusion 

Pathological calcifications, e g , salivary calculi, 
artenal or pulmonary calcifications, are believed 
to be smiilar m chemical composition to bone 

TABLE 82 


Calctum of bone (dog) 



1 

m WHOLE BOKE 

IN 

BONE 

ASH 

C P 

BATIO 

1 

Fresh I 

Dry, 

ether 

ex- 

tracted 

Total calaum (per cent) 

18 

25 

36 

2 2 1 

Residual calaum (per 





cent) 



31 

2 1 


Hastmgs and his associates hold a similar view m 
respect to a crystallme compound related to the 
apatite senes as bemg the mam mmeral constitu- 
ent of bone 

It IS perhaps well to point out that adult bone 
IS not simply an mert structural material but 
hving tissue whose mineral composition fluctuates 
under the mfluence of other body functions The 
trabeculae of the bone, as shown by Aub and 
assoaates, constitute a calaum store readily 
available when necessary for the mamtenance 
of the calcium requirements of other tissues when 
the exogenous supplies are deficient For this 
reason, though calaum contmues to be excreted 
when an animal is kefit, even for a long penod 
upon a calcium-free diet, no change m the serum 
calcium level occurs Parathyroid extract, as men- 
tioned elsewhere, raises the serum calaum through 
its action m mobilizmg these calcium stores 

In birds, the extraordmary demand made upon 
calcium metabolism for the production of the egg- 
shell has been provided for by the development of 
osseous tissue within the marrow spaces of the 
long bones Weakening of the essential skeletal 
structure which otherwise might result from the 


withdrawal of the mmeral durmg the egg-laymg 
season is thus avoided The growth of this so- 
called medullary bone is stimulated by estrogens 
Normally, its growth appears to be under the 
control of the ovanan seaetion, it is cychcal or 
seasonal m character, and is assoaated with other 
phenomena of the mating season of birds, e g , the 
appearance of serum vitellm m the circulation, an 
mcrease m plasma fat and phosphohpid, and 
pronounced hypercalcemia 

The bones also serve a detoxicatmg function, 
elements such as lead, radium, fluonne and arsemc, 
bemg removed from circulation and deposited m 
the bones and teeth “Mottled enamel” (chalky 
white patches upon the surfaces of the teeth) is 
attnbuted to an excess of fluonne m the food or 
drinking water, though smaller amounts of fluonne 
are said to be beneficial for the development of the 
teeth and to prevent dental canes The mobiliza- 
tion of bone calaum plays a very minor r61e m 
mamtaimng the normal blood reaction agamst the 
ingestion or production of excess acid Some re- 
duction m bone calaum can be detected, however, 
m animals after the administration of hydro- 
chlonc aad 

Bone formatwn The Histology of Developing 
Bone There are two types of ossification, tntramem- 
branous and tntracarhlagmmts or endochondral The 
bones of the aamal vault and the mandible are formed 
through the ossification of membranes The bones of 
the limbs and trunk and the base of the skull are first 
modeUed m cartilage which becomes transformed mto 
bone by both endochondral and mtramembranous (i e , 
penosteal) forms of ossification Studies with radio- 
active isotopes have shown that calcium and phosphorus 
are first laid down in the epiphysis of the developmg 
bone, and are later transferred to the shaft (dtaphysts) 
where a primary center center of ossification appears, 
and, enlargmg, spreads toward both ends of the bone 
Secondary centers appear subsequently m the epiphy- 
ses The deposition of calaum is hastened by vitamm D 
(fig 60 10) The cartilage cells just ahead of the spread- 
mg zone of calcification show active proliferation, be- 
cormng arranged m longitudmal rows The transforma- 
tion of the calcified cartilage mto true bone is brought 
about after the foUowmg fashion The cells of the deeper 
layers of the membrane covenng the cartilage — ^pen- 
chondnum — give o5 long processes to form a meshwork 
of mterlacmg fibers These cells are referred to as 
osteoblasts The fibrous framework thus laid down soon 
becomes impregnated with calaum salts with the 
formation of a layer of true bone just beneath the 
penchondnum, or periosteum as it must now be 
called The subpenosteal process, which is essentially 
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the same as that Vihcrcbv the cranial bones are de- 
t eloped from membrane, is nell ad\-anccd nhile ^ 
intenor of the bone sutl consists mercl) of calnfied 
cartilage The latter, honcier, soon becomes mraded 
b> blood \-csseE from the penosteum and b) large 
multmucleatcd cells (20 to 40 u) bnoim as csteodaits 
These cells, nhich have a pronounced eroding action 
upon the minerabzed cartilage, probablj through the 
production of an cimme, tunnel channels through_it 



Fig 0010 Dt\ eloping bone, pronmal phalanx of a 
three month human fetus, ini, unchanged cartilage, 
in columns of cartilage cells, ktti zone of calcifying 
cartilage hr, icsligcs of avails of broken doaat carti- 
lage caaitics, pi, penchondral (periosteal) bone ^laci.), 
f/ penchondnum (penosteum),* connection ^laaecn 
jienosKum and pnmarj marroaa As jet, no endo- 
chondral bone formation (From Maximoaa and Bloom 
after Sobotta ) 

for tlic conaeannee of the blood a-csscls and cscaamle 
small caaiiics Tlie c-vcaa-ations in aahich the ostco 
clasts he arc knouai as llcvskip’s lacunae Osteoblasts 
V hich haa-c adaunced into the intenor aaath the blood 
acs els cause ihc formation of true osseous tissue m the 
aaalls of the spaces formed bj the osteoclasts. 

\t a somtaahat later date than that at which the 
pnmara osnficalinn center appears m the shaft, a 
second in or epiphj-scal center ap])car 3 in one or both 
CTili nl the War The calcification process and subsc 
quern o iiication follow the same course as that dc 
i-nixal tor the diaphj-sis The epiphjscal and dia 


phj-seal areas, however, reinam separated from one 
another by a laj er of imcalofied cartilage, the epi- 
physeal plate, until a certain age, which vanes between 
different bones 

Through the combined action of osteoclasts and 
osteoblasts a complete replacement of the calafied 
carulage results and the stnicture characteristic of 
bone gradually evolves The center of the shaft be 
comes hollowed out to form the medullary canal The 
spaces which have been formed by the osteoclasts in 
the shaft of the bone itself become joined together and 
constructed into the sj’stem of Haversian canals which 
serve as conduits for the transmission of blood vessels. 
In the ends of the bones the spaces are much larger and 
irregular, and becoming filled with red marrow consti- 
tute the charactenstic sjvongy or cancellous bone of 
this region The walls of these spaces appear in cross- 
section as interlacing bars of osseous tissue and are 
usually referred to as trabeculae The bone fonmng the 
walls of the Haversian canals is laid down m a senes 
of concentnc tubular lamellae. As each lamella is 
completed it imprisons the osteoblasts within small 
lacunae from which numerous fine canals axe given off, 
mto these the processes of the osteoblasts penetrate. 
The osteoblasts m these situations lose their osteo- 
genetic function but do not disappear In the de- 
veloped bone they are referred to simply as osseous 
cells or osteocytes 

A long bone grows m length at the junction of the 
epiphyses wnlh the diaphysis and in thickness through 
the activity of the osteoblasts of the deepier laj ers of 
the penosteum The Haversian canals and the marrow 
cavity are also hned with a membrane — the endosteum 
— contaimng osteoblasts through which mcreased 
width of the bone is also brought abouL 
The osteoblasts and osteoclasts are concerned not 
only with the development and growth of bone, but 
are active throughout life and are responsible, it is 
behoved, to a large extent at any rate, for the lability 
of adult osseous tissue (p 863) Healthy bone is con- 
stantly being broken down, resorbed and repaired 
Several conditions maj' alter the balance one way or 
the other between these two processes, e g , the rela- 
tion of the calaum intake to the caloum requirement 
and the acliviUes of vanous ductless glands — para- 
thjroid, thjToid, pituitary, etc Large numbers of 
osteoclasts are in evidence when bone resorption is 
taking place Osteoclastic activitj is therefore pro- 
nounced when remodeUing of bone is occurring, as m 
the removal of excess callus or in the restoration to 
normal dimensions of the enlarged end of a bone in 
heahng rickets, in certain bone diseases, and m wasting 
diseases In old age also, the resorptive process out- 
stnps the processes of repair, the bones become rare- 
fied (lenife osteoporosis) and more fragile Ham and 
some other authonUes denj that the osteoclasts are 
active agents in the removal of the bone tissue, claim- 




Chapter 60 


PARATHYROID GLANDS 


865 


mg that appearance of these cells is merely inadental 
or sequential to the resorption process 

When bone formation is m the ascendancy, as dur- 
mg the repair of a fracture, the osteoblasts show active 
prohferation 

Newly formed bone is stained selectively in vivo by 
madder, a red dye, or by ah 2 ann, a denvative of it 
These are therefore valuable agents for the investiga- 
tion of the growth of bone in the hvmg animal or of 
the action of parathyroid hormone and other influences 
upon bone metabolism The dye, which is given orally, 
IS deposited wnth the mmeral constituents, calaum and 
phosphorus 

A Consideration of the Factors Under- 
lying THE Calcification Process Several the- 
ones have been advanced m attempts to picture 
the processes underlymg the deposition of calaum 
salts m the cartilagmous matrix The four prm- 
apal theones are as follows 

(1) A protem constituent of cartilage, it has 
been supposed, adsorbs calcium, for which it 
exhibits a speaal affinity, the calaum subse- 
quently combmes with phosphorus to form tncal- 
aum phosphate Wells showed, for example, that 
bone salts were deposited m a piece of bofled 
cartilage placed m the abdommal cavity 

(2) The saturation of a solution with a salt 
such as calcium phosphate and the precipitation 
of the latter m solid form is determmed by the 
product of the concentrations of the Ca"*^ and 
PO 4 " 10 ns m the solution, 1 e , upon the ion 
product [Ca++] X [POi"], and not upon the total 
quantities of calaum and phosphorus present. 
The ion product at which the solution is just 
saturated is called the solubility product The pres- 
ence of protem m the solution reduces the degree 
of ionization, part of the calaum, as we have seen, 
becoming bound to form calaum protemate, a 
weak electrolyte The body fluids are therefore 
capable of dissolvmg more calaum phosphate than 
15 a protem-free solution sunilar m its salt com- 
position to that of plasma The COj dissolved m 
the body fluids also mcreases their ability to hold 
calaum salts m solution Any reduction m the 
protem condentration or m the COj tension m the 
body fluids would therefore be expected to favor 
the deposition of calaum salts 

An explanation of the calcification process upon 
a basis afforded by the foregoing considerations 
has been advanced by Howland It is assumed 
that the fluids bathmg the cartflage cells have, m 
common with other extravascular fluids, a lower 
protem concentration than has plasma It is fur- 


ther suggested that smce the cartilagmous matrix 
has a low metabolism, the COj tension of the 
fluids bathmg its cells is lower than that of plasma, 
the pH of these fluids will therefore tend to be 
higher Such conditions it is argued must favor 
the deposition of calaum salts A low concentra- 
tion of inorganic phosphorus and of calaum m 
the plasma will, on the other hand, tend to re- 
tard calcification, this would be completely ar- 
rested if the ion product were below the value at 
which preapitation occurs In practice Howland 
and his assoaates have employed the product of 
the total calaum and morgamc phosphorus, each 
expressed m milligrams per cent, as an mdex of 
the calcification process m infantile nckets They 
state that m children with active nckets the prod- 
uct IS practically always below 40, and when the 
disease is severe, below 30, whereas m normal 
children it is between SO and 60 (le, Ca 11 X 
PS = SS) It IS obvious that a fall m either m- 
orgamc phosphorus or calaum would tend to 
lower the Ca X P product, actually two vaneties 
of nckets were distmguished — a low phosphorus 
and a low calaum type It is now recognized, 
however, that these are simply different stages of 
the disease and that the level of the morgamc 
phosphorus alone is a more useful cntenon by 
which to judge the extent of the calcification defect 
than the Ca X P product For example, when 
nckets IS progressmg, the morgamc phosphorus of 
the plasma is lowered to between 3 and 4 mg or 
less per cent, but the serum calcium is not far from 
the normal level Durmg the stage of healmg, 1 e , 
of active calcification, the morgamc phosphorus 
tends to nse and the serum calcium to fall (pp 
851 and 853) , there might therefore be little change 
m the Ca X P product 

Another factor considered to be of importance 
m the calcification process is the supersaturalion 
of the body fluids with calaum salts That is, 
quite apart from the greater solubflity of calcium 
salts m fluids contammg protem and COj, the 
concentrations of calaum phosphate and calaum 
carbonate m the body fluids are constantly mam- 
tamed above theur saturation limits, owmg to the 
extreme slowness with which final equflibnum 
between the solid and liquid phases is established 
Precipitation of these salts from solution will 
contmue so long as the ion product is above that 
of the saturation level 

Calcification, however, cannot be explamed 
upon a physico-chemical basis alone, the activity 
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o! living cA\% IS also mvnlved m the piticess. 
Shiplev, Howland and Kramer showed, for ex- 
ample, that m e:g)enments in vitro calcification 
was inhibited by a protoplasmic poison such as 
HCK Two vnews have been expressed as to the 
nature of the vital processes concerned. 

(3) Watt, from a comparison of the shapes of 
calaum phosphate partides preapitated m certam 
inert colloids with those fonned m bone, conduded 
that calcification was not a sample precipitation of 
calcmm phosphate from solution but was due to 
the active secretion bj the osteoblasts of bone salts 
derived from the calaum and phosphorus of the 
blood. 

(4) \ccoidmg to Robison and his colleagues, 
calcification is pnmarili dependent upon enzj-me 
action tViTo ngb whidi the fluids m immediate 
rdation to cartilage cells become highlj super- 
saturated with calcmm phosphate. These obsen- 
ers have accmnnlated mudi endence m faimr of 
their view Thej have demonstrated the presence 
m bone (and also m plasma and other tissues, see 
below) of an enzyme capable of hixfrolyzmg I’an- 
ous pho^honc esters, e.g , hexose-monophosphate, 
gly cemphosphate, etc This enzyme is called phos- 
pkolase. It is beheied to be a product of the 
osteoblasts, the proliferatmg cartilage cells and 
the rrfk of the mner layer of the pienosteum 
Accordmg to this conception of the calcification 
process the enzyme liberates morganic phos- 
phate from phosphonc esters and raises, locally, 
the concentration of the PO»“ ion The product of 
the coacentratioas of the Ca"*^ and PO “ ions 
then exceeds the solubfiity product of calaum 
phosphate, which is m consequence deposited m 
the cartilagenous matrix. 

Evidence bearmg upon this hypothesis is as 
follows 

(a) It was shown by Robison that when the head of 
a bone from a tachiUc rat was immersed m a solnbon 
of calaum herosemonophosphate at body temperature 
a depoat of cakram phosphate occurred m the zone of 
preparatory calcification (p 764) This was attrib- 
uted to the nberatioa by pbospbatase of inorgamc 
phosphate from a phosphonc ester, thus laismg the 
pmdnct of the concentrations of PO.“ and Ca"^ ions. 

(b) Shiplq, Emner and Howland found that cala- 
ficabon of a ladnbc bone occurred if placed in normal 
serum. Calaficabon also resulted if the bone were 
placed m a sterfle solubon of inorganic salts containing 
soffit chlonde, sodhim bicarbonate and magnesium 
S’^hale, together with calaum and moigamc phos- 
^te m the same coaceatrabons as m normal serum. 
They conduded that Eving nrocesses were concerned, 


ance calaficabon was mhibited by HCN They be- 
heved, howei-er, that phosphatase could have played 
no part m the process for the artifiaal solubon did not, 
of course, contain a phosphonc ester 

(c) Robison claimed that the result of the eipen- 
mcnt just descnbed was dependent upon the fact that 
m the solubon used, the concentrabon of the calaum 
phoqihonis compound was near the pomt at which 
spontaneous preapitabon might be expected to occur 
In normal plasma, as already menboned, calaum and 
pboqibonis remain in solubon at these conccntrabons 
because it contains protem which depresses the loni- 
zabon of calaum, the ion product upon which preapi- 
tabon depends is therefore considerably lower Robison 
and Soames showed that calaum phosphate preapi- 
tates after a few days from a solubon such as that 
emploicd b\ Shipley and assoaates if simph allowed 
to stand It was found mdeed bi the latter woricrs 
that the addibon of protein to the extent of 1 or 2 per 
cent, mhibited the calaficabon of the immersed bone. 
Robison and Soames showed later that though calafi- 
cabon of rachibc bone will occur when immersed in a 
solubon containing calaum and phospborus if the 
concenirabons are suffiaentlj high, le., Ca X P 
product o\er 40 (4 mg P and 10 mg Ca per 100 cc), 
calaficabon wilJ not occur if the product is lower than 
this unless a phosphoric ester is added Quite small 
amounts of the ester (glixerophospliate) were suffiaent 
to cause calaficabon. 

(d) Phosphatase is present m bone in largest amounts 
when and where acbve calaficabon is taking place (see 
below) which strongly suggests that it plavs an essen- 
tial rile m the calaficabon process 

(e) Certai n facts have been ated as opposed to the 
phosphatase hi-polhesis (a) in nefcets the phosphatase 
acbvity of bone and plasma is mcreased rather than 
the reierse, and m the blood of rachibc rats the per- 
centage of phosphonc esters hsdrolyzable by phospha- 
tase IS not below normaL (b) Normal plasma contains 
only sen . small quanbUes of phosphonc esters, which 
seem inadequate to supph the morganic phosphate 
nectssan fo- the calaficabon process, (c) Certam 
tissues which do not calafs normalli are nch m 
phosphatase while other tissues such as the arteries, 
which are frequently the ate of pathological calafica- 
bon, do not contam the enznne. 

Robison does not contend, howeier that the phos- 
phatase mechanism is the only one concerned m the 
calaficabon process for, as menboned above, calafi- 
cabon will occur m the absence of a phosphonc ester 
provided the conccntrabons of calaum and morgamc 
phosphate are suffiaentlv high. He and his colleagues 
found that when bone shces were treated with KCX 
or with certam fat solvents (alcohol, chloroform or 
acetone) before plaang them m the supersaturated 
sohiuoa, calaficabon did not occur m the absence of 
glycerophosphate. These substances, however, exerted 
little or no inhibitory effect if glyxerophosphate were 
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present, i-e., the phosphatase mechanism was not 
paralyzed and calcification proceeded Form alin , on 
the contrary, prevented calcification whether a phos- 
phonc ester was present or not These results, m 
Robison’s view, pomt to two distinct mechanisms 
govemmg the calcification process (a) The phospha- 
tase mechanism, poisoned by form alin , which produces 
m the fluids bathmg the cartilage cells a state of 
supersaturation m respect to bone salt (b) A mecha- 
nism poisoned by several agents, espeaally cyanide, 
which IS responsible for the deposition of bone salts 
from a supersaturated solution, whether this is the 
result of phosphatase action or is brought to the 
cartilage matrix from another source The nature of 
the second mechamsm is unknown It may be due 
Robison suggests, to a “sbght mcrease in the pH of 
the matnx flmd brought about by some membrane 
equihbnum ” Since this mechamsm is inhibited or 
paralyzed by cyamde it is evidently dependent also 
upon the activity of living cells 

The dtslrtbuiton and properties of hone-phosphatase 
— “alkaline?' phosphatase 

Phosphatase is present in greatest amounts m 
ossifymg cartflage, m smaller amounts m formed 
bone, but is absent from restmg epiphyseal car- 
tilage and from non-ossifymg cartilage m other 
situations It was shown by Robison to be absent 
from the patella before the appearance of the 
ossification center m this bone but present there- 
after The teeth of young animals contam it m 
relatively large amounts It is present m milk® 
and also m the floral parts of plants 

The optimum pH for phosphatase activity is 
around 9 0 Magnesium ions greatly increase the 
activity of the enzyme, whereas calcium ions are 
mQdly inhibitory Phosphatase actmty has been 
demonstrated m a number of tissues (see table 83) 
The “alkaline” phosphatase m plasma kidney and 
intestme are probably identical vuth that found 
in bone ' Bone is apparently the mam if not the 
sole source of plasma phosphatase, smce this is 
not appreaably reduced after the removal of 
vanous organs (mtestme, kidney, spleen, pan- 
creas, etc.) Phosphatase is excreted by the hver, 
a marked nse m plasma phosphatase therefore 
occurs m obstructive jaundice and m jaundice 

' Kay and Graham have mtroduced a test by which 
one may determme whether a given sample of milk 
has been properly pasteurized The test is based upon 
*ie fact that the temjierature used m the pasteuriza- 
tion process destroys the activity of the enzyme 

* Pho^hatase activity is expressed as the number of 
mg of morgamc phosphorus hberated per gram of 
f^ue from sodium ^-glycerophosphate after 48 hours 
hydrolysis at the optimum pH and at a temperature 


due to hver damage, but not m the purely hemo- 
lytic type (chapter 40) 

The followmg phosphoric esters are hydrolyzed 
by bone phosphatase — hexosediphosphonc ester 
(of Harden and Young), phosphopeptone from 
casern, guanylic and adenylic aads of yeast 

TABLE 83* 

Relative phosphatase activity of tissue eociracts pre- 
pared under similar conditions from vanous 
mammalian tissues 


ebference 



Forrai 

(1923) 

Robi- 

son 

(1923) 

Kay (1928, 1) 

Kay 
1931 2 

Man 

Young 

rabbit 

Adnlt 

Adult 
rat — 
average 
of 4 

Rab- 

bit 

Cat 

Man 

Tissue 







Intestme 

100 






Duodenum 



50t 

93t 

57t 

46 

Jejunum 



loot 

loot 

85t 

33 

Heum 



53t 

81t 

loot 

15 

Colon 



17t 

34t 

27t 

6 

Kidney 

58 

36 

33 

38 

35 

100 

Ossifymg cartilage 


100 





Whole bone 



20 

10 


76 

Liver 

16 

43 

12 

4 

6 

4 

Pancreas 

8 

11 





Lung 



10 

26 

7 

20 

Blood 


14 




1 

Tesbs 

12 





13 

Bram cerebrum 



3 

3 

4 

7 

Cardiac muscle 



1 

1 


5 

Skeletal muscle 


4 

1 

1 


2 

Artery 




NU 

Nil 



• Modified from H D Kay, Phjrs Rev 1932, 12, 
p 388 

t Mucosa only 

The figures in each col umn are relative one to the 
other, but the different columns cannot be compared 
quantitaPvely 

nudeic aad, pyrophosphonc aad, and fructose 
phosphonc aad Inosmic aad and pynmidme 
nucleotides (ch. 48) are hydrolyzed by mtestmal 
and kidney phosphatase and also probably by 
bone phosphatase 

The pathological calcification of artenes such 
as the aorta, which Elay states does not contam 
the enzyme, cannot be satisfactorily explamed 
upon the phosphatase hypothesis 

The phosphatase m bone and the other sohd 
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tissues mentioned is reduced by the admmistra- 
tion of irradiated ergosterol in amounts which 
bause the withdrawal of calcium from the bones 
and calcification of the tissues, whereas small doses 
cause an mcrease On the other hand, it has been 
shown by Kay that the plasma phosphatase is 
Increased, often markedly, in diseases involving 
extensive changes in bone structure (see table 84) 
Certain tissues, e g , kidney, serum and semen, 
but especially the human prostate, contam an 
“aad” phosphatase Its opUmum pH is between 
4 and S 4 Its concentration m the serum is in- 
creased m prostatic cancer with metastascs 

DEPECTS OF OSSIFICATION AND PATHOLOGICAL 

CALCIFICATIONS 

Diseases oj hone 

Several of these have been considered m other 
parts of the text — infantile rickets m chapter 55 
and on pages 851 and 865, late rickets and osteo- 
malacia on page 768, and osteitis fibrosa cystica 
on page 858 

The hardness, strength and ngidity of healthy 
bone depend upon the proportions of the organic 
and morgamc constituents mcorporated into its 
structure, much as the properties of a plaster 
bandage depend upon the impregnation of the 
cotton mesh with plaster of Pans The mineral 
and fibrous components are of equal importance, 
each reinforces the other The cotton bandage has 
a certam tensfle strength but lacks ngidity, a 
cast of plaster of Pans alone has maximum ngid- 
ity, but IS bnttle and readily broken or crushed 
In most bone diseases the normal proportions be- 
tween these two components are altered In nckets 
and osteomalacia, for example, the bone salts are 
reduced m relation to the organic material In 
these diseases, as also m osteitis fibrosa cystica, 
the bones are m consequence softer and more 
yieldmg than the normal In certam other bone 
conditions the proportion of mmeral to organic 
matenal is increased The bone as a result is bnttle 
and easily fractured In other instances agam 
there may be little change m the proportion of 
these two matenals but the mass of the bone is 
mcreased or diminished with correspondmg vana- 
tions m strength 

OsUilis deformans (PagePs disease) is a disease of the 
skeleton involving mainly the bones of the skull, pelvis, 
hmbs and spine The cranium is enlarged and its wall 
greatl> thickened, the long bones of the hmb are massive 
and curved, the back is bowed (kyphosis) and its move- 
ments restneted The organic matter of the bones is m 


creased and the calcium content dcCTcascd, but the 
total amount of phosphorus is not far from normal A 
pronounced degree of artenosclerosis is frequently a 
feature. There is good evidence that the overgrowth 
of osseous tissue is secondan to a pnmary bone de- 
struction Metabolic studies in this disease have ynelded 
little information though there is said to lie a retention 
of calaum and phosphorus 


TABLE 84* 

Changes in the phosphatase content of the plasma in 
disease 



KUU 

vrr 

or 

CASES 

mOSPllATASr COVTIKT or 
TLASUA 

IIlshMt 

Low 

Wl 

Mean 



unit 

unit 

unii 

Arthntis without bony 





changes 

11 

0 33 

0 11 

0 17 

Arthntis with bony 





changes 

7 

0 25 

0 09 

0 17 

f 

7 

0 75 

0 27 

0 47 

Exophthalmic goiter \ 

fit 

0 S3t 

0 19t 

0 36t 

Osteomyelitis 

8 

0 41 

0 14 

0 27 

Tragihtas osseum (in 





fants or children) 

6 

0 66 

0 16 

0 41 

Acromegaly 

2 

0 32 

0 22 

0 27 

Rickets (infantile)J 

13 

1 7 

0 42 

1 03 

Rickets (renal) 

2 

1 5 

0 9 

1 2 

Adolescent nckets 

1 



>2 4 

Osteitis fibrosa (general f 

3 

>2 5 

1 5 

>1 8 

ized) \ 

3t 

1 8t 

1 06t 

>1 31t 

Osteitis deformans 

24 

3 4 

0 65 

>1 7 


* Modified from H D Kay, Phys Rev , 1932, 12, 
412 

t Hunter (1930) 

t Average for normal infants of approximately same 
age = 0 32 arbitrary unit Average for normal adults 
>= 0 10-0 21 uniL 

Fragilitas ossium (osteogenesis imperfecta) is a con 
gemtal disease characterized by thinness and extreme 
fragility of the skeleton, espeaally of the long bones 
and nbs The emmum shows defective calafication 
Fractures result from the most tnvnal injuries or may 
occur without any apparent cause Union and healing 
of the fractures occur, however, as readily as in a nor- 
mal bone The bones have a low calaum content, the 
cortex IS very thin and the medullary cavnty dilated 

Achondroplasia is a congenital disease in which en 
dochondral ossification (p 863) of the limb bones, 
espeaally the humen and femora, is defective Pen- 
osteal ossification is acbve The long bones arc there- 
fore much shorter and thicker than normal, strong and 
dense. A charactensUc type of dwarf results — short 
arms and legs with a trunk and head of almost normal 
dimensions The bones of the base of the skull fuse 
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prematurely and the development of certam faaal 
bones is abnormal Achondroplastic dwarfs develop as 
a result of these abnormahties a distinctive faaes — 
depressed nasal bndge (pugnose), broad forehead and 
prominent lower jaw 

The cause or causes of the three foregoing osseous 
abnormalities is unknown The possibility of some 
endoenne disorder, of course, comes to mind, but there 
IS little or no evidence of such 

Marble or chalky hone {Albcrs-Schdnbcrgs disease) 
In this condition the densitj' of the bone is greatly 
increased, the cancellous tissue is filled with a chalky 
material and the medullary canal may be almost ob- 
hterated bv the concentnc thickemng of the shaft 
The excessn e calafication, how ever, renders the bones 
soft and brittle Calafication of soft tissues — arteries, 
lungs, tendons — is often a feature The disease is ex- 
ceedingly rare and is mentioned here only because of 
the interesbng possibility that some abnormality of 
parathyroid function is responsible. A case has been 
reported by French observers in which there was en- 
largement of the parathyroids, and Selye has produced 
in rats a state of increased bone densitj , which he con- 
siders comparable to this disease, by the administration 
of parathyroid extract after the animals had become 
tolerant to the usual action of the hormone. 

Renal rickets, renal osteitis fibrosa cystica or 
generahsata This is a condition commencing most 
usually m childhood and associated wnth chronic 
nephritis, rarefaction of the skeleton, dwarfism, 
low serum calaura and sometimes, calaum de- 
posits m the soft tissues, especially m the kidneys, 
there are also acidosis and phosphate retention 
The parathyroids show' hyperplasia We have seen 
that a nse in serum phosphate causes a reciprocal 
reduction in serum calaum and it is usually 
held that the hj'pocalceraia seen m this disease 
IS due to the retention of phosphate resultmg from 
the renal msufiSaency The hypocalcemia so pro- 
duced causes, it is presumed, a dram of calcium 
from the bones Increased excretion of phosphate 
into the mtestme as a result of the diminished 
excretion by the kidney, with consequent depres- 
sion of calaum absorption (p 861) is possibly a 
contnbutory factor m the production of the low' 
serum calcium Albnght and his colleagues sug- 
gest that renal osteitis fibrosa generahsata (p 
^8) IS a more appropriate name for this disease 
than renal nckets inasmuch as the histological 
changes m the bones are mdistmguishable from 
Primary hyperparath3Troidism This brmgs up the 
question af'to whether the demmeralization of the 
skeleton is due to the hyperparathyroidism m- 
duced as a compensatory reaction to the low serum 


calaum In the opimon of Albnght and his asso- 
aates, the w'lthdrawal of calaum from the skeleton 
IS not directly due to the parathyroid hyperplasia, 
1 e , to the parathyroid hormone itself, but to the 
aadosis which results from the failure of the dis- 
eased renal tubules to produce ammonia Calcium 
IS used as a base for the neutralization of aad, 
the tendency toward a faU m serum calcium is met 
by the withdrawal of calcium from the bones 
Parathyroid hyperplasia occurs as a compensatory 
reaction to the h3'pocalcemia The effect upon the 
bones w'as found to respond to measures which 
reduce the aadosis 

Calcification of soft tissues 

Dystrophic Calcification is the term apphed 
to the deposition of calaum salts m dead, dymg or 
chromcally inflamed tissues and m areas of fatty 
or hyalme degeneration Thus areas of necrosis, 
infarcts, scar tissue, caseous tuberculous areas 
and degenerated nerve cells, tend to undergo 
calafication Calcification also occurs m the m- 
farcts of the placenta which appear m the later 
half of pregnancj' Many of the examples of patho- 
logical calcifications to be desenbed are simply 
speaal examples of dystrophic calcification The 
factors determming the deposition of calcium salts 
m devitalized tissues are obscure It has been 
suggested that smee the CO2 production m such 
tissue IS minimal or entirely absent they will 
have a more alkahne reaction, this, of course^ 
would tend to cause the deposition of calaum salts 

Calcinosis is the name given to conditions m which 
(a) calafied areas are scattered throughout the skin and 
subcutaneous tissues {calcinosis circumscripta), or (b) a 
more generalized calcification of skm, mterstitial tis- 
sues, tendons, fasaa or muscles occurs {calcinosis uni- 
versalis) When the calafication process mvolves 
predommantly the mterstitial tissues of the muscles the 
condition is usually referred to as myositis ossificans 
In calanosis the calaum and phosphorus levels of the 
blood are normal Metabohe studies have m some 
mstances revealed a retention of calaum In the region 
of the calafied areas true bone formation may occur 
Calanosis of the superfiaal tissues is m many cases 
assoaated with scleroderma (a condition characterized 
by mduration of the skm due to an maease m the 
mtercellular collagenous tissue) The cause of cala- 
nosis IS obscure, the calcification process may be secon- 
dary to degenerative changes m the tissues themselves 
There is no evidence that it is dependent upon an 
abnormahty of parathyroid funebon, though Selye has 
reported a condition m rats resembhng scleroderma 
followmg the administration of parathyroid extract 
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Abieeiai. CMcmcATioN (1) Artenosclerosts 
IB seen m two main forms (a) the otheroscleTosis 
(atherS = crushed gram, pomdge) of Mardiatid, 
(b) the medial sclerosis oj Monckeberg (see ch 16) 
Metastatic Calchtcation This term con- 
notes a transference of calcium from the skeleton 
to the soft tissues It occurs in animals treated with 
excessive doses of parathyroid extract or irradi- 
ated ergosterol Though the calaum deposits may 
be found m any of the soft tissues, the artenes, 
kidneys and lungs are especially susceptible to 
calcification The fundus of the stomach is also a 
common site. It will be noted that the three 
last-mentioned organs eliminate acid, and it has 
been suggested that smee this will leave the cells 
more alkahne in reaction, a condition favorable to 
calaum deposition is created Metastatic cala- 
fication also occurs occasionally dmically It has 
been reported m hyperparathyroidism (p 858), 
renal rickets and m certam bone diseases, e g , 
multiple myelomata It is very natural to assume 
that m conditions of disturbed calaum metabo- 
lism and destructive disease of bone the calaum 
deposits are simply the result of the excess cal- 
aum m the arculation It is quite possible, how- 
ever, that, m some instances at any rate, it is 
secondary to tissue mjuiy and may therefore be, 
m reality, a type of dystrophic calcification in- 
duced by a toxic agent Parathyroid extract and 
irradiated ergosterol, for example, besides their 
effects upon calaum metabolism have a definitely 
toxic action Furthermore, metastatic calafication 
is m some instances associated with hypocalcemia 
It is a fact of great mterest that the calaum 
deposits m the artenes and m other soft tissues 
in the vanous types of pathological calcification 
have the same composition as the mam mineral 
compounds of bone Evidence obtamed by both 
chemical and physical methods support this con- 
clusion In certam mstances actual bone forma- 
tion occurs, even to the extent of produong red 
marrow tissue Areas of ossification have been 
observed m the aorta and m the neighborhood of 
calaum deposits m the necrotic kidney of the 
rabbit Also, as shown by Huggms, if a section of 
the mucosa of the bladder be transplanted mto 
the subcutaneous tissues it becomes the site of 
bone formation 

Renal calculi {nephrohlhiasis, uroltihiasts) 

Kidney and bladder stones composed largely of 
calaum phosphate have been produced m expen- 


mcntal annuals (rats) by the admmistration of 
irradiated ergosterol or parathyroid exlract^in 
excess They are apparently the result of the ex- 
cretion m the unne of large amounts of calcium 
liberated from the bones 
Renal or vesical calculi are also associated with 
vanous bone diseases of a destructive nature, 
they are quite frequent in hyperparathyroidism 
Renal calculi may be composed of calcium oxalate 
(in aad unne) or of calaum carbonate or phos- 
phate (in alkaline unne) or of urates, uric acid or 
cystine There is an undoubted relationship be- 
tween the unnary excretion of citrate and the 
production of calcium stones Citrate excretion is 
reduced in those suffenng from renal calaum dc 
posits even though tlic intake of citrate is greatly 
maeased In normal persons the unnaiy' excretion 
of atrate runs parallel u ith the calcium excretion 
and vanes with the calcium of the diet It is sug- 
gested that citrate in some i\a> reduces the ten- 
dency toward the precipitation of calcium Nephro- 
lithiasis IS particularly prevalent in the tropics and 
the possibility has been suggested that hx’pcrx ita- 
minosis D, due to ovcr-irradiation w ith ultraviolet 
light and, possibly, deficiency of vitamin A arc 
causative factors The production of renal calculi 
in animals by hjpcrvitaminosis D, as mentioned 
above, occurs only, however, when doses arc cm- 
plo>cd which cause bone resorption and an in- 
creased concentration of calcium in the unne 
Such results haxe therefore little bearing upon 
the question of the production of urmarv calculi 
m the human sub)ccL Also, though there is some 
evidence that avitaminosis A is conduavc to tlic 
development of unnary calculi m animals (the 
comification of the epithehum of the unnary' 
tract being, apparently, a predisposing factor), 
there is little warrant for applying the results of 
animal expenments to the question of unnary 
hthiasis m man 

Albright’s syndrome (polyostotic fibrous displasia, 
osteitis fibrosa disseminata) This is a rare disease with 
bizarre manifestations, consisUng of bone cy'sts, frac 
tures, patches of brown pigmentation in the skm, out- 
ward boinng of the femur and, m female children only, 
precocious puberty The bony changes resemble those 
of osteitis fibrosa cjstica but are more localized, they, 
as well as the cutaneous pigmentation, often show a seg- 
mental distribution, suggesting a neurological or dc\cl 
opmental ongm There is no evidence of parathyroid 
overactivity or of a fault m any other endocrine 
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The Characters of Sex 

Tlie sex glands — testes or ovanes — arc known 
also as the gonads They are the primary organs of 
sex They furnish the male or female sex cells 
(spermatozoa or ora) and the hormones upon 
\shich the ultimate malcness or femalcncss of the 
animal depends 

The sex, and so the type of sex gland, which is 
to develop is ordamed, howcv'cr, at the earliest 
possible time in the historj' of the indmdual, 
namely, w hen the parental ovum and spermatazoon 
conjugate The determining factor is the tj'pe 
of chromosome (X or Y) in the sperm cell The 
cells of the human body possess 48 chromosomes — 
24 pairs In males the chromosomes of one pair arc 
dissimilar One is small and designated Y The 
other chromosome of this pair is large like Uiosc 
m the other pairs and is referred to as X In 
the female, the sex chromosomes arc both large, 
that IS, X chromosomes When the male and fe- 
male germ cells mature each receives only half 
the number of chromosomes Approximately half 
of the sperm cells wall therefore contain a Y, and 
the remaining half or so will contain an X chro- 
mosome An ovaim, of course, can contain only 
an X chromosome Fertilization of an ovum by 
a sperm cell possessing a Y chromosome, results in 
a cell (zj'gotc) containing a chromosome of each 
tjTie The body cells of the individual to w hich this 
cell ultimately gives nse w ill therefore contain each 
a pair of XY chromosomes, the ofispnng will be 
male If the ovum is fertilized by a sperm cell 
containing an X chromosome the offspnng will 
be female (XX) Certain diseases and defects 
arc linked with the X chromosome of the male 
Among such sex-linked diseases arc hemophilia 
and color blindness They appear m the male but 
arc transmitted by the female who docs not 
herself show the disease or abnormality For ex- 
ample, a man aflBicted wath hemophilia if he 
marnes a normal woman docs not transmit the 
disease to his sons (XY), for the X chromosome 
received from the mother does not caiTj"^ the defect, 
nor docs the Y chromosome derived from the 
father The daughters, however, have received 
an abnormal character m the X chromosome 


from the father as well as a normal one from the 
mother But, since the abnormal character is 
recessive, it is “suppressed” by the dommant nor- 
mal character, and the daughters are free from 
the disease, though their cells must contam the X 
chromosome carrjang the defect YTien therefore 
the daughters marrj’^ and an ovum is fertilized by a 
sperm cell contaming an X chromosome the 
daughters of the next generation agam show no 
abnormality, but should a Y sperm fertilize the 
ovum and an XY (male) zygote result, the child 
will show' the disease if one of the abnormal X 
chromosomes of the mother has paired w'lth the 
Y from the father The Y chromosome does not 
offset the effect of the abnormal X chromosome 
It should be remembered that smee the mother 
possesses two X chromosomes, a normal and an 
abnormal one, it is an even chance which one the 
child w ill receive ' 

Those organs, other than the sex glands, which 
are essential for procreation, such as the external 
genitalia, as well as the uterus. Fallopian tubes 
and vagina of the female and the semmal vesicles 
and prostate of the male, are spoken of as the 
accessory organs of sex Other characters of sex 
onl}' make their appearance at the time of sexual 
maturity (puberty), e g , the growth of hau: upon 
the pubis of the human male or female, the 
development of the mammary glands m women 
the development of the antlers of stags, the dis 
tinctivc plumage of birds and the psychic mam- 
fcstations of sex in man and m animals These are 
spoken of as the secondary sex characters 

Effects of Excision of the Sex Glands or 
Gonads — Castration — Spaying 

Removal of the gonads (castration) from a young 
animal prevents the mature development of the 
accessory sex organs and the secondary sex char- 

* In man the ratio of live male births to female is 
105 100 If abortions and stillbirths are taken mto ac- 
count, there is an even greater disparity at conception 
between male (XY) and female (XX) zygotes The vi- 
abihty of males is considerably less than that of fe- 
males, 1 e , there is a greater mortality of male babies 
The low er viabihty of males persists in later chddhood, 
so that more males are elimmated and females come 
to predonunate m the adult population 
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-ictcrs faa to maVc their appearance The eSects 
of castration upon the secondary characters are 
c\ndcnt c\ cn in such simple animal forms as the 
earthworm and the hermit crab Castration of 
male frog= pre\ ents the appearance of the sexual 
changes which normalh occur durmg the mating 
sca^n The thumb pad and the fore lunb muscles 
do not ha-pertroph'. , the claspmg refles cannot be 
cliatcd and the animal does not emit its char- 
acteristic croal mg sound Transplantation of the 
excised testicular tissue mto another part of the 
animal’s bodj preaents the occurrence of these 
castration effects The sexual dc\ dopment of birds 
and mammals is profoundlj affected b3 castration 
The castrated Leghorn cockerel (capon), for ex- 
ample, has a greater proportion of bodj fat than 
the normal bird, while the comb, wntUes and 
barWc=, and the instincts do not develop 
Dc\ dopment of the spurs and plumage, howee er, is 
not preecnted Corresponding effects of gonad- 
cctome are seen m the eoung turke>-cock and 
in the joung of other aenan speacs Removal 
of the ovancs from the \oung hen (spa3'ing)* 
causes the dc% dopment of spurs, a comb re- 
sembling that of the cock, and male plumage 
The spa\ed duck assumes the plumage of the 
dnkc ’ 

The effects of castration upon loung cattle, 
hor^ and slags arc \ dl known Castration of 
soung bulls causes an macasc m size of the 
si cleton and a greater deposition of fat The 
mature dc% dopment of the accessorv organs is 
presented The antlers of 3oung stags do not 
dciclop after castration and female deer after 
atropha or disease of the oa-anes ma3' deaelop 
horns Castration of b03S before pubcrt> retards 
o-'ification of the cpiph3'Eesof the long bones with 
cnn=c(iucnt enlargement of the stature due to dis- 
ptrporlionatc lengthening of the lower limbs There 
is al^ ndipo=ita , the fat Icndmg to become femi- 
nine m distribution The laniix is not promment 
as in the mature male and the aoicc remams high- 
pudicd The hair fails to grow upon the face and 
hc<l3 , but IS unusualla plentiful on the head The 
penis remains infantile and sexual feeling is sup- 
P'c<-ed Such a state is called eunuchism Oran- 


ectom3 is followed by corresponding effects, if 
performed before puberty the characteristic 
femmine attributes do not appear, the girl tends 
to become somewhat mannish m type, the acces- 
sorj organs fail to devdop fully and menstruation 
does not occur In animals subjected to this opera- 
tion before puberty the estrus cydes do not 
ensue. If the operation is performed after puberty 
the estious lydes are suppressed and the accessory 
organs atrophy In women ovariectomy is followed 
b% changes diaractenstic of the menopause (p 
893), namel3', amenorrhea, atroph3'' of the sex 
organs and obesity 

Sex desire m higher animals and in the human 
subject IS not, apparently, dependent entirely 
upon the gonads, for it is sometimes retained m 



Fig 61 1 Arrow points to sex chromatin m cartilage 
cell of xiphoid process of female (human) (After Moore 
and Barr ) 

eunuchs and in women who have been ovan- 
ectomized after mamage — though removal of the 
o\anes before puberty, le , before the accessory 
organs of sex have reached matunt3, or from 
\'irgm women after puberty, suppresses the sex 
libido Stone found that a certam proportion of a 
senes of male rats castrated after se.xual maturity 
had been attamed, pursued the female and were 
capable of copulatmg durmg a subsequent penod 
of eight months Row e also ates the mstance of a 
man m whom the se.x libido was not abolished 
twenty-five i ears after the testes had been excised 
Androgens denied from the adrenal cortex come 
to mind m this connection Prepubertal removal 
of the testes preients the de\ dopment of sexual 
desire 

The sex chromatin It was discoi ered by Barr 
and Bertram that the bod3' cells of males and 
females could be distmguished from one another 


term’; o ■ariectom} and castration arc also 
a,-p trd to rcmo\-al cf the o\ ancs The latter term mar 
l«e a vijed to cici ion of either tcslts or oi.-arics. 

M-jlc plu-nage is coTsidorn] to he the basic or 
rcclral Its dcNt'opmcnl is suppressed hr the 
cm SCI h i- 7 ”n-e the femak t\t)e of plumage then 
^ llc^cc 11 Is that rralc plumage appears after 
mn-c omi ar J pcr.iits after runo\-al of the testes 


bj microscopical examination The nucleus of 
female cell contains a minute dot of chromati 
material, now knowm as the rex chromatin, whic 
in the general tissue cells lies most usually cloi 
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to or m contact with the nuclear membrane In 
nerve cells it is placed adjacent to the nucleolus, 
and in this situation has been termed the “nucleo- 
lar satellite” (see fig 61 1, p 872) Male cells do 
not, except rarely, possess a sex chromatin Though 
proof is lackmg it is believed that the sex chroma- 
tm IS derived from the hcterochromatic portion of 
the sex dironiosomcs (XX) * The sex chromatin 
IS formed in the earliest stages of development, 
It IS of genetic ongm and is uninfluenced by the 
sex hormones The discover)' of the sex chromatin 
has been put to an important practical use Ex- 
amination of the cells of the IMalpighian layer of 
an excised scrap of skin from cases of hermaphro- 
ditism^ enables the dominant sc\, when in doubt, 
to be dclermincd, tliat is, to diagnose the t)'pe of 
sex chromosome (XY or XX) in the hermaphro- 
dite's sex cells 

The free imrlm 

The clTcct of Uic secretion of the gonads upon the 
sexual development of the embrjo is shown in the case 
of twin calves when these arc of opposite sexes The 
male twin is alwa> s normal but the female, in the great 
majonty of cases, shows abnormahtics of the sexual 
organs The uterus is small and underdeveloped, the 
cUtons IS enlarged and penis like, the gonads arc nidi- 
mentar) and ma) resemble testicles and in some in- 
stances structures resembling vasa deferentia and 
seminal V csides arc present The abnormal twmshowing 
such mtcrscxual characters is called a free marltit 
Keller and Tandler in Austna and Lillie in Amcnca 
have made a study of a number of such cases They 
found that as a result of the fusion of the two chorions, 
a direct communication between the arculations of the 
male and female embrj'os exists Accordmg to Lilhc, 
the fusion of the chonons is seen at a very early stage 
of development, when the embryos are no more than 
10 or 20 mm long In the rare instance in which the 
female twm was normal a commuiucation between the 
two circulations did not exist The mascuhnization of 

* The sex chromatin contains dcsox>'ribonucIcic acid, 
and IS Teulgen positive, whereas the nucleolus contains 
ribonucleic acid and is Fculgen negative (ch 48) 

‘ Hermaphroditism is divided into two main classes — 
true hcrmaphrodiHsm and pseudohermaphroditism In 
the former the individual possesses both testicular and 
ovanan tissue, either as separate gonads or combined as 
ovotestes The pseudohermaphrodite has only one 
type of gonad — testis or ovary, but the sex abnormality 
IS seen in the accessory organs of sex or in the secondary 
sex characteristics, or m both Many cases of pseudo- 
heraaphroditism are of endocrine origin, the hormonal 
influence being exerted either in fetal life or postnatally 
(see adrenogenital syndrome, ch 59) Sometimes certain 
repons, even one half of the body, are female while 
other regions or body half is male, such intcrsex indi- 
viduals are called gynandromorphs 


the female twm is therefore attnbuted to the action of 
the mtemal secrebon hberated by the gonads of the 
male In order to explam the fact that mascuhnization 
of the female occurs but never feminization of the male, 
it is supposed that the hormone of the testis is elab- 
orated at an earher stage of development than is that 
of the ovarj Masculinization of female guinea-pigs 
has been induced by the injection of male hormone into 
the fetuses tn utcro (Dantchakofl^, and Ivy and his 
colleagues produced correspondmg changes m rat fe- 
tuses by means of male hormone treatment of the 
mother durmg gestation, femmization of male rats 
■was also effected by antenatal treatment with female 
hormone (estradiol-dipropionate, p 878) 

Trausplautalion or grafting experiments 

If the exased sex gland (testis or ovary) is trans- 
planted to another situation m the body' and survives, 
the otherwise inevitable effects of castration are pre- 
vented This fact, first demonstrated by Berthold m 
1849, proves conclusively that the sex gland (male or 
female) furnishes an mtemal secretion Transplanta- 
tion of the gland from its normal position mto another 
situation in the same animal is called autotransplanta- 
tion The grafted tissue usually lives This operation 
has been performed in the human female The graftmg 
of the gonad into another animal of the same speaes is 
called homoiransplaniaiion This operation is not so 
successful, though a certain proportion of homotrans- 
plants surviv e and perform their functions, for a time 
at any rate In this way' fermmzation of the capon or 
mascuhnization of the bilaterally ovanectomized hen 
can be mduced by' the transplantation of the gonad of 
the opposite sex Transplantation of the gonad mto the 
body of a member of another species is known as hetero- 
transplantation It is the least successful type of trans- 
plantation In some cases, however, histological proof 
of the survival of the transplant for some months has 
been obtamed, but atrophy occurs eventually 

Development and structure of the ovaries 

The ovaries as well as the testes arise from the ce- 
lomic epithehum covermg the inner aspect of the Wolffian 
body The epithelial cells of this region assume a 
colunmar form, they prohferate to form several layers 
which constitute the germinal cpttheltum The meso- 
blast underlying the germmal epithehum becomes 
thickened to form the genital ridge Fingers of mesoblast 
grow upward mto the overlymg germmal epithehum 
while columns composed of the latter cells grow mto 
the mesoblastic tissue There is thus an mterlockmg 
of epithehum and mesoblastic cell masses The epi- 
thelial columns, or genital cords, as they are called, later 
become broken up mto cell nests From these, the 
Graafian follicles of the ovary or the convoluted seminif- 
erous tubules of the testes are developed A layer of the 
germinal epithehum also comes to cover the surface of 
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the ovary The mesohlasbc Ussoe Burrounding the 
cel] islands of the pnnubve gonad gives nse to the 
stroma and vascular tissue of the ovary or testis 
Structure of the ovary The adult ovary is about the 
sire and shape of a shelled almond and consists of a 
stroma of connective tissue which cames the blood 
vessels and in which are embedded a number of folhdes 
—the Graafian folhdes— m different stages of develop 
ment The stroma also contains a few smooth muscle 
fibers The surface of the ovary is covered with a layer 
of epithelial cells— the germinal e/nfftefium— contmuous 
with the epithehum of the general pentoneum. Irregular 
groups of epithelial hke cells are also seen throughout 
the ovarian stroma of many animals Groups of these 
Bo^alled tnterstsUal cells are absent from the human 
ovary, though scattered cells similar m appearance, and 
probably also m function, are present 

The Graafian folhdes The gemunal epithehum cover- 
mg the ovary retains its embryomc character and pro 
chvities after birth— until the end of the reproductive 
period (to about the 45th year m women) Its cells shon 
active mitoses, as m the embryo, and multiply rapidly 
Columns of these cells penetrate the underlymg ovanan 
stroma and become broken up into groups or islands m 
the ovanan coimective tissue. One cell of the group 
develops mto a primitive ovum around which the 
remamder become arranged m a circular row — the 
granulosa cells This body — the pnmordtal folhde — 
which so far has no cavity and is about OJ mm, m 
diameter, imgrates deeper mto the stroma 

The orderly arrangement of the cells in the develop 
ment of the primordial folhdes appears to be governed 
by the ovum itself, for when the ova are destroyed by 
X ray treatment, the germinal epithehum forms cords 
and dumps instead of folhdes. 

In the sexually immature animal, i e , before puberty, 
only primordial folhdes ore formed Some 400,000 of 
these, accordmg to one estimate, are present m the 
mfantile ovary At puberty, as a result of pitmtary 
activity, two more layers of cells are produced from 
the ovanan stroma. The inner layer — the theca tnierna — 
IS thought to he formed by some influence exerted upon 
the stroma cells by the granulosa cells This layer is 
vascular and more cellular than the outer layer — the 
theca externa — which is fibrous m character At the 
same time that these changes are occurrmg, the 
granulosa cells multiply to form a cell mass several 
layers deep, now known as the memhrana granulosa in 
which two concentnc zones can soon be distmguished 
Later, these become separated by the collection of 
fluid (hquor folheuh) and a cavity, or antrum, is formed 
The cells of the inner zone, m immediate contact with 
and surroundmg the ovum, show further mulbphcation 
and become heaped up mto a mass known as the 
cumulus oiphorus or ducus prohgerus (fig 61J2) 

As the folhde enlarges and the changes just desenbed, 
which are spoken of as folhcular maturohon or ripening, 


progress, it imgrates again outwards, and when quite 
matured projects from the surface of the ovary Rup 
ture of the follicular wall follows and the ovum is 
discharged By this time the ovum has enlarged to a 
diameter of about 70 micra, developed a deepl> staining 
clear cell membrane— the zona pelluctda—ani under- 
gone partial maturation (extrusion of the first polar 
body) After its discharge the ovum is conveyed along 
the Fallopian tube to the uterus The subsequent his 
tory of the Graafian follicle is giv cn on page 880 Though 



Fic 61 2 Successive stages m the development of the 
ovum and Graafian folhde (diagrammatic) EP, germi- 
nal epithehum covering the surface of the ovary , C, a 
cord of cells growing from the germinal epithelium into 
theovanan substance, G, pnmordial ovum encircled by 
a smgle layer of (granulosa) cells In 4, the membrana 
granulosa and the cumulus oDphorus are show n but the 
folhdehas not yet reached full development, F, ovanan 
stroma 

large numbers of small follicles containing immature 
ova are present m the ovary from birth, npemngof the 
folhcle and discharge of the ova do not occur until 
puberty In the mature ovary there appear at regularly 
recurring penods crops of primordial follicles But only a 
small proportion of these advance to complete matura- 
tion and discharge their ova. In w omen, no more than one 
or two ova are as a rule discharged each month or a total 
of 400 or so dunng the entire reproductive penod The 
remaming folhdes reach vanous stages m the npening 
process and then undergo degenerative changes {atretic 
follicles) Each of the latter is finally replaced by fibrous 
tissue derived from the theca mtema, a small scar 
{corpus fibrosum) alone remaimng The factors which 
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detemune the rupture of the npe folhcle are not 
definitely known The accumulation of flmd and the 
consequent increase m intra-folhcular pressure is prob- 
ably a factor m some animals, or the contraction of the 
smooth muscle fibers of the stroma may play a part 
In most speaes, mcludmg man, the folhcle ruptures 
spontaneously, but m the rabbit, cat and ferret ovula- 
tion occurs only after copulation 

The structure of the testes and the development 
of the spermatozoa are descnbed on p 902 

The Sexual Lite of Females 

Three sexual penods of different lengths occur 
m female mammals (1) A smgle long period oc- 
cupymg the greater part of the animal’s life 

;« 



a b 


speaes In the dog, for instance, two such penods 
of about six weeks’ duration occur each year 
(sprmg and autumn), while m certam other gieaes 
they occur more frequently, and m othetp agam 
only once, and may be of long or of shor^ lotion 
In the human, reproduction is not cpnfini^ to any 
one part of the year, though a/stu&y of pirth 
statistics shows that fertihty ^^eatest al ceitom 
penods (April to June) p/h^ be^ ^suggested 
that m primitive man a nming season correspond- 
mg to this tune of year dfe-exist , ^ 

(3) The estnes cycles The^ ■are.jienod^ bf 
sexual activity m animals which occur^nce-or 
oftener m each breedmg season The first cycle 
commences at puberty In women, higher mon 



Fig 61^ Showmg uterus (a) m anestrus, (b), one month after ovanectomy, (c), m estrus (After d’ Armour 
and Blood) 


It commences at puberty, at which time the first 
ovulation occurs, the accessory organs of repro- 
duction mature, sex desire is aroused and the sec- 
ondary sex characters appear It ends with atrophic 
changes m the ovary and accessory organs In 
women the termmation of this penod is called the 
menopause (p 893) 

(2) A penod which recurs once or oftener each 
year, known as the mating, sexual, or breeding 
season In most speaes it is only durmg this time, 
or dunng a part of it, that the female will receive the 
niale ® The duration of the matmg season and the 
number of times it occurs annually vary m different 


The correspondmg penod which occurs m the males 
of some speaes is known as the rutting season In many 
speaes however, the male is canable of copulation at any 
time. 


keys and anthropoid apes they are represented by 
the menstrual penods Anunals such as the bitch, 
m which a smgle estrus cycle extends throughout 
the breedmg season, are called monestrus Poly- 
estrus animals, on the other hand, are those such 
as the domestic cat, the mare, cow, sow, rat and 
mouse, m which two or more cycles, separated by 
short penods of sexual qmescence, occur m suc- 
cession dunng the breedmg season In a monestrus 
animal the followmg phases of the estrus cycle are 
distmguished (a) Pro-estrus, or penod of “commg 
on heat” There are usually swellmg and congestion 
of the external gemtaba together with growth and 
maeased vasculanty of the uterus (fig 613) There 
IS, as a rule, some enlargement of the mammary 
glands and, m the dog and cow, bleedmg from the 
vagma Durmg this stage of the cycle the Graafian 
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follicles are undergoing maturation preparatorj to 
rupture (b) Estnis,' or “penod of desire” The fe- 
male recen es the male and oiiilation occurs The 
term “heat” is commonlj apphed to the combmed 
penods, pro-estrus and estnis (c) Psctido-prcgnancy 
or prcgiianc\ The changes m the uterus mitiated 
dunng the premous penods progress and m some 
animals, e.g , the bitch, rabbit and ferret, there 
occur pronounced proliferation and secretory 
activit\ of the uterme glands, hi'pertrophy of the 
mucosa and a great mcrease of the uterme blood 
supph It utU be seen presentlj that these phe- 
nomena are dependent upon the formation of a 
corpus luteum. The growth of the mammary glands 
IS stimulated This phase of the sexual cycle is 
known as pseudo-pregnancy The uterme changes, 
which are sunflar to those occumng m the pre- 
menstrual jiertbd of women are looked upion as 
antiapatmg the amial of a fertilized ovum If 
this fails to ensue the newly -formed uterme fabnc 
breaks down, the debns is discharged and the 
uterus returns to its restmg state If impregnation 
of the oiTim occurs the uterme changes persist 
and merge mto those characteristic of the pen- 
nant state, (d) Ancstrus is the penod of sexual 
quiescence between the matmg seasons In the 
c% cle of those animals m which pseudo pregnancy 
does not occur, the short period followmg estrus 
and dunng which the phenomena of estrus sub- 
side, IS called mcicstrus The monestnis cycle 
may be illustrated as follows 


c 


ci 


i 

Pro-estrus 


Estrus 

I i 

-P^egnanc^, metestrus or pseudo-pregnanej 
An estrus 


In poll estnis animals the short intervals of 
quiescence separatmg the estrus cydes are called 
dt-utrus penods The term anestrus, as m the 
case of monestnis speaes, refers to the longer 
penods of rest between the matmg seasons Ovti- 
lation and, therefore, pseudo-pregnancy do not 
occur spontaneously m certam animals, e.g, cat, 
rabbit and ferret, but only after copulation 
Though the onset of estrus m some speaes is quite 


figUTaUw meanu 

frenry or intense desnt. 


obsnous, m rodents it is difficult to detect by the 
ordinary means Stockard and Papanicolaou dis- 
co\ ered that the \ agmal mucosa of the gumca pig 
underwent certam changes (comification of cpithc 
hum and mucification) comciding uith estrus 
Similar changes occur m the \-agma of the rat and 



Fig 61 4 Vagmal smear, I, m anestrus, 2, m early 
estrus, 3, m late estrus (After d’Amour and Blood) 

mouse as well as of man By the examination of a 
smear of the \ agmal secretions the stages of the 
estrus cyde can be readily followed m these 
animals Leukocytes which are present m smears 
taken dunng the diestrus or anestrus penod 
are absent from the ragmal secretions durmg pro- 
estrus and estrus but large squamous (comified) 
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cells appeax (fig 614), with small pyknotic nuclei 
The mtact vagmal epithelium becomes stratified 
mto a number of layers, with many of its cells 
filled with mucin 

Ovarian Hormones 

These are (1) the estrogenic hormone, also known 
as Che follicular hormone, or the female sex hormone, 
or chemically as estradiol (2) the corpus luteum 
hormone, progestin, or chemically as progesterone 
The estrogenic hormone is concerned particularly 
with the first part of the estrus cycle, the corpus 
luteum hormone with the latter part (pseudo- 
pregnancy), and with the pregnant state (3) 
Evidence has been secured for the existence of a 
third ovarian hormone This, which is known as 
relaxin, has been isolated from the corpus luteum 

THE ESTROGENIC HORMONE 

The evidence denved from ovanectomy and 
transplantation experiments had made it clear that 
the ovary furnished an mternal secretion which 
was responsible for the sexual development of the 
female, yet the results of experiments with ovarian 
extracts had been mcondusive until the work of 
Allen and Doisy m 1923 They obtamed a potent 
ether extract from the liquor foUicuh aspirated 
from hog’s ovanes which was capable of mducmg 
estrus m immature animals The success of these 
workers was to a large extent due to the employ- 
ment of a precise method for the demonstration of 
estrus, namely, the vagmal smear technique de- 
scnbed above Other mvestigators, for the most 
part, had rehed upon uterme effects as a means of 
testmg the activity of their extracts The name 
oeslrin (spelled estrm m the United States of 
America) was suggested by Parkes and Bellerby 
for this ovanan hormone 

The origin and distribution of estrm (oeslrin) 

The elements of the ovary responsible for the 
production of the folhcular hormone are not defi- 
nitely known Its presence m high concentration m 
hquor follicuh and the fact that folhcular matura- 
tion conades with the onset of estrus, pomt to the 
folhcular cells (probably of the theca mtema) as 
bemg the chief source Yet these cells cannot be 
solely responsible, for Parkes showed that estrus 
contmues at regular mtervals after the folhcles 
have been completely destroyed by X-rays, more- 
over, the hormone can be extracted from the 
ovanan stroma alone The mterstitial cells m the 


latter situation may be one source of the hormone 
One of the most remarkable features of this hor- 
mone IS its very wide distnbution m animal tissues 
It or a similarly actmg estrogen is found m the 
blood, muscles, and urme of both pregnant and 
faon-pregnant females, m the urme of adult males 
(estrone), and m the testes, the testes and urme of 
staUions bemg among the richest known sources 
(Zondek) It is present m very high concentration 
m the urme of pregnant women after the first 2 or 
3 months In the later months around 300,000 or 
more mtemational units are excreted daily It is 
also obtamable m large amounts from the urmes 
of pregnant mares and monkeys The human 
placenta also contams large quantities of estrogen 
which are beheved to be actually manufactured by 
this organ, for women ovanectomized durmg the 
later months of pregnancy contmue to excrete 
large amounts of the hormone m the urme An 
estrogen is present m the corpus luteum, m the 
fetal membranes and m ammotic fluid, and m the 
adrenal cortex, it has been demonstrated m a 
human choriomc vesicle containmg an embryo 
12 5 mm m length 

Chemistry and terminology 

Doisy and his colleagues and Butenandt, m- 
dependently, isolated an estrogen m crystaUme 
form from urme Upon anal 3 fsis it was found to 
have the empincal formula Ci 8 H 220 a and to possess 
a ketone and a hydroxyl group A second estrogenic 
compound contammg one more molecule of water 
and havmg the formula CigH2403 was isolated from 
urme shortly afterward by Maman This contams 
3 hydroxyl groups but no ketone It is less active 
than the previous form Doisy gave the name 
Iheelm to the first of these estrogens, others speak 
of it as kelohydroxyeslrin or estrone? (oestrone) The 
second form, called theelol by Doisy, is also re- 
ferred to as trihydroxyestrin or estriol (oestriot), 
it IS transformed to estrone by dehydration in 
vacuo with potassium bisulphate 

Estradiol (dihydroxyestnn, dihydrotheehn) 
(CieHjiOj) IS a third crystaUme compound which 
was first prepared m the laboratory by reduction 
of the ketone group m estrone to a hydroxyl group 
There are three isomeric forms a, iso and /3 

® The advisory committee on nomenclature of endo- 
cnne prmaples appomted by the Coimal of Pharmacy 
and Chemistry of the Amencan Medical Assoaation 
recommend the foUowmg ciemical names, 3-hydroxy- 
17-keto A‘ •• ® — estratnene, 3, 16, 17-tnhydroxy-A‘ ‘ 
— estratnene and 3, l7-dihydix>xy A' ’ ‘ — estratnene, 
respectively, for estrone, estnol and estradiol The 
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The alpha-form possesses much the greater activity 
of the three Smee its artifiaal preparation a- 
estradiol has been isolated by MacCorquodale 
and his colleagues from sows’ ovanes and by 
Doisv and his assoaates from the unne of pregnant 
women, it IS now generally believed to be the true 
estrogenic hormone, i e , the estrogen naturally 
formed m, and secreted by the ovary It is con- 
verted m the body to estrone and estnol Wmter- 
stein and his assoouies have isolated the beta-form 
from the unne of pregnant mares Iso estradiol is a 
synthetic compiound and has not been obtamed 
from a natural source The replacement of the 
hydroxyl group m the 3 position m estradiol with 
benzoic acid gives a product pmssessmg a more pro- 
longed physiological action than the original com- 
pound * This substance — the benzoate of estradiol — 
IS knovwi commercially by various names Eslradtol- 
dipropionale and ellnml estradiol, ha.ve even greater 
and more prolonged actions 

Emmentn, isolated by Collip and his associates 
from human placenta is an ester (probably the 
glucuronide) of estnol It is active by oral 
ndmmistration 

The structural formulae of four of the estrogenic 
lompounds just desaibed are as follows 


CH, 


CH. 



Ketohydroxyestnn, 
(Theelm or estrone) 

CH. 


OH 

X\ 


Tnh> droryestnn, 
(Theelol or estnol) 


CH, 


/v\/ 


^A/ 


OH 




Dihydroxyestrin 
or estradiol 


\/V" 

Benzoate of estradiol 


r.ir' 

as that the beni 

attacked and ina^tim^^^by 


The presence in the blood dunng pregnancy of 
large amounts of estrogen has alnays been some- 
thmg of a physiological puzzle, but some enlighten- 
ment has come through the discoveiy of Cohen and 
Maman that estnol is ercreted in the urine of 
pregnancy conjugated with glycuronic aad 
This compound—the glycuromde of estnol — is 
physiologically inert, but is hydrolyzed, active 
estnol being freed, by the usual methods (involving 
aadification and heat) employed m isolating the 
hormone from unne It was found, moreover, that 
the quantity of combined estnol m the unne of 
women just before the onset of labor became 
reduced, whereas that m the active (free) state 
became greatly increased The significance of 
these findmgs m respect to the activation of the 
birth mechanism is obvious (p 796) The 
conjugation of estnol with glycuronic acid at once 
suggests a detoxicating process m the liver whereby 
the uterus is protected from the action of an excess 
of circulatmg estrogenic hormone 
The hormones of the ovanes and testes belong to 
the class of sterols, being related chemically to the 
bile acids, to cholesterol and to calciferol Starting 
with ergosterol, the synthesis of estrone was re- 
ported m 1936 by Marker and his associates Others 
have synthesized estradiol from cholesterol Es- 
trogenic substances have been obtained from a 
wide variety of sources other than animal tissues 
and fluids Among some of these sources are pe- 


C,H, CsH, 



Diethj IsUlbestrol 
C-H, CjH, 



CH CH 


CH, CH, 

Dienes trol 

troleum, peat and hgmte, jeast, rape seeds and 
pussv willows Substances — ^benzanthracene com- 
pounds— mth estrogenic properties and struc- 
tural formulae suggestive of those given above have 
also been synthesized- The synthetic estrogenic 
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compound, 4 4'-dihydroxy-«-|3-diethyIstiIbene, 
known generally as diethylstilbestrol, was mtro- 
duced by Dodds and bis associates m 1938 and bas 
smee come mto clinical use Tbis substance ex- 
hibits an estrogenic potency between ti\o and three 
times greater than that of estrone, its activity is 
reduced by only 60 per cent when given oraUj'- 

Two closely similar synthetic compounds also 
suitable for dmical use are dihydroclhyhtilbestrol 
or hcxcstrol, and diciicslrol The latter has about 
60 per cent of the activity of diethylstilbestrol, 
the potency of hexestrol is somewhat less agam 

Tke relalton belutccn cancer and cslrogcntc substances 

Some of the estrogenic benzanthracene com- 
pounds are capable of causmg cancer w'hen pamted 
on the skm, and coal tar, which it wiU be recalled 
mduces skin cancer, is also estrogenic This rela- 
tionship betw'een carcmogenic and estrogenic ac- 
tion IS highl}’’ suggestive The production withm 
the body (as a result of an abnormality in sterol 
metabolism) of some material of the benzanthra- 
cence tjpe which may play a r61e m the genesis of 
cancer, is a possibility which comes to mmd “The 
cell proliferation which characterizes the cstrous 
state IS m some respects remmiscent of the early 
stages of mahgnant growth” (Cook and Dodds) , so 
also IS the development of the decidual tissue of 
earl)' pregnancy which, as we shall see, is dependent 
upon the hormone of the corpus luteum The 
following suggestive observations may also be cited 
in this connection 

(a) Con found that ovanectomy of mice belonging 
to a stnun showing a very high susceptibility to 
mammary cancer caused a marked reduction m the 
inadence of the disease 

(b) Lacassagne produced mammary cancer m male 
mice, which ordmanly arc not susceptible to the disease, 
by the injecbon of large doses of an estrogenic hormone 
This observer also states that differences exist between 
the estrus cycles of mice showing a high susceptibihty 
to cancer and of those showing a low madence of the 
disease, Loeb and his assoaates were unable, how ever, 
to detect any charactenstic feature of the cycles m the 
vanous strains of rmce which could be defimtely related 
to the occurrence of cancer 

(c) In women cystic ovanes, and apparently hyper- 
ovanan function, have been found in frequent assoaa- 
tion with an hypertrophied endometnum 

(d) In monkeys prolonged treatment with estrone 
has resulted in atj-pical growths of the epithelium of the 
uterme cervix. 


Method of assay and standardization of estrogenic 
activity 

It has been the practice to assay the activity of 
estrogenic preparations upon ovanectomized rats 
or mice, a umt bemg defined as the mmimal quan- 
tity of the matenal required to mduce estrus, as 
determmed by the vagmal smear techmque, m the 
test animal A rat or a mouse unit has not, how- 
ever, an absolute and definite value but shows 
wnde discrepancies between different laboratones, 
owung to vanabihty m the details of the assay 
technique employed by individual workers The 
Commission on Biological Standardization of the 
League of Nations has therefore defined a unit 
(mtemational unit) of estrogenic activity as the 
activity of 0 1 microgram (0 1 y) of crystallme 
estrone The dosage of estrone required to produce 
a physiological effect is related to the body wnight 
In order therefore to mduce a response m a woman 
possessmg no endogenous supply of the hormone 
somethmg like 500,000 mtemational units would 
be required 

Actions of the estrogenic hormone 

The mam effects of this female hormone are as 
follows (1) It induces estrus m immature animals 
and m ovanectomized adult anunals, or m normal 
adult animals durmg anestrus, there result m con- 
sequence, hypertrophy of the utems and prolifera- 
tion of its glands (fig 61 5), vagmal changes, growth 
of the mammary glands (p 896), rhythmical con- 
traction of the muscle of the utems and Fallopian 
tubes, psychic and other phenomena assoaated 
with the estms period Prolonged treatment with 
estrogen causes pronounced hyperplasia of the 
endometrium which may come to resemble the 
dmical condition knoivn as “Swiss cheese” endo- 
metrium (2) It prevents the otherwise inevitable 
atrophy of the accessory reproductive organs m 
ovanectomized animals (3) It is believed to be 
responsible for the development of the secondary 
sex characters which in some species are such 
prominent features of the mature female In the 
male, estrogen m physiological dosage, or derived 
endogenously (testicular estrogen) appears to act 
synergically with androgen in the development of 
the secondary sex characters Protracted treat- 
ment with estrogen causes hypertrophy of the 
fibromuscular tissues of the prostate, but has httle 
or no effect upon the glandular elements Growth 
of the male mammary glands is stimulated In 
young males other femmizmg effects are produced 
(4) It prevents nidation of the fertilized ovum. 
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or induces abortion m early pregnancy (5) It 
causes hypertrophy of the adrenal cortex, as a 
result apparently, of stimulating the output of 
ACTH (6) This ovanan hormone is believed to be 
largely responsible for the enormous growth of the 
uterus durmg pregnancy When pregnancy is con- 
fined to one horn of the rabbit’s uterus, that horn 
alone increases in size It is thought therefore that 
estrogen, which is m high concentraUon m the 
placenta, may act locally upon the uterme tissue 
rather than through the general circulation The 
estrogenic hormone does not stimulate the ovaries, 
contmued mjections actually reduce the size of 
the latter and of the testes, an effect attnbuted to 



Fic 61 5 Effect of injection of follicular extract into 
eight week old rabbits Animals were litter sisters 
No 807 received 2 mg of extracL No 805 not mjected 
and killed at the same time as No 807 for control. 
No 806 received 1 mg of extract daily for four days and 
No 809 1 mg daily for eight days No 808, uninjected 
control, kiU^ on same day as No 809 (After Doisy, 
Ralls Allen and Johnston ) 

suppression of the gonadotrophic prmciple of the 
pituitary (7) Estrogen exerts no notable effect 
upon the circulation, respiration, metabohc rate 
or skeletal growth, though the growth of other 
nongenital tissues may be induced by prolonged 
treatment, mitosis in several organs has been ob- 
served, and multiple fibromyomatous tumors some- 
times develop (8) If, after menstruation has been 
abolished in monkeys by ovariectomy, a senes of 
injections of estrogen is given and then stopped 
abruptly, menstruation occurs a few days later 
Dunng the treatment of these ovanectomized 
animals, phenomena appear, analogous to those 
appearing dunng the estrus penod of lower ani- 


mals, eg, endometnal changes, reddenmg and 
swellmg of the external geniUlia, and the vaginal 
smear shows comified cells and the absence of 
leucocytes (9) A synergic action between the 
follicular hormone and the oxytoac prmaple of the 
postenor pituitary has been demonstrated, after 
the administration of the former to a mouse to- 
ward the end of pregnancy a dose of pitocin which 
ordmarily is meffectivc causes a powerful contrac- 
tion of the uterus (fig 61 6) (10) Estrogen acts as 
a “pnmer” for the corpus luteum hormone (pro- 
gesterone), and IS apparently necessarj' also for the 
mamtenance of the corpus luteum durmg preg- 
nancy (11) The effect of estrogen upon the nasal 
mucosa is described on page 895 (12) Prolonged 
treatment with estrogen raises the blood calaum, 
especially m pigeons and fowl (13) It mduces 



Fig 61 6 Action of estnn in sensitizmg an isolated 
uterus to pitocin (After Bourne and Bum) P E, pitu- 
itary extract 


water retention, an increase m blood volume and 
of the water content of the muscles Ovariectomy 
results m a loss of water and a dimmished volume 
of blood which is restored to normal by estrogen 
admmistration 

THE HORMONE OF THE CORPUS LUTEUM 

After the discharge of the ovum the cavity of the 
ruptured Graafian follicle becomes filled by a clot 
of blood The small body formed in this way is 
sometimes spoken of as the corpus Iwmorrhagtcum 
The dot is soon replaced by a mass of cells contam- 
mg a yellow lipid material (luteal cells) These 
are denved from the prohferation of the epithelial 
cells of the membrana granulosa {graiitilosa lutein 
cdls) and of the theca mtema {thecal lutein cells) 
The folhde with its content of luteal cells consti- 
tutes the corpus luteum (fig 61 7) The circumfer- 
ence of the folhde by this tune has become more 
vascular and capiUanes penetrate into the yellow 
cell-mass The transformed follicle may now be 
looked upon as a temporary mtemal secreting 




Chapter 61 


ENDOCRINE ORGANS OF SEX 


881 


organ If fertilization of the ovum does not occur 
the life of the corpus luteum is short In the human 
it persists for about 10 days and then retrogresses 
Its vessels become obliterated, the luteal cells dis- 
mtegrate and are replaced by fibrous tissue, 
nothmg then remains of the follicle but a pale 
scar — the corpus albicans On the other hand, if 
impregnation of the ovum results the corpus 
luteum contmues to grow and in women attams 
a diameter of three quarters of an mch or more by 
the middle of pregnancy It then commences to 



Fig 61 7 Secbon of corpus luteum showing luteal 
tissue under high magnification (from Parkes, The 
Internal Secretions of the Ovary, by permission of Long- 
mans, Green & Co ) 

shrink and is finally absorbed by about the seventh 
month 

Chemistry and functions of progesterone 

The active prmciple of the corpus luteum has 
been obtamed m crystallme form Its structural 
formula is shown below (compare ivith the formula 
for estrone and estriol on page 878, with that for 
testosterone given on page 90S, and with the 
crj'stallme compounds of the adrenal cortex (p 
838)) This crystalline product has been named 
progesterone, the older name progestm bemg re- 
served for the unpunfied luteal prmciple contamed 
in ordinary corpus luteum extracts Progesterone 
occurs in two isomeric forms, alpha- and beta- 
progesterone They are about equal m physiological 
activity 


CH, CH, 

I I 

C=0 CHOH 



Progesterone Pregnanedtol 

CiiHjoOi CiiHjjOi 


Starting mth a sterol (stigmas terol) obtained 
from soy bean Butenandt and his associates suc- 
ceeded m completing the later steps m the 5301- 
thesis of progesterone, and it has been prepared by 
these workers from pregnanediol as well as from 
cholesterol Block also found that isotopically la- 
belled cholesterol when mgested by a pregnant 
woman caused the appearance m the unne of preg- 
nanediol glycuronidate contaming the isotope 
The close relationship of progesterone to the 
adrenal steroids is shown by its conversion in 
vitro to desoxycorticosterone by hydroxylation at 
position 21 

Pregnanediol is a physiologically mert reduction 
derivative of progesterone isolated from the urme 
of pregnane}’’ by Marrian m 1929 Its very close 
chemical relationship to progesterone is evident 
from the formulae shown above, it is readily con- 
vertible to progesterone m the laboratory Only 
minute quantities of progesterone itself are found 
m blood or urine Similarly to estriol and the 
denvatives of testosterone (p 905) pregnanediol 
IS excreted in conjugation w’lth glycuronic acid 
(Odell and Maman) Injected progesterone ap- 
pears m the urine as pregnanediol glycuronidate 
Its occurrence m unne m different phases of the 
human menstrual cycle has been mvestigated by 
Browne and associates who found it present as 
sodium pregnanediol glycuronidate m the luteal 
phase of the menstrual cycle, but not m the fol- 
hcular and mtermenstrual phases The excretion of 
pregnanediol coirimences a day or two after o’vula- 
tion, reachmg a maximum about a week before 
the onset of menstruation and ceasmg 2 or 3 days 
before Durmg pregnancy much larger quantities 
appear m the urme, the greatest excretion bemg 
durmg the eighth and nmth months In certam 
cases of spontaneous abortion the excretion is less 
than normal, a fact pomtmg to defective produc- 
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Uon of the corpus luteum hormone. The hver is 
the chief site for the progesterone-pregnanediol 
conversion, as well as for the conjugation with 
glycuromc aad 

The mtemational sUndard of potency used in 
the assay of progesterone preparations is defined 
as the progestaUonal acUvity of 1 mgm of the 
international standard crystalline preparation of 
progesterone The test animal is an adult female 
rabbit which has been mated and then castrated, 
or an immature female rabbit which has been 
pruned for S days previously with estrogen 
The corpus luteum is essential to gestation In 
some speaes (e g , the rabbit and rat) it persists 
throughout pregnancy and abortion occurs if it is 
destroyed In others (eg, the human subject, 
monkey, cat and gumea pig) it is not mdispensable 
after the earlier months of gestation (4 or 5 
months m women) (see placental progesterone) 

It IS responsible for (1) Changes m the uterine 
mucosa preparatory to the implantation of the 
ovum — pseudo-pregnancy of lower mammals and 
the premenstrual changes of prunates After im- 
plantation of the ovum the hormone of the corpus 
luteum is necessary' for the development of the 
maternal placenta (deadua) (2) Growth of the 
mammary glands (3) The suppression of estrus 
and ovulation 

The evidence for the foregomg is as follows (a) 
Bom observed that corpora lutea were not present 
m the ovanes of mammals which did not form a 
tme placenta (monotremes) (b) Frankel, foUow- 
mg up this hmt, showed that if the corpora lutea 
were destroyed m pregnant rabbits abortion re- 
sulted (c) If pregnant rabbits are mjected toward 
the end of terra with urme of pregnancy (p 889), 
a fresh crop of corpora lutea appears and the 
gestation period is prolonged by several days, 
the fetuses become 50 per cent larger than normal 
and more mature (Snyder) A similar efiect can 
be produced with the purified hormone of the 
corpus luteum (d) Loeb discovered that stimula- 
tion of the uterme mucosa of the non pregnant 
gumea pig by means of a glass bead or a thread 
dmoijg yhe development of the corpora lutea 
resulted m the grm^ of a small mass of deadual 
tissue (deaduoma) at the pomt of stimulation 
This eSect, now known as the Loeb reaction, could 
not be obtamed after the corpora lutea had been 
excised or durmg a phase m the estrus cycJe when 
they were absent Even transplanted uterine tissue 
responded to stunulation m a sunilar way if the 
ovary contamed corpora lutea Other observers 


have obtamed correspondmg results in the rat, 
rabbit and dog Teel was able to produce deadu- 
omata m the unmated rat by injections of a 
lutemizmg extract (p 884) of the anterior pitui- 
tary The conclusion to be dravni from these ex- 
periments 15 that the contact of the fertilized 
ovum with the endometnum is the natural stimu- 
lus which m the presence of a corpus luteum causes 
the formation of deadual tissue (e) In the rabbit 
which does not ovulate except after copulation a 
corpus luteum does not form unless this act takes 
place, nor does pseudo pregnancy occur If, how- 
ever, a corpus luteum is produced by the artificial 
rupture of a npe follicle, or, as first shown by 
Ancel and Bourn, ovulation is mduced by mating 
with a sterile (vascctomizcd) male, the character- 
istic cndometnal changes of pseudo pregnancy 
appear (0 The mammary gland, or transplanted 
mammary tissue, shows mcrcascd growth durmg 
pregnancy and pseudo pregnaniy which has been 
correlated with the growth of the corpus luteum 
Mammary growth ceases at the end of pseudo- 
pregnancy when the corpus luteum retrogresses 
and IS slight or absent if the latter has been pre- 
vented from forming In rabbits, artifiaal rupture 
of npe follicles causes corpora lutea to form m 
some mstances but not m others, only m the 
former does mammary growth occur (g) The 
results of several experiments mdicatc that the 
corpus luteum inhibits foUicuIar maturation and 
suppresses ovulation It is well knoivn that squeez- 
mg the corpora lutea from the cow's ovary by 
manipulation through the rectum hastens the 
onset of the next estrous penod Destruction of 
the corpus luteum m the gumea-pig acts similarly 
Also, a greater quantity of the follide stimulatmg 
hormone (p 884) of the antenor pituitary is re- 
quired to induce ovulation m the presence of cor- 
pora lutea than m their absence The function of 
the corpus luteum m suppressmg ovulation pro- 
vides agamst a second pregnamy bemg super- 
imposed upon the first (superfetation) 

The foregomg evidence for the function of the 
corpus luteum has been supplemented by the 
researches of Comer and Allen These observers 
obtamed an extract from the ovary of the pig which 
contained the active pnnaple of the corpus luteum, 
this they called progestin Injections of the pnn- 
aple mto animals produces the following effects 
(a) A perfect imitation of the progestational 
changes (pseudo-pregnancy) m the uterine mucosa 
titrated adult rabbits • The uterus of the 
immature rabbit or of an adult animal which 
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been castrated some time previously, however, is 
unresponsive unless first “primed” by a previous 
course of estrogen mjections In order to produce the 
typical progestational development of the uterme 
mucosa m the castrated monkey it is also necessary 
to administer both hormones, menstruation then 
occurs (Smith and Engle) Kaufmann showed 
s imil arly that m castrated women a premenstrual 
endometrium (proliferative and secretory phases) 
can be produced only by the admmistration of both 
the folhcular and the corpus luteum hormones 
The estrogenic hormone apparently mitiates the 
progestational changes, causmg vascularization of 
the mucosa and proliferation of the glandular ele- 
ments, while the corpus luteum stimulates secre- 
tory activity and bnngs about the final alterations 
m the mucosa necessary for the implantation and 
nourishment of the fertilized ovum Estrogen also 
appears to be necessary for mamtainmg the growth 
of the corpus luteum of pregnancy and for the con- 
tmued action of progestm upon the uterme mucosa 
(b) Rabbits castrated early m pregnancy abort, m- 
jections of progestm enables them to be brought to 
full term (c) Softenmg and relaxation of the pelvic 
hgaments and separation of the symphysis pubis of 
the gmna-pig, these effects mutate those occumng 
m pregnancy and are not obtamed m the absence 
of the folhcular hormone (d) Inhibition of the 
uterme response to pituitrm (Knaus’ reaction) 
When the uterus of a rabbit which has been treated 
with progesterone is excised it does not contract 
when pitmtrm (even m large quantities) is added to 
the bath m which it is suspended, d efini te relaxa- 
tion may result The muscle wiU still, however, re- 
spond to adren alin e or qumme The motihty of the 
uterus of the mtact animal is also suppressed by 
progestm The change m reaction of the uterus of 
certam speaes to adrenahne (p 831), from inhibi- 
tion to exatation, when pregnancy occurs is evi- 
dently due to the corpus luteum hormone, for a 
similar reversal of uterme behavior to adrenahne 
can be effected by progestm mjections (e) Estrogen 
and progestm are antagonistic, accordmg to Allen 
67s rat units of estrm are neutralized by 3 imits of 
progestm The motihty of the uterus of an mfmtile 
animal or of a castrated mature animal is inhibited 
by progesterone, the uterus of a mature animal 
■with mtact ovanes is affected to a much less extent 
by the corpus luteum hormone 

The dmical uses of progesterone are considered 
on p 894 

Rdaxin Hisaw and his associates obtamed a 


pnnaple from luteal tissue which, though stated to 
be free from estrogen and progesterone, mduced 
relaxation of the hgaments of the symphysis pubis 
of gumea-pigs They beheve that the effect is due 
to a separate hormone and have named it relaxtn 
This prmciple is also found m the blood of preg- 
nant rabbits, and is stated to be of the nature of a 
peptide or polypeptide 

For some time the existence of relaxm as questioned, 
for It was claimed by other workers that a similar effect 
could be mduced by estrogen or progesterone, or a 
combmation of the two Abramowitz and his associ- 
ates found, however, that relaxm prepared from sows’ 
ovanes administered m a -j-J-j- dosage as great as that re- 
quired to cause an estrogemc or progestational effect 



Fig 61 8 Effect of hypophysectomy upon the uterus 
On right, uterus of normal rat, on Idl, that of an hy- 
pophysectomized rat (After 'Van Dyke, The Physi- 
ology and Pharmacology of the Pitiutary Body Chi- 
cago Umv Press ) 

caused relaxation of the pubic ligaments It was found 
further by Hisaw and his associates that after hyster- 
ectomy progesterone was mert insofar as relaxation of 
the hgaments and mobihty of the symphysis were con- 
cerned, whereas relaxm v as still effective The response 
to relaxm is also much more prompt than that to pro- 
gesterone These facts leave httle doubt of the existence 
of relaxm, and have led this group of workers to beheve 
that progesterone causes the producbon or the release 
of relaxm from the uterus 

TTTK GONADOTROPHIC (gONAD-STTMULATING) 
HORMONES OP THE ANTERIOR LOBE OF 
THE PITUITARY, GONADOTROPHINS 

Several observations m the past have pomted to 
the antenor pituitary as exertmg an influence upon 
sexual development The gradual atrophy and 
suppression of the sex functions m diseases of the 
antenor lobe m man (acromegaly, Frohlich’s syn- 
drome) and the atrophy of the gonads after hy- 
pophysectomy m animals are among some of these 
observations (fig 61 8) 

In the earher experiments of Evans and asso- 
ciates with a crude sahne growth-promotmg extract 
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of the antenor lobe of the pituitary (p 785) it was 
obsened that the Graafian folhcles became en- 
larged and filled with luteal cells (fig 61 9) Usually, 



bers of corpora lutea are present, and few follicles (from 
Parkes, The Internal Secretions of the Orarj, by permis- 
sion of Longmans, Green &. Co ) 


remained fertile Ovulation m hens was inhibited 
These effects upon the ses processes were shown 
later to be mdependent of the growth hormone, 
for it was possible to separate the extract into two 
fractions, one havmg an effect upon growth, the 
other havmg the luteinizing effect 3ust desenbed 
It soon appeared that another sex hormone 
possessmg a quite different effect was present m 
the antenor lobe Smith and Engle found that 
when fresh mammalian antenor lobe tissue was 
transplanted daily into immature female rats or 
mice, estrus was prcapitated and o\’ulation stimu- 
lated The o\anes enlarged to 10 tunes the normal 
size (fig 61 10), and de\ eloped a large number of 
follicles which npened and discharged a “shower” 
of ova (superovulation) Corpora lutea formed 
withm the ruptured folhcles, reached a small size 
and then retrogressed Under the influence of the 
transplants the vagina, which is not a complete 
canal m the immature rat or mouse, ojjcns, its 
epithehum changes from the columnar to the 
squamous type and the uterus enlarges from 5 to 








nght, below, follicular maturation Ijiduc^ mlmr^t ’ ("^^er Colbp ) On 

of fresh pituitarv gland, above, ovary of htter mate'"contxoL^S& and“k^EieT'’' 


of course, corpora lutea form only after ovTilation, 
but in these animals the estrus cycles were sup^ 
pressed, and the ova reraam imprisoned within the 
htlamzcd follicles The extract was later shown to 
depr^ the sex mstmets of males and to reduce the 
weight of the testes The male animals, however. 


10 times Ovulation and estrus were also mduced 
m adult sexually quiescent females The testes, 
seminal vesicles and perns of immature males were 
stimulated to mcreased growth, and gonadal atro- 
phy which follows hjqxiphj'sectomy m either males 
or females was prevented by the anterior lobe 
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trajisplants Zondek and Aschheun about the same 
tune performed suniJar expenments m Germany 
upon munature female mice and obtained com- 
parable results, the effects bemg evident withm 
100 hours They pom ted out that the ovanes 
must be mtact m order for estrus to occur The 
essential action upon the female of this antenor 


extraction of the antenor lobe The folhcle-stimu- 
latmg hormone (whether m antenor pituitary 
or m pregnancy unne) was called prolan A and 
the lutemizmg hormone prolan B (terms rarely used 
today) The gonadotrophic pnnciples were later 
named the folltcle-shmulalmg and the luteinizing 
hormones, respectively 


■UTERINE 

MUCOSA 



Vk'/S 




28 


menstrual cycle 

Fig 61 11 Diagram summarizing the endocnne relationships of the antenor lobe of the pituitary 


lobe hormone is therefore to stimulate follicular 
maturation and cause the liberation of the estrogenic 
hormone Estrus and its associated phenomena are 
secondary to the action of estrogen 
Aschheim and Zondek also showed that both 
types of effect, lutemization on the one hand, and 
folhcular maturation (npemng) on the other, could 
be produced m female mice by mjections of the 
blood or urme of pregnant women (see pregnancy 
test below) Later work has shown that the folhde- 
stimulatmg pnnciple may be obtamed by aad 


The folhde-stimulatmg hormone also stimulates 
the tissue of the testes analogous to the granulosa 
of the ovarian foUide, namely, the epithelium 
of the seminiferous tubules, large numbers of sex 
cells m vanous stages of development, mdudmg 
mature spermatozoa, are produced The luteimz- 
mg pnnaple, on the other hand, acts apparently 
upon the mterstitial cells of the testes which are 
analogous to the theca mteman cells of the ovary (p 
874), causmg the hberation of the testicular hor- 
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mone''’ For tins reason interstitial cell stimulating 
hormone (ICHS) has been suggested as a more suit- 
able term than luteinizmg hormone (see diagram, 
fig 61 11) Thus, through the di5C0\-erj of these go- 
nadotrophic hormones the arrest of sexual dei elop- 
ment m \-oung animals and the atrophj of the go- 
nads m adults after hypophj-sectomj is explamed 
The respectiie actions of the gonadotrophic 
hormones of the antenor pitmtan are tabulated 
below 


FoUide 
sbmtilaung 
hormone ^ 
(F5H) 


Luteinizing 

hormone 


(LH, ICSHi 


[Ripening of foUides, superorula- 
1 tion, small corpora lutem 

( Production of estrogen, phenom 
ena of estrus 

Proliferation of epithehnm of the 
I 'eminiferous tubules of the 
testes. 

[Eilenaie luteinizalion, retained 
I oi-a. 

Production of hormone of corpus 
i luteuru. 

I Inhibition of estrogen produc- 
tion suppression of estrus. 
Stimulation of interstitial tissue 
^ of testes (p 906) 


These two hormones act smergicalli , the lu- 
temumg pnnaple bemg without efiect unless pre- 
ceded b\ the action of the follide-stimulating 
hormone. The lutemmng pnnaple is therefore 
inactiie after hi'pophi-sectomi unless the animal 
has been primed with an estrogen 


The rrcintenancc of the corpus luteum m a function- 
ing state after it has been formed does not depend upon 
the luteinizing hormone (ICS hi) as was onginallj 
thought, but upon the estrogenic hormone and a pitm- 
tan principle which has been called the luUotrophiC 
pnnaple. Punfied LH administered to rats fails to 
maintain the luteal tissue, whereas, punfied lactogenic 
ho-mone (prolactm, p S97) is effects e. It is probable, 
therefo-e, that the luteotrophic pnnaple and prolactin 
are idenPcaL 


^ Some worters belie\-e that the gonadotrophic fum 
tmns of the pitmtai^ are due to a single hormone an 
that the tipe of response obtained is dependent upc 
the dosap or upon the stage of the seiua! c\xle duni 
which the t^tment is giicn. Wallen Lawrence ai 
fe\-old and and a number of other workers hai 
'^red evidence strongK faionng the belief m tv 
toUnet hormones. Thei have obtamed two near 
chemicalli purepreparauons the one having a folbcl 
acuon alone, the other causmg luteiniz 
MUle?^ 9ucsuon of one or two honnones ^mams m 

,, Smith suggests that Emce this principle stimulat 
the gemunal tissue of both cei,^ uX cXd 
iO're-ohrc'ic herr-cr^ ^ 


Factors causing rupture of iJe ripe Graafian folhdc 
crulahon 

Most of the eiperuncntal work upon this question 
has been performed upon rabbits, though some observa- 
bons has e also been made upon monke 3 -s. It was shown 
b\ Bellerbj that ovnlabon, which does not occur spon- 
taneousl) m the rabbit (p 876), ma> be induced m this 
animal b} mjccting an aad eitract of the antenor lobe. 
On the other hand, hvpophvsectomj of the rabbit up to 
one hour after copulabon prevents ovulabon, which nor- 
mall> occurs 10 to 12 hours following the act (Fee and 
Parkes) Hipophj-sectomj performed later than one 
hour after copulabon does not inhibit ovulabon These 
observabons unpK that rupture of the foUide and 
discharge of the oiiim under ordinar 3 arcumstances is, 
m this anima l, the result of a hormonal influence of 
some sort exerted b> the pibutarj The pitmtarj ac- 
bvjty responsible for the effect apparentlj occurs 
withm one hour after copulabon It is not generally 
behei ed that am specific “ovulabon hormone” exists, 
but that oimlabon is the result of a balance struck 
between the folhde-sbmulabng and the lutei nizin g 
hormones. Afferent impulses from the gemtal tract are 
apparently responsible, m part, for calling mto pla> the 
pitmtatj response which leads to oinilabon, but thej 
are not essential, for Fee and Parks hate shown 
that ovulabon occurs after the vulva and vagina 
hate been anesthetized Sexual exatement resulting 
in an orgasm is capable alone p e., without coitus) of 
causmg ovulabon in the rabbiL That the influence upon 
the pituitarj m this instance is of central origin is 
mdicated bj the obsertabon that ovulabon maj be 
mduced m the rabbit bt electrical stimulabon of the 
cerebrum or lumbosacral cord (Marshall and Vemej), 
bt the intratenous mjeebon of the convulsant drug 
picrotoim or of copper acetate and certain other 
chemicals. Ovulabon can also be mduced bj sbmula- 
bon of the cemcal svmpathebc, the htpothalamus, 
the htpothalamico-hj-pophj-seal tract of nerve fibers or 
of the pitmtaiy itself 

The ovulabon response is abolished with difficultt, 
for impulses reaclung the pitmtar) from mam sources 
are capable of mduang it. Brooks found that it was 
not prevented after coitus though the sacral spmal cord, 
both svmpathebc chains and the uterus, together with 
the proximal half of the mgma had been remoi ed Xor 
IS It abolished bj ablabon of the neocortex and olfac- 
ton lobes. It no longer occurs, howei-er, after seebon 
of the pituitarj stalk. It is also abolished m nmmatt; 
whose hmd limbs have been paralvzed bj seebon of 
the lumbar spmal cord Sexual exatement aroused hi 
propnocepbve and tactile impulses from the hmbs as 
the animal accommodates its posture for the act of 
copulabon appears to be an mdispensable factor m the 
response. The conclusion to be drawn from these 
vanous types of experiment is that though genital 
sbmulabons maj chat the response, thev are not 
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csscntnl On the oUicr hand, the cooperation of the 
animal in Uie act of coitus and the assoaated sexual 
exatcmenl appear to be neccssarj factors 

According to Markce and assoaates the cfTcct of 
nervous exatement in induang ovulation is mediated 
b> adrenaline, that is, nervous impulses cause the 
liberation of the latter hormone v\ hich then acts directlv 
upon the sccrctnrv cells of Uic antenor lobe \drcnalinc 
ajiphed dirccth to the latter was followed bv ovulation 

The following is a sunimarv of the pituitara- 
influence upon the sex mechanism The folliclc- 
stimulating pnnciiilc initiates sexual activilv The 
ovaries or testes, stimulated bv this anterior lobe 

* 

hormone, bnng about the psvchic phenomena of 
puberlv and of the tslrus cv dcs of post -pubertal 
life, as well as the pin sical changes m the accessory 
organs (vagina, uterus and seminal vesicles) cliar- 
actcristic of the sexuallv mature animal It stimu- 
lates the development of the ova and granulosa 
cells of the follicles and, in the male, the epithelium 
of the seminiferous tubules The luteini7ing hor- 
mone depresses the first part of the ovarian ejele 
and encourages the second or luteal phase, thcrebj 
bnnging about the uterine clianges associated with 
pseudo pregnancj or w ith gestation It acts spccifi- 
calh upon the cells of the theca and granulosa with 
the production of progestin, or, j« the case of Ihc 
viak, upon the interstitial cells of the testes with 
the production of male hormone 

The basophil cell s (p 7S3) are pr obabl}, th e 
source of the gonad-stimulating hormones, after 
castration the basophil elements of the anterior 
pituitary of the rat are incr eased in number and 
sire (‘ ‘castra tion cells''*-) while the gland’s content 
in gonadotrophic principles increases I^Iorcov'cr, 
■when a castrated male rat and an hvpophysec- 
tomired female are united parabioticallj the female 
enters into continuous cstrus and its ovaries show 
large numbers of follicles (superovulation) These 
results indicite that the relationship between the 
pituitarj’ and the gonad is not one-sided but that 
the latter exerts, normally, a restraining influence 
upon the gonadotrophic functions of the former 
Such a relationship is supported b> the converse 
observ’ation, that continued treatment w ith estro- 
gen reduces the gonad-stimulnting power of the an- 
terior pituitary, the ov'aries showing atrophic 
clianges The changes in the anterior lobe induced 
by estrogen injections are, increased vasculantj', 

“These struclurcs contain a large vacuole, the 
*ytcr by pushing the nucleus toward the circumference 
of the cell gives it an appearance resembling that of a 
signet ring 


reduction m number and ultimate disappearance of 
basophil and acidophil cells with a proportionate 
increase m chromophobes It is considered prob- 
able that the sequence of the two phases of the 
ovanan cycle is governed through the interplay 
of ovarian and pituitary hormones WTicn, for 
example, as a result of follicular stimulation the 
concentration of estrogenic hormone in the blood 
readies a certain level die liberation of the follide- 
stimulating hormone of the anterior pituitary is 
suppressed and discharge of luteinizing hormone 
brought about 

The cxcrclton of gonadotrophic hormones vi the urine 

It lias been assumed that the gonadotrophic 
cfTccts of liuman pregnancy urine discovered by 
Asdihcim and Zondek were due to the gonadotro- 
phins of the pituitarv These it was supposed were 
elaborated in larger than usual amounts during 
pregnancy , the excess being excreted by the kidney 
But It IS now generally agreed that the gonadotro- 
phic cflects of pregnane} urine arc not caused by 
tlic pituitary hormones, they depend upon a single 
principle of a different nature (see placental hor- 
mones below) Colhp and his associates showed 
that this gonadotrophic jinnciplc w as identical w ith 
that of the placenta, and named it the antcrior- 
piltiilary like substance (APL) which is described 
below It IS now most commonly referred to as the 
human chorionic gonadotrophin (HCG) 

On the other hand, a gonadotrophin believed to 
be the follicle stimulating hormone of the pituitary 
IS excreted in the urine of castrated animals and 
men, and in tlic urine of women after the meno- 
pause or follow mg ov ancctomy The appearance of 
this pituitar}' hormone in the urine may also be 
associated with new growths of the generative or- 
gans (both benign and malignant but especially 
the latter), and with raised intracranial pressure 
Occasionally it is found in the urine of normal men 
or of non-pregnant women before the menopause 
This pnnaple, unlike HCG, is effective when tested 
upon normal monkeys or h}q)ophysectomizcd rats 

PLACENTAL HORMONES 

The liuman placenta contains (a) tlic two forms 
of cstrin, estrone (kctohydrox}'estrin or theelin, p 
877) and cstriol (trihydrox}'cstrin or theclol), (b) 
progesterone, and (c) the aiitcnor-pitintary-hke 
substance (APL), or human chorionic gonadotrophin 
(HCG) Colhp obtained the placental gonadotro- 
phin by acetone extraction and showed that tlioiigh 
it had an action simulating the combmed effects of 
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FSH and LH (ICTH) it JS a single substance differ- 
ing in several respects from any known pituitary 
prmople It was therefore termed “antenor-pitui- 
taiy-lihe (APL)” From evidence derived from 
tissue culture and histochemical experiments, 
human choriomc gonadotrophm (HCG) is gener- 
ally beheved to be secreted by the cytotrophoblast 
(Langhans layer) of the developmg embryo 

SUmiARy OF SOME OF THE MORE IMPORTANT 
OBSERVATIONS RELATING TO THE NATURE 
OF HUMAN CHORIONIC GONADOTROPHIN 

(1) When immature female rats are treated with chon 
onic gonadotrophm prepared from human placenta, 
placental unplants, or with extracts of human preg 
nancy unne, folhcular maturation, estrus, and the 
formation of corpora lutea result, the luteinmng action 
IS the predommant effect ICSH is meffective in im- 
mature animals The failure of the pitmtary pnnaple 
in fhiq respect is beheved to be due to the absence of 
FSH whose synergic acPon is required by both hor- 
mones, but whereas the placental pnnaple appears to 
actually stimulate the production of FSH the pitmtary 
gonadotrophm (ICSH) does noL Human chonomc 
gonadotrophm causes enlargement of the ovanes, but 
to a less degree than does the pituitary pnnaple, and 
hypertrophy of the mtersUtial cells (cells of Leydig) of 
the testes, as a consequence, the output of male hormone 
IS increased, and the growth of the accessory sex organs 
stimulated The latter action is of value m the treat- 
ment of undescended testes and of eunuchoidism 
Chonomc gonadotrophm wall also mamtain the mteg- 
nty of the semmiferous tubules in bypophysectomired 
animals, but unlike the pituitary pnnaple will not 
prevent ovanan atrophy after hypophysectomy, for it 
requues for this effect the synergic acUon of FSH. In 
contrast to ICSH the placental pnnaple exerts httle 
or no effect upon the growth of the immature testes of 
birds 

(2) Though extractable m rather large amounts from 
human placental tissue the antenor piUutari'-hke prin- 
ciple 15 absent from the placentae of lower mammals, 
it IS present m the unne of pregnant apes, it disappears 
rather promptly from the unne of women after partun- 
tion 

(3) In chononepithchoma, a malignant tumor of 
placental (chonomc) tissue, and hydatidiform mole, a 
cystic degenerabve disease of chonomc tissue, HCG is 
present in large amounts m the pathological tissue and 
in high concentration in the unne The gonadotrophic 
bonnone is found m high concentration m the chonomc 
vilU of even very young embryos It also appears m the 
unne of males suffermg from tumors contaimng chon- 
onic tissue 

(4) The pilmtancs of animals or of women do not 
contain more gonaffoUopbin in the pregnant than m 
the non-pregnant state, a finding mconsistcnt with an 


increased production of the pituitary pnnaple durmg 
gestation, and a spillmg over of the hormone through 
the kidney 

(5) The placental and pituitary pnnnples are dif- 
ferentiated also by the results of repeated mjections 
Animals which have become resistant to the action of 
HCG wdl still respond to antenor lobe extracts, and 
conversely those which have become tolerant to the 
latter wall still respond to HCG 

The foregomg summary indicates that the 
substance of the placenta and the gonadotrophic 
pnnaple of pregnancy unne are identical, i e , 
the gonadotrophic pnnciple m the unne of preg- 
nancy IS derived, not from the pituitary but from 
the placental (chonomc) tissue A possible func- 
tion of the gonadotrophm of the placenta is that 
it serves to supplement the action of the pituitary 
m mamtammg the growth of the corpus luteum 
dunng pregnancy The low concentration of 
gonadotrophm in the pituitary of pregnancy con- 
forms with such a possibility Accordmg to this 
idea the placenta furnishes a hormone which, actmg 
through the mediation of the ovary, ensures its 
own phj'siological activity 

The AschJtcm-Zoitdek icsl for pregnancy 

The expenments of Aschheim and Zondek have 
led to the development of a practical test for preg- 
nancy After the mjection of 2 cc of urme of a 
pregnant woman (divided mto 6 doses given over 
a 2-day period) mto an immature female mouse 3 
to 4 weeks old, the followong ovanan changes are 
produced 

(1) Ripenmg of follicles and estrus 

(2) Hemonhages mto some unniptured follicles, 
givmg nse to ‘'blood spots” (Blutpunkte) about 
the size of a pm’s head 

(3) Lutemization of folhdes m which the ova 
are retamed — atretic corpora lutea 

Effects (2) and (3) appear usually withm 100 
hours and piennit a diagnosis of pregnancy to be 
made Reaction (1) is not entirely specific smee it 
occurs m conditions other than pregnancy, e g , 
after the menopause (p 893) and m new growths 
of the gemtal organs (see p 889), especially car- 
anoma The test gives a correct result (positive 
or negative) m neatly 99 per cent of tnals A diag- 
nosis of pregnancy as early as the fifth day after 
the first missed menstrual period can be made by 
the use of this test.^’ The test fails m lower animals 

” Estnw 4oes wot appear in large amounts m the unne 

^ much later date and small amounts are present 
in the urme of non pregnant women Aschheim states 
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(e g , rat, dog, cat, etc ) and the monkey, but is 
positive m the chimpanzee 

The test depends upon the presence of hving pla- 
cental (chononic) tissue and the production of HCG 
which acts sj-nergicalJy with FSH hberated by the 
pituitary Consequently a positive result is obtained 
if certain abnormahbes of gestation such as tubal 
pregnancy, hj'datidiform mole or chononepithehoma 
exist In the latter two conditions unusually large 
amounts of the gonadotropic prmaple are present m 
the unne. The test is also positive in threatened abor- 
tion but becomes negatii e when detachment and death 
of the ovum occur Metastatic tumors of chonon- 
epithehoma cause a positive reaction after removal of 
the uterus, the test mav therefore prove mvaluable as 
an aid m the diagnosis of the disseminabon of this ma- 
lignant disease In the male, testicular tumors composed 
of mahgnant embryonal tissue (teratoma, epithehoma) 
also cause a positive test, such grouths may result m 
the appearance of relat^ely enormous amounts of 
gonadotropic substance m the unne Many cases of 
pituitary tumor give a positive test 

Fnedman has modified the foregomg technique 
by substitutmg rabbits for mice as test animals 
Smce rabbits, ordinarily, ovulate only after sexual 
exatement, adult anunals may be used for the 
test This IS a distmct advantage, as is also the 
fact that the ovanan reaction is developed much 
earher — within from 16 to 36 hours The anunak 
must have been isolated from the males for at 
least three weeks pnor to their use m order to 
ensure that natural ovulation has not occurred 
Five to 10 cc of pregnancy unne are given in a 
smgle mtravenous mjection The percentage of 
correct diagnoses is about the same as when im- 
mature mice are employed 

PlacenUil progesterone 

Though the production of progesterone by the 
placenta, as distmct from mere storage, has not 
been proved conclusively, the presumptive evi- 
dence of such a function is so strong that there is 
htde room for doubt. Progestm is thought to be 
secreted by the syncytial layer of the placenta, 
though attempts to demonstrate this by growmg 

that the diagnosis of pregnancy by means of the unne 
IS a very ancient practice In an Egyptian papyrus 
some 3000 or 4000 years old it is directed that should a 
woman aish to know whether or not she is pregnant 
she should place some earth and barley m a vessel and 
add a httle of her urme each day Should the barley 
she IS pregnant It may be remarked that estnn, 
which as already mentioned, is present m high concen- 
tration m the unne after the first month or two of preg- 
nancy, IS a stimulant to plant growth. 


placental tissue m vitro have 'faOed It has been 
calculated that approximately one-third of the 
progesterone secreted durmg pregnancy is denved 
from other than ovanan tissue Most of this is 
beheved to be of placental ongm, a small part 
presumably is furnished by the adrenal cortex 

The foUowmg is a summary of the presumptive 
evidence for a placental progesterone (1) In man 
and some other mammals the ovanes can be excised 
m the later part of pregnancy (at a time when the 
corpus luteum normally undergoes regression) 
without mtenuptmg pregnancy (2) If m the rat 
whose corpus luteum persists naturally until the 
end of gestation, all the fetuses but one are re- 
moved, but all placentae retamed, pregnancy con- 
tmues without interruption after ovanectomy 
(Hatenus) (3) Collip and his assoaates ako found 
that m the rat ovanectomy and the removal of all 
fetuses, but leavmg the placentae undisturbed, did 
not arrest the endometnal development charac- 
teristic of the pregnant state (4) In the cat ovariec- 
tomy early in pregnancy causes the death of the 
embryos but the placentae contmue to develop and 
the progestational activity of the endometnum 
progresses 

These results prove that the embryo itself does 
not produce a hormone which directly or indurectly, 
through the mamtenance of luteal tissue, is es- 
sential for the endometrial changes of pregnancy 

The Menstrual Cycle 

UTERINE CHANGES 

In primates (man, anthropoid apes and higher 
monkeys) the reproductive organs pass through 
a series of changes at periodic mtervak, known as 
the menstrual cycle. The most evident phenome- 
non of the cycle is the escape of blood from the 
vagina The hemorrhage has its ongm m the endo- 
metnum and IS called menstruation 

Markee has followed the process of menstruation 
microscopically m patches of endometnum transplanted 
mto the anterior chamber of the eyes of monkeys 
Bleedmg occurred from the transplanted tissue durmg 
menstruation, but preceded the appearance of blood m 
the vagina by about 3 hours Estrogen mjections pro- 
duced dilatation of the vessels of the graft These ob- 
servations emphasize the essentially endocnne nature 
of the utenne changes occumng durmg the menstrual 
cycle In the human subject patches or tumors of endo- 
raetnal tissue are sometimes found m extra-uterme 
situations, e g , surface of the broad hgament or ovary, 
m the omentum, pelvic pentoneum or subcutaneous 
tissue of the vulva or penneum, or m the tissue m the 
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na^boihood of a, laparotomy scar The ectopic bssne 
bleeds during menstruation The condition is not very 
uncommon It is referred to as endomctnosts 

It IS generally bebeved that rhythinical varia- 
tions in the activity of the anterior pituitary are 
primarily responsible for the regular recurrence of 
the menstrual cycle, the ovary (through the dis- 
charge of estrogen and progesterone) playmg the 
r61e of mtermediary Menstruation is the most 
obnous event m the menstrual cycle and is cus- 
tomarily described as the first stage, but actually it 
is the culminating stage It vnll therefore be placed 
last m the foUovrmg di\Tsion of the cj'de This order 
IS also more convenient in correlatmg the oNurian 
c> de vath the utenne changes 

(1) The stage of repair and proliferation— JoUto 
itlar phase ** Durmg this stage vrhich lasts, on the 
average, for 15 days countmg from the first da> of 
the menstrual bleeding the epithdium of the endo- 
metnum vrhich was shed durmg the menstrual 
flow ((3) bdow) is restored The uterus enlarges as 
a result of the growth of its stroma, it becomes 
more vascular, its artenes become coiled, the 
epithelial hnmg hypertrophies and the glands show 
proliferative changes Chulation occurs at about 
the end of the prohferatii’e stage which therefore 
corresponds to pro-estrus of animals These utenne 
changes are dependent upon the action of the 
estrogenic hormone 

(2) The premenstrual or secreJori stage — luteal 
phase This stage, which foUowrs the folhcular 
phase, lasts for 13 or 14 daj-s The uterme mucosa 
shows marked hypiertrophy and is highly vascular, 
its glands become dongated and assume a coiled or 
corkscrew form The glandular secretion becomes 
greatl} mcreased and more mucoid m character 
This stage is dependent upon the acbon of the 
corpus luteum, but also, apparentl), upon the 
presence of estrogen which conUnues to be se- 
creted, It corresponds to pseudo-pregnancy of 
certam animals Toward the end of the premen- 
strual stage the endometrium resembles the de- 
adua of early pregnancy, typical deadual cells 
appeanng m the utenne stroma Toward the end 
of the luteal phase the vessels of the mucosa 


(3) The destructive stage or stage of menstrual 
flow lasts for about four days The vasoconstne- 
bon toward the end of the luteal phase and 
resultmg ischemia of the endometrium lead to 
necrosis of the superficial layers, dflatation of the 
vessels then ensues accompaiued by sheddmg of 
the necrosed tissue and bleedmg from the denuded 
surface. 

Menstrual blood as it appears externally is 
mcoagulable This is probably due to its containmg 
a substance (fibrolysm) which has destroyed the 
fibnn m the dots previously formed in the uterus 
or vagina 

OVARIAN CHANGES , 

The uterme changes arc associated with just as 
definite changes m the ovary Dunng the stage 
of proliferation of the endometnum the Graafian 
folhde IS undergomg maturation Ovulation most 
usuaUj occurs around the I5th day (13th to 17th) 
after the first day of the last menstruation, that is, 
about mid-way between two menstrual bleedmgs or 
“periods” and, as already mentioned, at about the 
end of the proliferativ e stage Comer has recov ercd 
unfertilized ova at this time from the Fallopian 
tubes of monkeys, and Newell, Allen, Pratt and 
Bland, from the tubes of women Durmg the 
endometnal hyperplasia of the premenstrual stage 
the corpus luteum is dcvclopmg It reaches its 
maximal size at the end of this period if fertiliza- 
tion of the ovum does not occur, and its subsequent 
degeneration comades wnth the onset of the men- 
strual flow (figs 61 11 and 61 12) If fertilization 
and successful implantation of the ovum occur the 
corpus luteum contmucs to enlarge (p 882) The 
excision of a recently formed corpus luteum is 
followed by menstruation or, if implantation of 
the ovmm has occurred, by abortion 
Ovulation is accompanied bv a sharp rise m 
electrical potential between the uterme cervTx and 
the abdominal wall This phenomenon was first 
demonstrated m the rabbit by Burr and his as- 
sociates m 1935 and has smee been fully' confirmed 
by others The piotential change amounts to from 
6 to 10 microvolts and lasts for about an hour 


constnet. Swelling of the mammary glands and If ^ detected by means of electrodes placed m the 
often mild psychic disturbances (irritability, ner- atuaUons menUoned, and connected to a sensitive 
vousness, depression, etc.) occur This stage may potentiometer which activates a movmg-cell galva- 
be absent, though rarely, from the menstrual cycle nometer The potential change can be recorded 

photographically This method bas been employed 
“Some divide the stage mto two — a penod of re- ^ oscertam the time of ovulation m women, the 

epithehum foV electrical change havmg been correlated with the 

prouierauon. Presence of a recently ruptured folhde m the ovary 
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The body temperature, recorded daily during the 
menstrual cycle and plotted, shows an abrupt dip, 
usually m the mid-menstrual penod (13th to 17th 
day) The curve rises sharply agam and reaches a 
level about 0 8° Fahrenheit above normal, which 
it mamtains until the commencement of the men- 
strual flow when it falls back to normal 

Ovulation is also followed by the appearance of 
pregnanediol in the unne (p 881) The detection 
of this derivative of progesterone is therefore taken 
as evidence of ovulation and fixes approximately 
the time of its occurrence 

Two maxima occur m estrogen excretion, the 
first at the time of ovulation, the second at the 
height of the development of the corpus luteura , a 
sharp fall occurs just before the commencement of 
menstrual bleedmg 

Information as to the time of ovulation m women 
by vanous methods has a practical value m con- 
traception The so-called "safe penod”, i e , durmg 
which conception presumably cannot occur, has 
been placed m those parts of the cycle before and 
after ovulation But the time of ovulation vanes 
considerably in different women and may occur 
several days before or after the ISth day of the 
cyde Pregnancy has followed artificial msemma- 
tion as early as the 4th or Sth day of the cycle It 
cannot be said, therefore, what is the "safe penod” 
m any mdividual case, but the least likely time for 
conception to occur is withm the last 8 days or so 
of the cycle, that is, 8 days before menstruation 

It would seem that the menstrual rhythm once 
imtiated is perpetuated automatically through 
the interaction of the pituitary and ovary From 
the facts m hand it is possible to draw tentatively 
the foUowmg picture of the govemmg mechanism 
Estnn (estradiol) mcreases m the body fluids, due 
to stimulation of the ovary by the foUide-stimulat- 
tmg hormone of the pituitary, but when the con- 
centration of this ovanan hormone reaches a cer- 
tam level it acts m turn to suppress the output of 
the follide-stimulatmg hormone, the concentration 
of estrogen upon which the proliferative stage of 
menstruation depends is thus reduced The hy- 
pophysis now releases its lutemizmg pnnaple which 
stimulates the development of the corpus luteum, 
but as the concentration of progesterone rises the 
production of the lutemizmg prmciple is m turn 
suppressed, with the result that the mtegnty of 
the luteal tissue cannot be mamtamed The con- 
centration of estrogen havmg fallen by this time to 
a low value, menstrual bleedmg occurs and the 


secretion of folhde-stimulatmg hormone is then 
resumed — another cyde commences 

THE EACTORS CONCERNED IN THE FERTILIZATION 
OF THE OVUM 

The ovum if unfertilized degenerates withm a 
few hours after its discharge from the ovary, 
probably m the Fallopian tube For this reason, 
and because only one ovum is discharged m each 
cyde, the period durmg which fertilization can 
occur IS very short, probably not longer than 6 or 
7 hours Yet the penod durmg which coitus may 
lead to conception is rdatively long, for the 
spermatozoa retam their power to fertilize the 
ovum for from 4 to 5 days If, for example, the 
sperm is deposited say on the 11th day of the 
<yde and ovulation occurs on the 15th, it is pos- 
sible for the ovum to be fertilized The sperm 
shows motility for some tune after it has lost its 
abihty to fertilize The former property is there- 
fore not a reliable mdex of the latter 

As mentioned m the precedmg section, the sperm 
must penetrate the ovum withm a few hours after 
ovulation or cannot do so at all Fertilization is 
effected m the Fallopian (uterme) tube and here 
also the earher stages m the maturation of the 
ovum take place When discharged, the ovum is 
surrounded by the cumulus oopliorus It has been 
thought that this covenng could not be penetrated 
by the sperm, and must first be destroyed by the 
enzyme hyaluronidase contamed m the sperm 
of most mammahan species But there has been 
a misconception m this regard, for the male sex 
cell can reach the ovum through an mtact cumulus 
It IS possible, however, that the enzyme aids the 
sperm m some other way m its approach and pene- 
tration of the ovum An hyaluromdase inhibitor, 
such as tn-gentisic acid (rehibm) added to rabbit 
semen before msemmation, was found by Parkes 
to prevent fertilization — an effect not due merely 
to a non-specific spermiadal action However, the 
admmistration of the hyaluronidase mhibitor to 
the animals was without effect upon fertility 

A CONSIDERATION OF THE FACTORS CONCERNED IN 

THE PRODUCTION OF THE MENSTRUAL FLOW 

Hartman's studies have shown beyond doubt 
that menstruation occurs without ovulation m the 

Martin and Bieler reported that the hyaluronidase 
inhibitor phosphorylated hespendm administered to 
rats diminished fertihty, Sieve later made the arrestmg 
announcement that this compound was anti-contra- 
ceptive in the human subject Chang and Pincus have 
been unable, however, to confirm these »n vivo findmgs 
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nngEboiciod of i lapsioton^ scar Thi ectop c bssce 
Weeds dimns menstaubKi. The coaditicci is cot very 
TTrn m-r^ rm- It IS lefcrted to as endcT'cificsv 

It IS geneiallj’ believed that ifay fliTTnral vana- 
bons m the activity of the antenor pitmtan are 
pnraarily re^nsible for the regular recurrence of 
the menstrual cvcle, the ovary (throuA the dis- 
charge of estrogen and progesterone) playing the 
rii’e of mtennediarv Menstruation is the most 
obvious e\ ent in the menstrual tyde and is cus- 
tomarilj described as the first stage, but actually it 
IS the culminating sUge It vdll therefore be placed 
last m the fohcrving division of the cyde. This order 
is also more convenient m correlating the ovarian 
cvde mth the uterine change. 

(1) The r'cge of rofTr and pchfcrai or— foil c- 
tdar jifore.” Durmg this stage vduch lasts, on the 
average, for 15 days counting from the first day of 
the menstrual bleedmg the epithehum of the endo- 
metnum vhich ivas shed durmg the menstrual 
fioT ((5) bdoiv) IS restored. The uterus enlarges as 
a result of the groirth of its stroma, it become 
mom vascular, its artexie become coiled, the 
epithelial Immg hypertrophie and the glands show 
proliferative change Ovulation occurs at about 
the end of the prolueiatii'e stage which therefore 
corresponds to pro-estros of annuals These uterine 
change are dependent upon the action of the 
etrogenic hormone. 

(2) The pTortTJirjd or sarticry stage — Jjleal 
phase This stage, which foUcrvs the folhcular 
phase, lasts fo' 13 or 14 days. The utenne mucosa 
shows marhed hypertrophy and is highly \-ascuIar, 
its glands become elongated and assume a coDed or 
arhscrew form. The glandular secretion become 
greatly mcreased and more mucoid m character 
This stage is dqiendent upou the action of the 
copus luteum, but also, apparently, upon the 
pmsence of etrogen which contmue to be se- 
creted, It corresponds to pseudopregnancy of 
certain animals. Toward the end of the premen- 
strual stage the endometrium reembles the de- 
odua of eadv pregnancy, tipical deadual rpne 
appearmg m the utenne stroma. Toward the end 
of the luteal phase the vessels of the mucosa 
constnet- Swellmg of the mammary glands and 
often mild pychic disturbances CmtabiLity, ner- 
vousness, depresion, etc.) occur This stage may 
be absent, though rarely, from the menstrual cvde 
(p E92) 

Some dinde the stage mto two — a. period of re- 

gtne^ou and restcration of the shed epithdmia fob 
Dv cat of p^ljcratiox 


(3) The Seslntdre stage or stage of snensinid 
fiers lasts for about four davs The vasoconstne- 
bon toward the end of the luteal phase and 
resulting ischemia of the endometnum lead to 
necrosis of the superficial layers, dHatabon of the 
vessels then ensues accompamed by sheddmg of 
the necrosed tissue and bleedmg from the denuded 
surface. 

Menstrual blood as it appears externally is 
mcoagulable This is probably due to its containing 
a substance (fibrolvsm) which has destroy ed the 
fihrm in the dots prc%nously formed in the uterus 
or vagma. 

0\AEIXS CHA^CES , 

The utenne changes are associated with yust as 
defimte changes m the ovary During the stage 
of proliferation of the endometnum the Graafian 
folhde IS undergomg maturabon Oimlabon most 
usually occurs around the 15th day (13th to 17lb) 
alter the first da\ of the last menstruabon, that is, 
about mid-wai between two menstrual blcedmgs or 
“penods” and, as already mentioned, at about the 
end of the proluemtu e stage. Comer has rccoi ered 
unfertilired o\-3 at tins time from the Fallopian 
tubes of moniei-s, and Xcwcll, Mien, Pratt ard 
Bland, from the tubes of women Dunng the 
endometrial hiperplasia of the premenstrual stage 
the copus luteum is dcidopmg It reaches its 
maximal sire at the end of this jienod if fertfliza- 
bon of the ovum docs not occur, and its subsequent 
degenerabon comades with the onset of the men- 
stnial flow (figs 61 11 and 61 12) Ii fertiliration 
and successful implantation of the onirn occur the 
copus luteum conbnues to enlarge (p SS2) The 
eioaon of a recently fowned copus luteum is 
followed by menstruatioa or, if unplantabon of 
the oiinn has occurred, by abortion 
Ch-ulation is accompamed bs a shap nse in 
dectneal potential between the utcime cervix and 
the abdominal wall This phenomenon was first 
demonstrated m the rabbit by Burr and his as- 
sociates m 1935 and has smee been fulli confirmed 
by others The potential change amounts to from 
6 to 10 microvolts and lasts for about an hour 
It IS detected by means of electrodes placed in the 
situations mentioned, and coimected to a sensitrve 
potenbometer which aebrates a movmg-cell galva- 
nometer The potential change can be recorded 
DhotographicaHy This method has been employ ed 
to ascertam the tune of ovulabon m women, the 
electrical change having been corrdated ycith the 
presence of a recently ruptured foUide m the ovary 



menstrual cycle and plotted, shows an abrupt dip, 
usually m the mid-menstrual penod (13th to 17th 
day) The curve rises sharply agam and reaches a 
level about 0 8° Fahrenheit above normal, which 
it mamtams until the commencement of the men- 
strual flow when it falls back to normal 

Ovulation is also followed by the appearance of 
pregnanediol m the unne (p 881) The detection 
of this denvative of progesterone is therefore taken 
as evidence of ovulation and fixes approximately 
the tune of its occurrence 

Two maxima occur in estrogen excretion, the 
first at the tune of ovulation, the second at the 
height of the development of the corpus luteum , a 
sharp fall occurs just before the commencement of 
menstrual bleedmg 

Information as to the tune of ovulation m women 
by vanous methods has a practical value m con- 
traception The so-^ed "safe penod”, i e , dunng 
which conception presumably cannot occur, has 
been placed in those parts of the cycle before and 
after ovulation But the tune of ovulation vanes 
considerably in different women and may occur 
several days before or after the 15th day of the 
cycle Pregnancy has followed artificial msemma- 
tion as early as the 4th or 5th day of the cycle It 
cannot be said, therefore, what is the "safe period” 
m any mdividual case, but the least likely time for 
conception to occur is withm the last 8 days or so 
of the cycle, that is, 8 days before menstruation 

It would seem that the menstrual rhythm once 
imtiated is perpetuated automatically through 
the interaction of the pituitary and ovary From 
the facts m hand it is possible to draw tentatively 
the followmg picture of the governing mechanism 
Estnn (estradiol) mcreases m the body fluids, due 
to stunulation of the ovary by the foUide-stimulat- 
ting hormone of the pituitary, but when the con- 
centration of this ovarian hormone reaches a cer- 
tam level it acts m turn to suppress the output of 
the follide-stunulatmg hormone, the concentration 
of estrogen upon which the proliferative stage of 
menstruation depends is thus reduced The hy- 
pophysis now releases its lutemizmg pnnaple which 
stimulates the development of the corpus luteum, 
but as the concentration of progesterone rises the 
production of the lutemizmg prmciple is m turn 
suppressed, with the result that the mtegrity of 
the luteal tissue cannot be mamtamed The con- 
centration of estrogen havmg fallen by this tune to 
a low value, menstrual bleedmg occurs and the 


resumed — another cyde commences 

THE EACTORS CONCERNED IN THE FERTILIZATION 
OF THE OVUM 

The ovum if unfertilized degenerates within a 
few hours after its discharge from the ovary, 
probably in the Fallopian tube For this reason, 
and because only one ovum is discharged m each 
cyde, the penod dunng which fertilization can 
occur is very short, probably not longer than 6 or 
7 hours Yet the penod dunng which coitus may 
lead to conception is rdatively long, for the 
spermatozoa retam their power to fertilize the 
ovum for from 4 to 5 days If, for example, the 
sperm is deposited say on the 11th day of the 
cyde and ovulation occurs on the 15th, it is pos- 
sible for the ovum to be fertilized The sperm 
shows motility for some time after it has lost its 
abihty to fertilize The former property is there- 
fore not a reliable mdex of the latter 

As mentioned m the precedmg section, the sperm 
must penetrate the ovum withm a few hours after 
ovulation or cannot do so at all Fertilization is 
effected m the Fallopian (utenne) tube and here 
also the earher stages m the maturation of the 
ovum take place When discharged, the ovum is 
surrounded by the cumtdus oophorus It has been 
thought that this covermg could not be penetrated 
by the sperm, and must first be destroyed by the 
enzyme hyaluronidase contamed m the sperm 
of most mammahan species But there has been 
a misconception m this regard, for the male sex 
cell can reach the ovum through an mtact cumulus 
It IS possible, however, that the enzyme aids the 
sperm m some other way m its approach and pene- 
tration of the ovum An hyaluronidase inhibitor, 
such as tn-gentisic acid (rehibm) added to rabbit 
semen before insemmation, was found by Parkes 
to prevent fertilization — an effect not due merely 
to a non-specific spermiadal action However, the 
admmistration of the hyaluromdase inhibitor to 
the animals was without effect upon fertihty 

A CONSIDERATION OF THE FACTORS CONCERNED IN 

THE PRODUCTION OF THE MENSTRUAL FLOW 

Hartman’s studies have shown beyond doubt 
that menstruation occurs without ovulation m the 

Martm and Bieler reported that the hyaluronidase 
inhibitor phosphorylated hesperidin administered to 
rats diminished fertihty. Sieve later made the arrestmg 
announcement that this compound was anti-contra- 
cepUve in the human subject Chang and Pincus have 
been unable, however, to confirm these »» vtvo findings 
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monkey, especiaTl> between mating seasons Ivlen- 
Etruation without oimlation also ocxasionaU) oc- 
cuis m women. A corpus luteum of course is not 
formed m these instances and the tj-pical pre- 
menstrual endometrial changes do not occur It 
appears, therefore, that, though the breakdown 
of a premenstrual endometrium built up under 
the influence of the luteal hormone ordinaril> 
comades with the menstrual flow and is normally 
part of the mechanism, it is not an essential 
feature. On the other hand, estrogen and the endo- 
metrial changes which it brmgs about are an m- 
dispensable part of the menstrual process 

Certam obsen-ations mdicate that an imjiortant 
factor m the onset of menstruation is an abrupt 
fall m the estrogen concentration of the blood, (a) In 
monkej's, and also m the human subject ovanec- 
tomj (which remoies the source of estrogen) is 
followed b\ uterme bleedmg This pvostoperatii e 
bleedmg ma 3 be postponed bj mjecpons of estniL 
(b) ISTien a castrated monkey is giiTn a senes of 
mjections of estrogen, uterme bleeding occurs a few 
dal's after the cessation of the treatment but un- 
less the injections are long contmued no bleedmg 
occurs durmg the course of the treatment- The 
same phenomenon has been obsened m ■women. 
Progesterone mjections prei ent the after effect of 
the estrogen treatment (c) In women the mam- 
mum excretion of estrogen occurs m the mter- 
menstrual penod, and the minimum just before or 
at the time of menstruation, (d) Injections of a 
gonadotrophic extract of the anterior lobe of the 
pitmtan mto a monkei durmg the restmg stage 
of the cede causes bleedmg a few dai-s after the 
■treatment has been discontmued This result, 
smee It cannot be produced after crvanectomi , is 
apparentli due to estrm liberation and a nse fol- 
lowed bv a fall m the estrm concentration of the 
blood Ii the treatment with pituitarj extract is 
foUo'red bj mjections of estrogen, menstruation is 
postponed imtil a week or so after the latter treat- 
ment has been discontmued 
To summarize Alenstruation can occur m the 
absence of oimlation, the premenstrual endome- 
trium (haiactenstic of the action of the luteal 
hormone is therefore not necessarj for its occur- 
rence. Stimulation of the endometrium bj estrogen 
howexer, appears to be essential, and a reduc- 
tion m the concentration of this hormone m the 
blood seems to be the chief factor m the onset of 
the bleedmg 

The role plax-ed bx progesterone is bj no means 


dearlj defined, but at least it can be said that the 
degeneration of the corpus luteum in ordinary 
ovular menstruation, and consequentlj , the cessa- 
tion of progesterone production, comades ■with or 
immediatelj precedes the menstrual flow 

ATTEilPTS TO TDEVTITV MENSTUtrAI. BLEEDING WITH 

ont; or other phase or the estrds 
CICLE or lower antmals 

The menstrual c> de of pnmates is homologous with 
the estrus cxdes of animals (expressed m terms of 
lower ammals, the human is i>ol\-cstrus (p 876)), 
but to what stage of the estrus c\ dc menstrual bleed- 
ing Itself corresponds is a debatable question In animals 
such as the dog and cow bleedmg occurs in pro-estrus. 
This led Heap to suppose that menstruation ■was 



homologous with pro-estrus bleedmg But whereas 
the proWerahn: phase of the menstrual cjde cor- 
responds apparentlj to pro-estrus m animals, men- 
stmaUou itself does not occur until some If dax*s after 
the termination of the probferatix'e phase (cf fig 61 12) 
It has been mentioned that the premenstrual changes 
in the Uterus resemble and are considered to correspond 
to those of pseudo-pregnancj m animals. Parkes and 
Bellerby hai-e therefore suggested that menstruation 
IS the homologue of the shght bleedmg which occurs in 
some animals as the uterme mucosa breaks down at 
the end of pseudopregnanej Color has been gi\-en to 
this theoTj bj the fact that uterme bleeding promptlj 
ensues after destruction of tie corpus luteum It has 
just been stated, howe\-er, that menstruation can occur 
in the absence of a luteal phase 

Marshall has suggested that menstruation cor- 
responds to the hemorrhage at the end of pseudopreg- 
nanc> and the bleedmg of the prrnistrus penod of 
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the next cycle “telescoped” into one The difficulty 
in conelating menstruation with pro-estnis bleedmg 
has been mentioned Furthermore, shght bleedmg 
sometimes occurs m women at about the time of 
ovulation (mtermenstrual penod) which would be more 
comparable than menstruation with pro-estrus bleedmg 

Another theory {emhryolrophic hypothesis) postulates 
that menstruation is homologous with the extravasation 
of blood mto the deadual tissues which occurs during 
implantation of the ovum and serves to nourish the 
embryo m the mitial stages of its development. Occa- 
sionally the extravasated blood escapes mto the utenne 
cavity and appears externally (the so called placental 
sign), a similar hemorrhagic discharge occurs m animals 
m a certam percentage of pseudopregnanaes This 
theory is m harmony with the well-knowu fact that m 
women bleeding may occur shortly after concepbon 
(ue , durmg implantabon of the ovum and at the bme 
of the so-called “rmssed penod”) nhich is mdisbngiush- 
able from that of an ordmary menstrual penod The 
theory is attracbve m that it mterprets menstruabon 
as the culminabng event m the preparabon of the 
uterus for the reception of a fertilized ovum, the growth 
of the corpus luteum and the premenstrual changes m 
the utenne mucosa consbtubng the earher preparatory 
processes projected m anbapabon of implantabon 
See Comer, 1923, also Hartman, 1932 

It must be admitted that none of the foregomg views 
succeeds in harmonizmg all the facts 

PUBERTY AND THE MENOPAUSE 

The sexual life of the human female commences 
between the 12th and 16th years, when the first 
menstruation or menarche occurs In hot climates 
the latter may appear as early as the 10th year 
This penod of sex awakenmg which is seen m ani- 
mals and man of both sexes is referred to as puberty 
The penods before and after are called pre- and 
postpuberlal, respectively The ovanes at this time 
show mcreased growth accompamed by matura- 
bon of the Graafian folhdes and the discharge of 
ova The growth of the uterus is accelerated, the 
breasts enlarge and, m both guls and boys, hair 
appears upon the pubes and m the axillae Deep- 
enmg of the voice, enlargment of the genitalia 
(perns and testes), mcreased muscular development 
and growth of hau on the face are charactensbc 
features of this penod m boys In both sexes, so- 
matic growth IS accelerated 

Between the ages of 42 and 52 (average 47 years) 
the sexual processes come to an end This tune is 
spoken of as the menopause or climacteric Men- 
struabon ceases, retrogressive changes gradually 
supervene m the accessory organs of reproduc- 
tion, e g , atrophy of the uterus, shortenmg and 


narrowmg of the Vagma, loss of epithehum and its 
replacement by fibrous tissue, and shrinkage of the 
mammary glands These changes are the result of 
abophic changes m the ovary — disappearance of 
the Graafian follicles together with a general 
fibrosis and shnnkage of the organ, similar changes 
m the uterus and vagma follow the removal of the 
ovanes m earher life — artificial menopause Psychic 
phenomena, usually mild, are not infrequent ac- 
companiments of the menopausal penod Oc- 
casionally senous mental disturbances, e g , melan- 
cholia, appear at this bme Vasomotor and other 
autonomic disturbances, hot flushes, sweabng, etc , 
are very common features of the clrmactenc. The 
effect of the natural menopause upon the sex hbido 
vanes m different subjects In mamed women it 
shows httle alteration as a rule Esbogen may be 
present m the blood and unne years after the onset 
of the menopause The cause of the menopausal 
symptoms is not altogether clear, but there is httle 
doubt that it is hormonal, gonadobophic secretion 
IS mcreased, whereas estrogen production is di- 
minished The folhcle-stunulatmg hormone of the 
pituitary appears m the unne after the cessation 
of the menses 

Menstrual Irregularities 

The non-occurrence of the menstrual periods m 
postpubertal life is called amenorrhea, except dur- 
mg pregnancy, when suppression of the menses is 
a physiological phenomenon, the failure of the 
menstrual cycles at any time between puberty and 
the menopause is abnormal Amenorrhea may be 
either primary or secondary In the former mstance 
the menses have never occurred, m the latter they 
appeared but were subsequently suppressed Pn- 
mary amenorrhea is m many mstances assoaated 
with arrested development of the reproductive 
organs Scanty menstruation is termed oligomenor- 
rhea Z?yjwi^»orr/;eo IS pamful menstruation Menor- 
rhagia IS the term applied to excessive loss of 
menstrual blood Metrorrhagia is the loss of blood 
from the uterus m the mtermenstrual penods A 
large proportion of these menstrual irregulanbes, 
when unaccompanied by some gross disease (tu- 
mor, etc ) m the uterus, have an endocrme basis 
Amenorrhea is frequently the result of ovarian 
hypofunction Dysmenorrhea is the result of 
irregular and spasmodic contractions of the utenne 
muscle which probably have also m many cases a 
hormonal ongm In the past, excessive bleedmg 
m the absence of some obvious uterme disease has 
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been put dotm to mflammation of the utenne 
mucosa (endometnhs) Before the nnportant work 
of Hitschmann and Adler, who correlated the 
pbvHological changes m the endometnum with 
the stages of the o\'anan cj de (p 890), the normal 
premenstrual characters of the utenne mucosa 
were considered to be pathological — e^^dence of 
endometntis' 

Shaw, from the study of a large senes of irregular 
utenne bleedmgs unaccompamed bj ob\nou5 dis- 
ease of the uterus, came to the condusion that 
onl\ a 1 en few could be attributed to inflamma- 
tory changes m the endometnum but that the great 
majontj were due to o\-anan abnormahties In 
one group {trdropallta 1 crrorr) agicd) the bleedmg 
was contmuous, the utenne mucosa was thickened 
and showed dilated glands and areas of necrosis, 
the constant finding m the orarj was an un- 
ruptured cestic follide. The bleeding is apparently 
due to the oy erproduction of foflicular hormone 
and the preyenhon of the formabon of a corpus 
luteum \ccordmg to Kaufmarm the imbalance 
between these hormones causes the proliferattye 
phase of the endometnum (p 890) to become 
exaggerated, and prevents the onset of the secre- 
tory phase and the sheddmg of the mucosa as m 
normal menstruation He describes the state of 
the endometnum as one of chronic cystic hyper- 
plasia This obsery er has produced a similar state 
of the endometnum m a castrated woman by the 
administration of large doses oi folhcular hormone. 

In another group of cases of uterme bleeding 
reported by Shaw {cpitrcronlca) the menstrual 
fiow was prolonged, that is, the mtermenstrual 
penods were much shortened, the ovanan oxles, 
due to premature rupture of the follides, were also 
abbreynated, ovulation occurring mth abnormal 
frequency 

In cases of irregular utenne bleedmg of endocrine 
ongm the ovanan disorders are pxjssiblj due m 
turn to disturbances of a functional nature of the 
antenor lobe of the pituitary It is well known 
that jrwj diseases of this part of the pituitary 
(e g , acromegaly , Smimonds disease, dy’strophia 
adipcso-genitalis, pituitary basophilism, etc.) arc 
assoaated with menstrual abnormahties These, 
howeyer, umally take the form of ohgomenorrhea 
or amenorrhea Amenorrhea also occurs as an 
accompaniment of hy-pothvroidism and as a symp- 
tom of several general diseases, notably anemia, 


tuberculosis and mental conditions, malnutrition 
IS not infrequently a cause.*' 

The iTcaln cnl of menstrual disorders, supposedly 
of ovanan ongm, by means of hormone prepara- 
tions has been disappomtmg, and this is pierhaiis 
to be espected until a clearer understandmg of the 
underlvmg factors goyermng normal menstruation 
has been amy ed at. Estradiol dipropionate or ben- 
zoate has been employed with some measure of 
success m secondary amenorrhea, espeaaUy' if this 
has not been of long standmg Pnman amenorrhea 
IS not permanently benefited by the folhcular hor- 
mone. Werner and Collm produced utenne bleedmg 
m castrated women by the admmistration of estro- 
gen alone, but the premenstrual type of endome- 
tnum was not produced Treatment of primary 
amenorrhea yvith estrogen and progestm together 
would appear to have a more rational basis and 
might be expected to giy e better results, for, though 
the progestational dey elopment of the utenne mu- 
cosa IS not essential for menstruation (p 892) this 
does occur m the normal subject, Eaufmann pro- 
duced typical premenstrual endometnum m cas- 
trated women by the adnumstration of the two 
ovarian hormones, but a total dose of o\ er 
1,000,000 mtemabonal units of estrogenic principle 
and 35 rabbit units of copus luteum hormone were 
required to produce this efi^ect. He also mduced 
growth of the uterus and utenne bleedmg m cases 
of pnman amenorrhea associated with genital 
infantilism by the administration of large doses of 
estrogen oyer a penod of months, or of this hor- 
mone followed by mjeebons of the copus luteum 
pnnaple A premenstrual endometnum was not 
produced m these cases and the bleedmg was 
therefore not considered to be normal menstraa- 
bon. In cases of primary amenorrhea yvith well 
dey eloped gemtaha, a typical premenstrual endo- 
metnum followed by menstruabon was mduced 
by the admmistrabon of a total dose of from 
1,000,000 to 1,500,000 mtemabonal units of folhc- 
ular hormone and from 35 to 50 rabbit umts of 
copus luteum hormone. In no case of pnmarj 
amenorrhea of the first group and m only one case 
of the second, howey er, yvas a cure brought about, 
m the sense that normally recumng menstrual 
cycles occurred, after the course of treatment, the 
subjects m all the other instances relapsed mto 
then preyyous amenorrheic condibon Such a result 

'• A^agmal smeais, or more accurately , biopsies of the 
endometnum are employed m the diaOTOsis of men- 
stmal disorders 
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IS to be expected, since the administration of 
ovarian hormones cannot correct the primary fault 
whether this be of orarian or pituitary ongin 
In a number of cases of secondarj’^ amenorrhea, 
on the other hand, the spontaneous cyclic function 
of the uterus was restored b}' treatment with both 
hormones or w ith large doses of estrin alone 
Chorionic gonadotrophin of pregnanej’’ unne has 
been used with some success wlierc treatment with 
corpus luteum hormone (progesterone) is indicated, 
wath the object of stimulating luteinization, and 
thus of increasing the patient’s own supply of 
progesterone But it does not appear to act in this 
way, there is no c\idcncc that in the human this 
principle causes lutcmization, it has not such an 
effect m the ape Testosterone has also been used 
wath success in excessn e uterine bleeding 
Generally speaking, estrogens arc emplojcd to 
promote the menstrual flow when it is scanty or 
absent, and testosterone, or luteimzmg hormones 
such as progesterone or chorionic gonadotrophin 
of pregnanej unne (HCG) either alone or m com- 
bmation wath estrogen or testosterone are em- 
ployed when bleeding is excessive 
The greatest value of estrone or of the other 
estrogens is in the treatment of the nervous 
(psychic and vasomotor) disturbances of the meno- 
pause in which the estrogenic hormone concentra- 
tion in the blood and urme is frequently definitely 
subnormal Injections of estrogens in such instances 
relie\ e the vasomotor symptoms Relatn ely small 
doses (200 international units dail>) are required 
Estrone has also been showai to be of definite value 
m tlic treatment of gonorrheal \ailvovaginitis of 
children Under its influence the vaginal epi- 
thelium undergoes comification and, assuming the 
characteristics of the sexually mature woman, 
becomes more resistant to the disease Estnn 
has also been employed w ith success in intractable 
cases of pruritis vulvae, and m certain ulcerative 
conditions of the vaginal mucosa 
We have seen (p 882) that the changes in the 
utenne mucosa which are essential to the fixation 
and nourishment of the fertilized ovum are de- 
pendent upon the hormone of the corpus luteum 
Deficiency of the latter may he responsible for ccr- 
tam cases of sterility or of habitual abortion, and 
when such a cause is suspected, treatment with an 
active preparation (which must always be given by 
injection) is a rational procedure. Its inhibitory ef- 
fect upon uterine motility renders it a valuable 
agent in the treatment of dysmenorrhea, and its 


action m suppressmg the menstrual flow has been 
the basis for its use m menorrhagia and metor- 
rhagia combined W'lth estrogen Excellent results 
have been reported following its use m the latter 
conditions 

The naso-gcnttal relationship A number of observa- 
tions suggest a phj'siological relationship between the 
sex processes and the nose In the first place the mucosa 
covermg the conchae has a cavernous structure sug 
gcstivc of the erectile tissue of the penis and ditons, 
and olfactorj stimuli and psjchic aspects of sex are 
\er> closely assoaated Nasal congestion, often ac 
corapanicd bj cpistaxis, occurs regularly in many 
women at the time of the menses and in both sexes 
it is not unusual for nasal bleeding to occur at pubertj 
Sometimes the nasal hemorrhage in girls or women has 
seemed to replace menstruation which was comadently 
suppressed, and for this reason was termed erroneously 
“ptcanoiis maistniation” Swelling and reddenmg of 
the nasal mucosa is a common finding in w omen dunng 
pregnancy and in monkej's dunng the estrus cjdes 
Stimulation of the intcnor of the nose has been reported 
to alter the penodiatj of estrus c\cles m rats, whereas 
excision of the conchae in joung animals is said to 
result in hj^ioplasia of the sex organs On the other 
hand, dcgencratiic changes in the nasal mucosa ha\e 
been obsciwed as a sequence to castration, which could 
be reversed bj estrogen injections Finally, pseudo- 
pregnancy has been induced in rats by the nasal applica- 
tion of a strong solution of silv cr nitrate and b\ remov al 
of the sphcno-palatineganglion Mortimer, Wright and 
Colhp became interested in the nasogenital relationship 
from the studv of a French Canadian familv, all of 
whom (both parents and nine children) suffered from 
atrophic rhinitis An c.xamination of the cranial skia- 
grams of these subjects disclosed signs which were 
interpreted as indicative of pituitarj abnormalities 
The possibilitj of a causative connection between the 
pituitar}' (c g , deficicnev of gonadotrophic prmciple) 
and the nasal disease suggested a trial of estrogen for 
the treatment of the latter The local application of the 
follicular hormone to the conchae of these patients and 
of a number of other subjects of atropbic rhinitis is 
stated to result m definite improvement 

The Structure and Dev^elopment of the Mam- 
mary Glands and the Secretion of AIilk 

The Structure of the Mammary Glands 

The secretorj' tissue of the mammary glands con- 
sists of elongated slender sacs or ducts — the alveolar 
ducts — whose walls show numerous pouches — the alveoli 
The walls of the alveoli are composed of a basement 
membrane, a layer of mjoepithelial cells, and a row of 
columnar epithehum in this order from without inwards 
The epithelial cells are the secreting elements The 
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gland IS composed of some twenty-five lobe marked off 
by connective tissue septa con ta i ning much fat and 
den\-ed from tbe mantle of adipose tissue which en- 
velops It. A lobe IS snbdiinded mto lobule variable m 
nze, shape and number Each lobule give rise to a nar- 
row eicretoiy duct which is the contmuabon of an 
alveolar duct but whose wall is qmte devoid of all eoh. 
By the successive junctions of thee lobular ducts a 
smgle lacliJeTDus dud is formed which sene an entire 
lobe, It IS hned by stratified epithelium The lactiferous 
ducts converge toward the mpple. Thej become dilated 
beneth the areola and then constnct again. Near the 
base of the mpple thci turn abruptly to run \ erUcallj 
toward the «kin surface. Each opens s^iarately at the 
apei of the mpple b\ a min ute mouth called the 
^Jadoporc In the non-lactatmg gland few alveoli, if 
anj , are to be found, the gland then consistmg of ducts, 
connectii e tissue and fat. Preparatorj to lactation the 
glandular tissue shows actiie growth leadmg to the 
del elopment of the all eolo-lobular sj-stem which com- 
pletely transforms the histological appearance. 

The mpple and an area of skm surmundmg it and 
known as the arecla is darkli pigmented The pig- 
mentation deepens m the earli months of pregnancj, a 
sign recognized from the earhest times. It onli partiallj 
returns to its iirgm color after gestation. As m other 
cutaneous pigmented areas the colo- is due mainly to 
the accumulation of granules of pigment m the squa- 
mous epithelial cells of the skin, but the actual pro- 
ducUon of pigment u a function of cells called treJano- 
blads Inng just below the epithelial lajTrs. These are 
the cells which give the “dopa” reaction (p 846), but 
thej maj thcmseli es con tain Gttle pigment. The func- 
tion of this pigment is unknown but its mcrease dunng 
p-egnanci appears to be causallj related to the func- 
tional actinti of the imderljang gland, an influence 
bemg coni ej ed from the active tissues to the melano- 
blasts through the nch si-mpatheUc umervation (Cath- 
cart and associates) There is possibli also a hormonal 
factor earned to the melanoblasts m the general blood 
stream. 

The mpple contains smooth muscle which is arranged 
orcularlj as well as i-ertically The vertical flbeis arc 
m dose relation to the lactiferous ducts. The stiffemng 
and erection of the nipple which results from mild 
stimulation is caused b> the contraction of these strands 
of musde. The mpple is one of the most nchly in- 
nenated structures in the body Nerve fibers both 
meduUated (somatic) and non-medullated (sjunpa- 
thetic) are found m p-ofusion m and beneath the gVm 
and especially m relation to the opemngs of the lactifer- 
ous ducts. In the dermis, nerve fibers form a loose open 
network without encapsulation, or enter end organs 
of various forms. Pacinian and Meissner’s corpus- 
des commonlj found m other cutaneous and sub- 
cutaneous areas are absent, and Krause’s end-organs 
are scarce. The sensations aroused from the nipple and 


areola are, apparently likethoseoftheglans penis, of tie 
difiuse protopathic or t hal a m ic tjqie. Light touch with 
cotton wool or van Frei-’s hairs is not appreciated 

Tfte rSles played by the cranes and the anlcnor 
pituitary in marrmary derdopnicnt Froladtn 
(^nonyms wannrotropic, galadtn, ladogcnic 
lormone) 

There are three phases m the development and 
acting of the mammary glands 

(a) The mammary growth which is character- 
isUc of puberty and of the commencement of 
subsequent estrus penods, is due, mainly at least, 
to the estrogenic hormone. In monkeys, treatment 
with estrogen will prei ent the atrophy of the mam- 
mae which otherwise follows castration. This 
ovanan hormone brmgs the m amm a r y glands of 
the virgm gumea pig, cow, goat, or monkey to full 
devdopment, promoting the growth of both the 
all eolo-lobular and duct systems as well as that of 
the epithdium of the mpple. 

Partial mammary development has been m- 
duced m male ammak by the administration of 
estrogens Petersen treated free-martins showmg 
pronounced male characters with stilbestrol, and 
though m most of the treated animals there was 
no striking devdopment of mammary tissue, m 
one, 21 lbs. of mDk were secreted daily 

(b) The further enlargement of the mammary 
glands dunng pseudo-pregnancy’ and dunng the 
pregnant state is due to the growth of the corpus 
luteum. In most animals, although estrogen can 
stimulate growth of the ducts, stroma and nipple, 
devdopment of the all eolo-lobular system ran not, 
as m the case of the gumea pig, goat, cow, and 
monkey be mduced by the administration of the 
folhcular hormone alone. It must be combmed with 
or followed by progesUu administration, which 
then mduces growth of the lobular-ali eolar sys- 
tem That is, the latter is superimposed upon the 
duct devdopment mduced by estrogen The effect 
of the sei hormones upon mamman giowt h is 
enhanced by the administration of the thyroid 
hormone, which appears to be essential for the 
action of estrogen, stilbestrol is without effect upon 
the mammary tissue of thyroidectomized heifers 
An mtact anterior lobe of the pitmtary is es- 
sential for the stimulatmg action of the ovanan 
hormones upon mammar y growth In hypophy- 
sectomized a nimals , estrogen exerts httle or no 
effect upon duct devdopment unless treated with 
an antenor lobe extract. Full devdopment of the 
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tubulo-alveolar system of hypophysectomized 
gumea pigs is mduced by the daily implantation 
of the' antenor pituitanes of rats which had been 
treated with estrogen Stimualtion of the duct 
and tubulo-alveolar system also results when im- 
mature ovanectomized rabbits are mjected with 
anterior lobe matenal removed from cattle durmg 
pregnancy Injections of pituitary matenal from 
non-pregnant virgin cattle is meffective Such ob- 
servations led Turner and his associates to postu- 
late the production by the pituitary of two mam- 
mogenic pnnciples distmct from any known 
hormone, called mammogen I, which stimulated 
the duct system and was hberated under the m- 
fluence of estrogen, and mammogen II which m- 
duced the growth of the tubular-alveolar system 
and whose production was controlled by proges- 
terone That is to say, the ovanan hormones, it was 
claimed, did not act directly upon the mammary 
tissue, but only through the medium of the pitui- 
tary prmaples This theory has not received gen- 
eral acceptance, the evidence is far from bemg 
clear-cut, and the observed facts can be explamed 
on the basis of direct control of mammary growth 
by ovanan hormones m conjunction with the ac- 
tion of known antenor lobe hormones, prolactm, 
ACTH and the growth hormone The first of these 
appears to exert, m combmation with the ovanan 
prmaples, an essential effect, while the other two 
serve m a non-specific way to mamtam the health 
and vigor of the ammal The specific action of pro- 
lactm m promotmg mammary growth (as distmct 
from its lactogenic effect, descnbed below) was 
shown by Lyons who mduced localized hyper- 
plasia of the glandular epithehum by mjections of 
prolactm mto the ma mm ary ducts of rabbits 
previously treated with ovanan hormones 

The prolactm effect upon mammary develop- 
ment IS a dual one, the direct effect is aided by an 
mdirect one, namely stimulation of progesterone 
production (luteotrophic action) 

The nature of the direct prolactm effect is an 
unsettled question, it may act to sensitize the 
gland to the ovarian hormones, or it may act syn- 
ergically with them 

Androgens, such as testosterone, stimulate mam- 
mary growth m both male and female animals, an 
effect which requires an mtact hypophysis 

The role of the placenta i« mammary growth 

The several factors which have been mentioned 
are not able to mduce a degree of mammary growth 


equal to that occurnng naturally durmg preg- 
nancy — a fact which at once suggests the partia- 
pation of the placenta m the process Removal of 
the ovanes and fetuses from rats together with 
hypophysectomy causes mammary regression if the 
placantae are also removed, but mammary growth 
contmues if the placentae are retamed Also, 
mammary mvolution occurs if the placentae are 
removed even though the ovanes and pituitary 
are left mtact It seems then that the placenta is 
mdispensable for full mammary development and 
can substitute for the ovanes as well as for the 
pituitary 

(c) The actual secretum of milk which occurs at 
the end of pregnancy is brought about through the 
pituitary A lactogemc effect of antenor lobe ex- 
tracts was demonstrated by Grueter and Strieker 
m 1929, and Comer m 1930 showed that mjections 
of anterior lobe extract caused hypertrophy of 
mammary tissue and secretion of milk m ovariec- 
tomized virgm rabbits Riddell and his assoaates 
demonstrated that the lactogenic effect is due to 
a separate hormone of the antenor hypophysis 
They obtamed extracts of the antenor lobe which 
had pronounced lactogenic effects but were practi- 
cally free from thyxotrophic, growth and gonado- 
trophic prmaples They named the hormone pro- 
lactin It has smee been obtamed m crystaUme 
form, and m the form of what appears, from elec- 
trophoretic and diffusion studies, to be a pure pro- 
tem It IS most probably a product of the acidophil 
cells 

Prolactin mduces proliferation of the epithelium 
hnmg the crop glands of male and female pigeons 
and doves,^^ and mcreases the production of a 
caseous matenal, consistmg of desquamated epi- 
thehal cells and known as “crop milk”, with which 
the young are fed The epithehum becomes heaped 
up mto a number of layers, produemg pronounced 
thickenmg of the mucosa, an effect which 
IS stnkmgly evident even upon gross inspection 
Great numbers of mitotic figures appear The 
stimulant action upon epithelial hyperplasia is 
greatly magnified by the admmistration of colchi- 
cme, a drug which arrests mitosis m the metaphase 
stage The maximum effect of the drug is mani- 
fested m from 6 to 8 hours and persists for a penod 
of from 16 to 18 hours The lactogenic hormone 

This action is employed as a means of assaying the 
potency of lactogemc extracts In general terms a 
“bird unit” is the minimal quantity of extract required 
to mduce a certam mcrease m weight of the crop glands 
of doves or pigeons 
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causes the tnammao secretion in all speaes of 
mammals investigated On the other hand, hy- 
pophysectomy suppresses milk secretion, and m 
the cat, thou^ pregnanc> isnottermmatedbyhy- 
pophysectomy performed in the later months, lac- 
tation does not occur postpartum m the absence 
of the pituitary Prolactm arouses the maternal 
instinct in virgm rats. Riddle and his associates 
har e shown that, in from 5 to 12 days after a senes 
of mjections, the treated animals will care for 
young It also mduces broodmess m hens Con- 
tmued mjections suppress the gonadotrophic action 
of the hypophysis with consequent atrophy of the 
gonads In pigeons prolactm manifests a growth 
effect upon the body as a whole, but espeaally 
upon the liver and mtestmes and probably upon 
the pancreas (splanchnomegaly) 

That milk secretion m the human subject is also 
under the control of the antenor lobe is mdicated 
bj the fact that m acromegaly (p 799) milk 
secretion may persist for an extraordmarily long 
time after childbirth (5 years m a case of 
Cushing’s) It may also occur m male subjects of 
giantism (p 799) These observations are most 
readily explamed upon the assumption that in 
these pituitary abnormahties, the overactivity of 
the antenor lobe causes, as well as an overpro- 
duction of growth hormone, a contmuous secretion 
of prolactin, corticotrophin and possibly other 
lactogenic prmaples Prolactm preparations have 
been used chnically to mcrease the milk flow 
Riddle and his assoaates report that m a senes of 
twenty -nme partunent women the dailj milk 
secretion was mcreased m tnenty-five of them by 
from 50 to 400 grams m from three to nme days 
after treatment was instituted 
Prolactm has also been found in the placenta, m 
the unne of lactatmg women, and m the unne of 
babies secretmg “Whtch’s milk” (see below) 

The production of the lactogemc hormone by the 
pituitary IS stimulated by estrogen, and its hber- 
ation from the gland is brought about, apparently 
refledy, by the act of suckling 

A CONSmEEATION OF FACTORS CONCERNED IN THE 
INrnATION OF MIETC SECRETION AT THE 
TERinNATION OF FREGNANCY 

Though, as mentioned above, m most anunals 
as well as m the human subject, mammary 
growth occurs durmg pregnancy, the flow of milk 
IS not established until after the birth of the young 
and the expulsion of the placenta Complete 
information concerning the factors which initiate 


milk secretion after the birth of Idie child is not 
available, though the importance of prolactm m 
the secretion of milk has been proved, the mflu- 
ences determmmg its discharge from the pituitary 
and the part played by other hormones arc, to a 
large extent, unknown 

The hormonal and nervous factors which may be 
concerned m the mduction of mammary secretion 
postpartum will now be revieu ed 

Hormonal. As an outcome of a number of ob- 
servations the hormonal release theory of mammary 
secretion was proposed (1) WTien mammary 
growth IS mduced m the gumea-pig by the in- 
jection of estrogen, secretion of milk occurs when 
the dosage of hormone is suddenly reduced (2) 
Collip and his colleagues reported that if m virgm 
rats the lutemizcd ovaries mducrid by the admmis- 
tration of human chononic gonadotrophin v ere 
remo^ed, the hypertrophied mammae secreted 
profusely Removal of the pituitaiy', howeier, 
together wnth the ovanes prevented this result. 

(3) Lactation is inhibited m most animals by' es- 
trogen, or by measures which stimulate estrogen 
liberation , it is also promptly suppressed by HCG 
■which stimulates the production of luteal tissue 

(4) When lactatmg cows become pregnant, milk 
production declmes progessiveh throughout gesta- 
tion but rises agam abruptly after calvmg (5) 
Itjis said that reduction in the estrogen concentra- 
tion of the blood of partunent women, as may be 
mduced by the admmistration of a diuretic such 
as theophilhn, stimulates milk secretion These 
are among the observ’ations which have suggcstcKl 
that in the mtact animal, lactation is held m abey- 
ance by a high concentration m the blood of es- 
trogen, and possibly progesterone and a placental 
pnnaple, but that with the fall m concentration of 
these hormones toward the end of pregnancy, or 
postpartum, the pituitary and the adrenal cortex 
(see below), now no longer restramed, exert their 
lactogenic action Evans also explains the milk 
secretion which occasionally occurs m the child 
shortly after birth (witch’s milk) on this basis 
The blood of the fetus presumably contains ovarian 
hormones of the mother and the elimination of 
these after birth results m the liberation of prolac- 
tm from the infan t’s pituitary The theory just 
outlined concemmg the mduction of lactation fafls 
to explain the phenomenon m all species In some 
forms (goats and cattle) contmued treatment with 
estrogen m small doses actually stimulates mam- 
mary secretion 

Reduced prolactm content of the pitmtary or of 
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the blood under the influence of estrogen injections, 
which would be consistent with the theory, has 
not been observed (Meites and Turner) 

There are other experimental findmgs which 
argue agamst the theory based upon the release of 
the pituitary from hormonal inhibition Two al- 
ternative theories have been proposed The first is 
that of Petersen, and probably has the greater 
amount of experimental support It is now 
generally accepted that milk production, i e , the 
formation of milk and its secretion mto the alveoh 
begms some time before parturition The question, 
therefore, is not a matter of secretion after child- 
buth, but of the discharge or ejection of milk from 
the gland That the prepartum secretion is con- 
siderable IS testified to by the swellmg of the 
breasts m the later part of pregnancy Also, as 
pomted out by Petersen, the low water content of 
the first milk secreted, the colostrum, strongly 
suggests a retamed secretion Accordmg to 
Petersen, the first milk is ejected as a result of 
stunulation of smooth muscle m the vicmity of the 
alveoh and ducts, or of the myoepithelial cells m 
the alveolar walls, by postenor pituitary pnnciples, 
especially by pitocm (oxytocm) but possibly also 
by pitressm As shown many years ago by Ott and 
Scott, the oxytoac prmaple ha^ a powerful galac- 
togogue action Pitressm is much less active m this 
respect The stimulus for the release of pitocm, is 
provided presumably by aflferent nerve impulses 
set up m the nipple by the act of sucklmg, a con- 
clusion which would account for the very nch 
mnervation of the nipple This theory, then, im- 
phes that durmg the later part of pregnancy, the 
retamed secretion tends by distension of the alveoh 
to depress secretory activity, but with the empty- 
mg of the alveoh, the inhibitory effect of distension 
IS removed, and a contmuous profuse secretion is 
mamtamed by the lactogemc hormone 

The experiments of Petersen and his associates 
mdicate clearly that a nervous-hormonal mecha- 
nism is responsible for the phenomenon known as 
the “let down” of milk m cows The blood from 
animals who had “let down” their milk when per- 
fused through excised mammary glands caused a 
profuse secretion of milk withm 15 seconds Blood 
from cows which had not “let down” their milk was 
qmte meffective Fnght, nervousness, or the m- 
jection of adrenahne prevented the “let down” 
phenomenon The well-known stimulatmg action 
of sucklmg upon the uterme contractions is also 
strongly suggestive of the liberation of pitoan mto 
the circulation 

Accordmg to the second alternative theory, 


which has been proposed by Meites and Turner, 
the chief factor m the mitiation of secretion 
postpartum is the great mcrease m prolactm 
production which occurs at this time In rats and 
gumea pigs the prolactm content of the pituitary 
was found to mcrease some four-fold a few days 
before the birth of the young, and m women thfe 
urmary excretion of lactogemc hormone post- 
partum is some 16 tunes greater than durmg 
pregnancy Estrogen was foimd to mcrease the 
production of prolactm by the hypophysis, the 
latter’s low prolactm content durmg pregnancy is 
attributed to the relatively high progestm content 
of the blood and its antagonistic action upon the 
activity of estradiol It is postulated that the 
stimulatmg effect upon the pitmtary is dependent 
upon the estrogen-progestm ratio m the circula- 
tion At the end of pregnancy a sharp reduction m 
progestm concentration occurs It was found that 
estrm and progestm admmistered m appropnate 
amounts had no effect upon the quantity of pro- 
lactm m the pituitary 

In milkmg cows, thyroidectomy causes a re- 
duction m the quantity of milk and, as a conse- 
quence, a dimmution m the total yield of milk fat 
(Graham) The admmistration of the thyroid hor- 
mone, of thyrotrophin or of lodmated casern m- 
creases the quantity as well as the fat content of the 
mflk These effects appear to be specific and not 
due simply to changes m metabolism, for raismg 
the heat production 50 per cent or so above normal 
by means of dmitrophenol decreases both the vol- 
ume and the butter fat of the milk The effect of 
thjTOidectomy is attributed, m part, to the re- 
moval of the parathyroids 

The adrenal cortex plays an essential part m 
milk secretion (see Hartman and associates) Rats, 
adrenalectomized m the later months of gestation 
fad to produce the normal quantity of milk The 
defect can be corrected by the admmistration of 
very large doses of adrenal cortical extract, but 
not by ordmary mamtenance doses, and also, not 
infrequently, by a high salt diet The effect of 
adrenalectomy upon mammary secretion may be 
to a certam extent non-specific and result from the 
disturbance m mmeral, water and carbohydrate 
metabolism, the drying up of milk production bemg 
an expression of the dehydrated state Neverthe- 
less, that the adrenal cortex plays a speafic r61e 
m milk-production appears likely from the fact 
that prolactin alone has no lactogenic action m 
hypophysectomized animals unless an extract of 
the adrenal cortex (or corticotrophm) is admmis- 
tered with it This leads to the behef that normally 


Sutton Vn 


DUCTLESS GLANDS OR ENDOCRINES 


900 

the pituitary bnugs about maniniary secretion by 
hberating ACTH as well as prolactin Adrenal 
cortical tumors in males are sometimes assoaated 
with gynecomastia— further suggestive evidence of 
the role of corticoids m lactation Of the adrenal 
principles, desoxycorticosteronc has but slight 
lactogenic acUon, whereas, 11-dchydro l7-hy- 
drox>'Corticosterone is effective The existence of 
a specific lactogenic hormone, called corltlacttn, 
has been postulated, but not proved The impor- 
tance of the adrenal cortex m lactation and certain 
recent observations with the gl> cotropic factor of 
the pituitary, as n ell as the influence of the ovarian 
hormones have led many, especially Folly and 
Young, to doubt the spccifiaty of prolactin itself 
The hormonal control of lactation is probably more 
complex than has been thought and mvolvcs per- 
haps several hormones. 

Nervous Cannon and his assoaates have shown 
that sympathectomized animals (cats) are in most 
instances unable to suckle then young (ch 72), 
a small quantity of milk is secreted after the 
young are bom but the secretion soon dries up, 
maternal mstmet is abolished It is also well 
known that after weaning the seaelion of milk 
ceases, an event which may be due to (a) rcmoinl 
of the stimulus to the nipples provided by the act 
of sucklmg, or (b) distension of the alveoli of the 
gland by accumulated milk Selye found that it 
IS the first rather than the second of these factors 
which IS of greater importance The mam duct 
of the gland uas ligated m rats but the joung 
were allowed to suckle The accumulation of milk 
caused marked distension of the alveoli but secre- 
tion was not mhibited On the other hand, removal 
of the sucklmgs from the mother or excision of the 
tipples suppressed secretion It is probable that 
the effect upon mammary secretion of stimulating 
the nipple is not a local one but is the result of 
afferent unpulses reachmg the pituitary and caus- 
ing the liberation of prolactin Such a mechanism 
would be analogous to that by which in certain 
animals a pituitary mfluence called into play by 
stimulation of the genital tract, mduces ovnilation 
(p 886) 

Another possible mfluence was suggested some years 
ago by Selye and his assoaates, namely, that inhibitory 
afferent impulses from the distended uterus held 
lactation m abeyance They reported that, m the rat 
emptying the uterus before the end of the term caused 
n^k to be secreted but that, ff after lU evacuaUon, the 
uterus were maintained m the distended state by 


melted paraffin wax (with melting point a little abme 
body temperature), lactation did not occur However, 
the inhibition observed should probabi) be attnbulcd 
to the effect of the operation upon the well being of the 
animals and therefore is not spcafic Bmdbuiy and 
Greene, who repeated these experiments, found that 
sectcUon occurred after the animals had recovered from 
the operation though the uterus was still filled with 
wax 

The experiments cited above indicate the im- 
portance of ajfcrent nervous influences in milk 
secretion, presumably through the liberation of 
prolactin On the other band, the fact that secretion 
may continue after complete denervation of the 
glands and that mammary tissue transplanted into 
a pregnant animal secretes milk after the y oung 
arc bom provadcs clear cvadcncc Uial neither af- 
ferent or ejereiit nerv cs arc essential to the sccrctorv 
mechanism Nevertheless, continued activ ity of the 
gland and the maintenance of a normal milk flow 
appear to be dependent upon prolactin and possibly 
other hormones kept at a high lev cl of production 
by stimulation of the nipple The pnnaplcs of the 
posterior lobe, though perhaps not cs'cntial, ap- 
pear certainly to faalitatc the initiation of lacta- 
tion 

THE cosirosmos of inuK, the origins antj 

SECRETION OF ITS CONSTTrUENTS 

With the onset of lactation the epithelial cells 
Immg the alveoli become loaded with fine droplets 
of fat which soon coalesce to form large globules 
m the half of the cell lying next to the alveolar 
lumen The fat with the other constituents of the 
milk IS then discharged into the alv'colus by con- 
striction of the cell on the basal side of the globule 
Thus, the inner, free part of the cell is pinched off 
as It were from its nudear or basal portion (o poertne 
type of secretion) In other instances the inner 
boundary of the cell appears to rupture and dis- 
gorge Us scCTction The blood supply to the gland 
dunng lactation is profuse, amounting in the con , 
according to Graham and his assoaates, to 400 
volumes of blood to 1 v olume of milk produced 

The quantity of protem m covr’s milk is more 
than double that m human milk, but the sugar and 
fat contents are lower See table 85 The proteins 
of human milk are, however, of higher biological 
value. In cow’s milk casein constitutes from 80 to 
90 per cent of the total protein, and lactalbumm 
from 10 to 20 per cent, whereas in human milk 
from 30 to 40 per cent of the total protem is 
lactalbumm Accordmg to Murlin, aU the protem 
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of mother’s milk may be retamed by the mfant, a 
considerable proportion of the protein of cow’s 
milk, on the other hand, is elimmated Of the 
essential mmerals, calcium is present m largest 
amounts, namel> , about 0 4 per cent 
The proteins of milk arc not found m the blood, 
yet only a small fraction of the former can be ac- 
counted for by sjmthesis from the blood ammo- 
aads The milk proteins may possibly be derived 
from the plasma proteins through some chemical 
transformation brought about by the activity of 
the glandular tissue A more likely origin is from 
a glycoprotein present in small amounts m blood 
It has been shown by Turner and his colleagues 
that this protein disappears from arterial blood 
supplymg the glands The carbohydrate part of 
the molecule, which consists of galactose, mannose 
and glucosamuie, and constitutes 9 per cent, may 
be used for the production of lactose, while the 
remainder might ser\’e as a precursor of the milk 
proteins The phosphorus required for the synthesis 
of casein (a phosphoprotein) is denved from the 
inorganic phosphorus of the blood 
Milk fat differs m composition from the neutral 
fat of the blood m having a relatively high pro- 
portion of short-chain fatty acids of the senes 
Ci to Cu The fatty acids, e g , butjTic, caproic, 
caprylic, lauric and mj ristic, constitute about 30 
per cent of the total fat of milk The fat of milk 
therefore cannot be simply neutral fat transferred 
from the arculation to the gland and there con- 
centrated Of the long chain fatty aads, oleic 
(35 per cent) and palmitic (30 per cent) arc present 
in greatest amounts Stcanc aad constitutes only 
about 2 per cent The origin of the short-cham 
fatty aads is unknown It has been shown that 
in ruminants, short-chain fatty aads arc formed 
m the rumen through bacterial action upon car- 
bohydrates, and that such acids arc absorbed into 
the blood stream, the suggestion has, therefore, 
been made that they are concentrated by the 
mammary gland But an objection to this 
possibility IS mentioned by Kay, namely, the 
observation of Malprcss, that sodium butyrate 
fed to lactatmg cows does not increase the pro- 
portion of volatile fatty aads in the milk 
Of the source of the main sohds of milk most is 
known definitely about that of lactose It is gen- 
erally accepted that it is denved mamly from the 
glucose of the blood From the evidence no other 
conclusion can be reached No significant amount 
of glucose is present in milk, and the arterial blood, 


m its passage through the lactatmg gland loses 
over 25 per cent of its glucose content, also, 
surviving slices of mammary tissue, meubated 
with a solution of glucose, synthesize lactose, and, 
any low’crmg of the blood glucose, as by the ad- 
mmistration of insulin, is reflected m the lactose 
content of the milk Mammary tissue contains about 
0 2 per cent of glycogen, w'hich is mcreased under 
the influence of insulin, and it may well be that it 
plays an mtermediate r61e m the production of the 
milk sugar 

Both cow’s milk and human milk \ary greatly 
both in composition and quantity Many factors, 
psychic, dietary, hormonal, period of lactation. 


TABLE 85 



time of day (greater volume durmg the night), etc , 
exert their effects upon the quality and quantity oi 
human milk, the daily output increases up to a 
maximum of from 1000 to 3000 cc at about 
the 25th week after childbirth and then gradually 
declines Human milk of good quality contains 
all the elements essential for buildmg body tissue, 
and adequate amounts of vitamins A (as well as 
carotene), Uie B complex and C Vitamins Bi and 
D are in low concentration and may be present m 
inadequate amounts The average composition of 
cow-’s milk and woman’s milk of good quality are 
compared m table 85 The quality and quantity 
of the milk IS influenced by diet An ample diet 
tends to maintain both at a high level Raismg the 
protein in the diet tends to increase the total milk 
yield A high fat diet increases the yield as well as 
the fat content of the milk Carbohydrates, if m 
high proportion in the diet reduce both the yield 
and the quality of the milk 

The Testes 
Structure of the testes 

The substance of the testes consists of a mass of 
coiled tubules — the convoluted semuitferous tubules — 
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bound togetber by a stroma of connective tissue. The 
Beminiferous tubules composing the body of the testis 
consist of a number of closely coded tubes from 35 to 
70 centuneters long and from 150 to 300 mvcra m di 
ameter They are held in wedge shaped compartments 
or lobules by incomplete connective tissue septa 
Through the gaps m the septa they are jomed to one 
another bv short tubular connections The combined 
length of the convoluted tubules of man has been esti 
mated at over 300 yards At the apices of the lobules 
the seminiferous tubules join the first elements of the 
excretory duct system These are narrow straight tu 
bules— the iubult recft— which empty mto a system of 
irregular cavernous spaces — the rele leshs — m the htUm 
or mediastinum m the postenor part of the testis From 
the rete testis a number (8 to 15) ducts, called the 
ducluh eferaitw, anse, which passmg to the head of the 
epididymis become confluent to form the ductus epi- 
didymis The latter is a long, greatly tortuous channel 
which forms the body and tad of the epididymis At the 
lower extremity of the epididymis the ductus bends 
abruptly upon itself to be contmued as the vas or ductus 
dejerens The vas deferens on each side, after a devious 
course, u joined by the duct of the correspondmg 
seminal vesicle, and termmatmg as an eyaculatory duct 
opens mto the urethra. The sperm or semen is stored 
mainly in the ductvdi efferentia and in the epididymis 
The convoluted tubules are hned by several layers of 
cells With the excepbon of a relatively small number of 
supportmg cells — cells of Sertoli — the hmng cells de 
velop through several distinct stages mto spermatoroa 
They are, therefore, called the spermatagenic or germ 
cells In the mature testis the several stages m the 
development of these cells can be distmguished They 
are arranged m layers from without mwards (i e , 
toward the lumen of the tubule) m an order, accordmg 
with the degree of their matunty The most pnmitive 
of the germ cells are large (12 ji in diameter) round cells 
lymg upon the basement membrane They are called 
spermatogonia, they alone are present m the immature 
testis The first cells to be developed as a result of the 
activity of the pitmtary are called primary spermato- 
cytes These are larger than the spermatogoma (15-19 
micra) , each divides into two smaller secondary sperma 
locyles, each of which divides m turn to produce two 
spermatids Each spermatid contains only half the 
number (haploid) of chromosomes m its nucleus This 
last step m maturation is called reduction division, or 
mewsis, but the reader is referred to texts on genetics 
for a description of this process and for further details 
in spermatogenesis The spermatids which are found 
near the lumen of the tubule are transformed directly, 
1 e , without division, mto the free spermatozoa (see fig 
61 13) About half the number of spermatida (or sper- 
matwoa) contam a YKhromosome, and half contain 
an X^chromosome 

We semen contains some 60,000,000 spermatozoa per 
cubic centimeter, which are suspended in a fluid the 


great bulk of which is secreted by structures outside the 
testes, ductuh efferentia, ductus epididjmus, semmal 
vcsticles, prostate, and urethral glands The sperma- 
tozoa m the semmiferous tubules are non motile They 
are earned along the ductuli efferenUa by the alia of 
the cells hmng these channels. Reachmg the ductus 
epididymis they may here remam for a long time, or 
until an ejaculation occurs Ejaculation of the semen 
dunng coitus is brought about by contractions of the 
vasa deferentia and the ejaculatory ducts In the stroma 
of the testis, isolated groups of polj'hedral cpithelial- 
hke cells are present— the interstitial celts or cdls of 



Fio 61 13 Spermatogenesis, a, spermatogoma, 
b, primary spermatocytes, c, spermatozoa, d, spenn- 
abds, e, cells of Sertoh 

Leydig These contain lipoid granules m their cj toplasm, 
and are stimulated, apparently by the luteinizmg hor- 
mone of the antenor pituitary 

THE PHYSIOLOGY OF THE TESTIS — T TTF. MALE 
HORMONE 

The testis has two functions, namely, the 
production of germ cells — spermalogcntc Junclton — 
and the elaboration of male hormone — endocrine 
fwictton 

The results of castration and transplantation 
experiments, an account of which has been given 
at the beginnmg of this chapter (p 871) leave no 
doubt that the testis is a gland of mtemal secretion, 
though the earher attempts to extract the testicu- 
lar hormone were unsuccessful The chief cause of 
failure was probably that a rehable test object 
had not been devised John Hunter, as long ago as 
1792, showed that the normal function of the pros- 
tate and seminal vesicles was mamtained only m 
the presence of the testes, and Berthold, in 1849, 
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demonstrated that the testes discharged some 
material into the blood stream essential for the 
grow th of the cock’s comb (sec also the beginning 
of this chapter) Among the first to attempt the 
preparation of an active material was the noted 
ph 3 Siologist BrowTi-S6quard (1889) who adminis- 
tered testicular extracts to himself and thought 
that he acquired an increase of \ngor and a greater 
capacit} for work after the treatment The idea 
that senescence was related to testicular atrophy 
and the consequent reduction or loss of the male 
hormone w as rcvi\ ed a few j'ears ago by VoronofI 
in France and Steinach in Germanj' Transplanta- 
tion of apes’ testes mto old men have been per- 
formed and claims have been made upion the most 
films}" evidence that the grafted tissue lives and 
causes rcju\enation of the recipient There is no 
reason to suppose that testicular atrophy has anj' 
causal relationship to old age phenomena Indeed, 
it IS w ell known that in the male the degenerative 
changes of the bodj’ incident to age usually far 
outstnp the decline in the sexual functions In the 
female, on the other hand, regressive changes m 
the ovaries occur normal!}' after a certain age, yet 
this e\ ent does not appear to hasten senile changes 
Nor do eunuchs show premature scnihty Fur- 
thermore, the bodily changes assoaated with de- 
clining } cars arc degenerative and irreversible, it is 
therefore irrational to hope that rejuvenation can 
be brought about through grafted testicular tissue 
Jlorcover, any hormone cfifcct which might result 
from such a procedure would be only temporary, 
for the graft does not live (p 873) 

The spcrmatogcnic function of the testis is 
affected adversely b} several conditions, namely, 
repeated or prolonged exposure to X-rays or to 
radium emanations, alcoholism, vitamin E or Bi 
deficienc}', close confinement (in certain animals) 
and an elevation in temperature of the testis 
tissue amounting to only a few degrees In the 
developmental anomaly known as cryptorchidism 
the testis fails to descend into the scrotum, 
spermatogenesis docs not occur in the undescended 
organ The defect is due undoubtedly to the 
relatively high temperature of the abdommal 
cavity which is considerabl} higher than that of the 
scrotum Raising the testis of the normal adult 
animal from the scrotum and fixing it in the abdo- 
men IS followed within a few days by degeneration 
of the seminiferous tubules But the latter arc 
restored to their normal appearance and function 
if the testis is returned to the scrotum, provided 
that its stay m the abdomen has not been too long 


It has also been found that exposure for IS mmutes 
or so to a temperature of 6°C above the normal 
body temperature leads withm 10 days or so to 
degeneration of the sperm-produemg cells The 
latter effect follows in the ram if the scrotum is 
enclosed in heat-insulating matenal, such as 
coverings of w'ool, so as to maintam the scrotal 
temperature a few degrees above the normal level 
Though the human testis may suffer in febrile 
diseases as a result of the high temperature the 
loss of function is, as a rule, only temporary 

The internal sccretuig function of the testis is 
resistant to the conditions mentioned above 
The undescended testis contmues to secrete its 
hormone, for castration effects are not seen m 
bilateral cr}'ptorchidism, nor does exposure to the 
X-rays or vitamm deficienc}' lead to a failure m the 
endocrine function of the gonads 

Ligation of the vas deferens has been stated by 
some (e g , Stemach) to cause degeneration of the 
spermatogenic cells and an increase m hormone 
production These clauns have been conclusively 
disproved Vasoligation, which has been advocated 
as a means of mcreasing the output of male 
hormone, is based upon error and is never justified 
for this purpose, it exerts no detectable effect 
either upon the sperm-producing ceUs or upon 
tho^ of mtemal secretion 
\,xLn many wild species the activity of the male 
reproductive organs is confined to a definite 
mating season The changes occurring durmg this 
period of “rut”, as it is called, are analogous to 
those W’hich take place during the estrus periods 
of the female The testes h}'pertrophy, sper 
matogenesis occurs, and sexual desire is aroused 
The anterior pituitar}' exerts a governing influence 
upon the testes essentially similar to that which it 
exerts upon the female gonads (p 886) 

Pezard as early as 1911 produced comb growth 
m capons by the mjection of a salme extract of 
testicular tissue McGee in 1927 obtamed an 
active lipoid extract of bull’s testes As a result 
of the subsequent studies of this w'orker and his 
associates and those of other investigators (Moore, 
Gallagher, Koch) the foUowmg effects of testicular 
extracts have been demonstrated 

(1) Growth of the comb, w'attles and ear-lobes 
of the castrated cockerel (capon) and of the comb 
m hens (fig 61 14) 

(2) Inhibition of ovulation m hens 

(3) Prevention of the atrophy of the accessory 
male organs (semmal vesicles, prostate, Cowper’s 
glands) in the castrated gumea pig, rat or mouse 
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Fig 61 14 Showing the effect of testis honnone (from urine) upon the comb growth of wpons The m 
the upper photograph receii ed daily mjections over a period of IS days Loner photograph, untreated controls 
(After Funk, Harrow and Lejwa ) 



Fig 61 15 Effect of castration and testis honnone on epithehum of sexmnal vesicles (Moore, Hughes and 
Gallagher) 1, cells from normal animal, showmg secretion granules, 2, cells from twenty day castrate, 3, cells 
from twenty day castrate treated with male hormone. 


(4) Extension of the lives (as judged by motlbty) 
of the spermatozoa m the epididymis of hypo- 
physectomized guinea pigs This fact suggests 
that the testicular honnone normally performs an 
important function with respect to the life and 
motility of the male sex cells The spermatozoa 


Piwsing M altematmg electnc current (30 volts' 
through the head of a normal anesthetized gumea pii 
causes an ejaculatory reflex and the discharge o 
secretions tom the vas deferens, semmal i-eacles am 
ivas distMvered by Batelh l 
lv 22 , It IS abolished after castrahon. 


(5) Reducbon m the size of the testes and atro- 
phy of the semmiferous tubules by repeated mjec- 
tions This effect is probably exerted through the 
hypophysis 

(6) Restoration to normal of the “castration 
cells” of the antenor pituitary (p 887) 

(7) MasculimzaUon of female rat fetuses foUow- 
mg repeated mjections durmg pregnancy, hyper- 
trophy of the uterus and reduction m the size of 
the ovanes of newly-bom rats 

The testis hormone belongs to the class of 
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sterols, being closely related chemically to the 
female sex hormones, to cholesterol, the bfle salts, 
etc (see p 878) It has been obtamed m crystallme 
form from testicular tissue, this product, which 
IS regarded as the true male hormone, has been 
named testosterone It has been synthesized from 
cholesterol Butenandt isolated a crystallme an- 
drogenic compound from urme This is much less 
active (from \ to ■^) than testosterone and differs 
from the latter m chemical structure as shown m 
the formulae given below, it is called aniroslerone 
Both testosterone and androsterone have been pre- 
pared from cholesterol by Ruzicka and his col- 
leagues 


(probably estrone) is excreted by the male ” 
The androgen/estrogen ratio (i e , the number 
of mtemational androgenic units excreted per day 
over the estrogenic activity m micrograms of 
excreted estrone per day) is from two to five times 
higher m males than m females (see Gallagher and 
colleagues) The main source of the androgens m 
female urme is the ovary, for ovanes grafted mto 
the ears of castrated male rats mamtam the semmal 
vesicles and prostate m a normal state (Hill) , yet 
excretion is not entirely abolished by ovanectomy 
It must be borne m mmd that the male and female 
hormones are closely simQar m chemical structure, 
estradiol can be converted to testosterone by 


CH, 

I OH 





O 

Testosterone (CijHjjOj) 
(3-Keto-17-hydroxy-A<-androstene) 


CH, 

O 


CH, 



HO H 
Androsterone (CieHjoOj) 
(3 Cis-hydroxy-17-keto- 
androstane) 


CH, 

1 o 



/VAX 


Dehydroandrosterone (Ci» HmOj) 
(3-Trans hydroxy-1 7-keto- 
A<-androstene} 


A second androgenic compound, dehydroandros- 
terone, is present m urme, its potency is about half 
that of androsterone These urmary androgens are 
metabohc products of testosterone The latter is 
also degraded to etiocholanol-3(a)-one-17, which 
appears m the urme after the admmistration of the 
testis hormone Aad hydrolysis of the latter m the 
process of extraction liberates the active prmciples 
Androstenedtone, CuHseOj, and androslenediol, 
CisHmOs, are laboratory products, the former hav- 
ing been prepared from androsterone, the latter 
from dehydroandrosterone Esterification of tes- 
tosterone, as demonstrated by Parkes, greatly m- 
creases and prolongs its action, testosterone acetate 
and propionate, especially the latter, bemg several 
tunes more effective than the free hormone 
Testosterone is most effective when administered 
by mjection, it is also effective percutaneously 
(by munction) and by mouth but several times the 
mjected dose is required Androgenic substances 
(androgens) first make their appearance m male 
nnne at the time of puberty or somewhat earlier 
Androgens, surprismgly enough, are also present m 
female urme m amounts not greatly less (f) than 
m male urme and, as already mentioned, estrogen 


dehydrogenation, and testosterone mjected mto a 
male is excreted partly as androgen and partly as 
estrogen Furthermore, progesterone m large 
doses IS capable of androgenic effects (the mam- 
tenance m castrates of spermatogenesis and 
enlargement of the prostate) The adrenal cortex 
furnishes a proportion of the androgens and estro- 
gens found m normal urme, and all of those ex- 
creted after castration or ovariectomy The urmary 
excretion of androgens is reduced to about half 
the normal m eunuchoidism, and to even less than 
this after castration In adrenal virihsm the ex- 
cretion of androgens (l7-ketosteroids) is consider- 
ably mcreased (ch 59) 

Several methods have been proposed for assaying 
the potency of testicular preparations Gallagher 
and Koch use the comb-growth test They define 
a unit of testes hormone as the amount of extract 
which when mjected daily for 5 days yields an 
average of 5 mm mcrease m size length plus 
height) of the combs of at least 50 per cent of a 
group of brown leghorn capons 

In some instances a part of the androgenic activity 
of unne, espeaally m cases of vinhsm (p 839) may 
be due to the presence of cdroiosterone, an androgen 
found m the adrenal cortex 
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The interslUwl cells of Leydtg 

In animals which show a ruttmg season the 
male hormone is secreted mtennittently, in others, 
e g , the rat and gnmea pig, and m man, the 
secretion is contmiious The elements of the testis 
nhich elaborate the hormone are not known with 
certamty, though it is generally believed that the 
mterstiUal cells of Leydig serve this function 
The foUowmg is a summary of the evidence usually 
cited in support of this view 

(a) Under any of the foUowmg circumstances 
the semmiferous epithehum undergoes atrophy, but 
the mterstitial cdls remam intact, and castration 
effects do not appear (i) treatment of the testes 
with mild doses of X-rays, or hgation of the vas 
deferens, but leavmg the spermatic vessels mtact, 
(u) exasion of the testes and graftmg them else- 
where in the body, (iii) non-descent of the testes 
mto the scrotum (cryptorchidism), the degenera- 
tive changes m the spermatogenic cells are proba- 
bly due to the high temperature to which they are 
exfiosed m the abdomen 

(b) Conversely, damage to the mterstitial cells 
without mjury to the semmiferous epithehum can 
be mduced m rats by the administration of pitch, 
or by a diet lackmg m the vitamm B complex, 
atrophy of the prostate and seminal vesicles re- 
sults 

Eypogomdim ajid hypergonadism in the male 

Tumors of the testis m young boys may result m the 
precoaous development of the secondary sex characters 
— growth of hair upon the pubis, m the anllae and over 
the face, deepening of the voice and enlargement of the 
penis These effects are evidently due to hypersecre- 
tion of the male hormone, they tend to subside after 
exasion of the tumor Hypergemtahsm with closely 
similar features occurs as a result of hyperfunctioning 
of the adrenal cortex (p 861) Failure of development 
of the accessory male sex organs and of the secondary 
sexual characters, a condition referred to as h^pogo 
nadtsm or eunuchoidism, is in most cases due primarily 
to a pitmtaiy disorder Defiaency of the gonadotrophic 
hormone of the pitmtary leads to atrophic changes in 
the testes, which may be greatly reduced m size, and 
to the suppression of their mtemal secretion In other 
instances of eunuchoidism the testes are the primary 
site of disease, e.g , destructive new growths, mumps, 
typhoid fever, syphilis, etc Testicular atrophy oc- 
casionally results from prolonged and severe mamtion 
or vitamm B, defiaency Hypofuncbomng of the 
tKtes ma> commence at anv time dunng postpuberal 
life as a result of pitmtary disease or of any of the con- 
diUons just menUoned In this d^erred type of eunuchoid- 


ism regressive changes, though usually of mild degree, 
in the accessory organs of sex and in the secondary sex 
characters may result In many instances of hypo- 
gonadism in females as well as in males the excretion of 
gonadotrophins in the unne is increased 

The Prostate Gland 

The prostate which Enrrounds the first inch or so of 
the urethra is composed of branched tubuloalveolar 
glands, grouped mto about 20 lobules Its stroma is 
fibroel^tic in nature and contains many bundles of 
smooth muscle The alveoh of the glands dram into 
some 20 ducts which discharge into the urethra The 
gland IS traversed by the ejaculatory ducts Withm the 
lumma of some of the aUeoh, small concrcbons knomi 
as corpora amylocea are found especially in older men 
They are composed of a calanm phosphorus com- 
pound similar m chemical structure to apatite (p 862) 
Glimds lymg m relation to the wall of the upper part 
of the urethra are present m the female They are 
analogous to the male organ and are referred to as the 
female prostate 

The prostate does not appear to have any endocrine 
function It secretes small amounts of fluid continu- 
ously mto the urethra (from 0^ to 2 cc. per hour in 
man), and much larger amounts durmg coitus This 
occurs before the senunal vesicles discharge their 
secretion Both secretions are added to the sperm, of 
the two the secretion of the seminal vesicles appears 
to be of the greater importance for the viabdity of the 
spermatozoa, or at any rate for ferbhzation, for this 
13 possible after removal of the prostate but not after 
the loss of the seminal vesicles. 

Human prostabc secretion is a thin opalescent fluid 
with a specific gravity of about 1 022 and contaimng 
about 7 per cent of total sohds These consist of m- 
orgamc salts, Na, K, Cl and P and about 2 5 per cent of 
protem, most of which is denved protem not coagulable 
by heat. It also contains non protem nitrogen, hpids, 
cholesterol, atrate, traces of glucose and the two 
enzymes, aad phosphatase and fibnnolysm 

The secretion of prostatic flmd is increased by 
stimulation of parasympathetic (sacra! outflow) and 
sympathetic nerves (hypogastric) 

Prostatic hypertrophy The cause of prostatic 
hypertrophy is still a matter for speculation The 
theory has been advanced that the production of 
male hormone in excess is a factor It is unquestion- 
able that testosterone stimulates prostatic growth, 
castration causes prostaUc mvolution It is im- 
probable, however, that hyperactivity of the m- 
terstitial cells is a cause of prostabc enlargement 
m man, secrebon of male hormone tends to de- 
crease rather than to increase with advancing 
years Huggins suggests that the threshold of the 
prostabc tissue for the acbon of testosterone is 
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lowered as age advances to an extent which more 
than compensates for the dumnished production of 
the male hormone > 

It has been mentioned that estrogen is excreted 
m the unne of the male and can be isolated from 
testicular tissue, it has also been shown by Zucker- 
man and Parkes that mjections of estrogen mto 
monkeys cause prostatic hypertrophy, fibromus- 
cular overgrondh of the whole prostate together 
with epithelial stratification and distension of the 
uterus masculmus Such effects can be counter- 
acted by injections of male hormone These facts, 
taken m conjimction with the observation that 
the concentration of the male hormone m the 
unne of elderly men may be reduced whfle the 
excretion of estrogen remains unchanged, have led 
some (de Jongh, Laqueur) to a conclusion as to the 
cause of prostatic hypertrophy m man based upon 
an unbalance between androgen and estrogen — 
a diminished production of the former and, m 
consequence, a relative excess of the latter In 
support of this hypothesis de Jongh states that 
injections of the male hormone m cases of prostatic 
enlargement prevents further hypertrophy and 
may actually cause shrinkage of the organ More- 
over, R A Moore and his associates observed 
that prostatic tissue of the rabbit transplanted 
mto the antenor chamber of the eye showed a 
greater growth response to estrogen than to male 
hormone administration However, observations 
Jpposed to this theory can be ated, e g , the ab- 
sence of excessive amoimts of estrogen m the 
blood or unne of subjects of prostatic hypertrophy, 
and the fact that mjections of estrogen do not, 
apparently, aggravate the condition Moreover, 
the effect of estrogen is mainly on the stroma, 
whereas, the male hormone stimulates the glandu- 
lar element which is chiefly affected m hypertro- 
phy of the prostate The whole question of the 
causative factors m prostatic hypertrophy is nfe 
with speculation and beset with contradictory ob- 
servations and opmions Established facts are few 
and difficult to obtam 

The epithelial cells of a prostatic adeno-carci- 
noma are dependent for their growth and activity, 
as IS the normal epithehum of the prostate, upon 
the male hormone It is upon this basis that 
castration has been employed m the treatment 
of prostatic cancer, the malignant growth, m many 
cases, imdergomg regression after operation Smce 
androgen activity is antagonized or neutralized by 
estrogens, inhibition of the cancerous growth can 


also be mduced by the a dminis tration of estrogenic 
material, e g , stilbestrol 

The hormonal treatment oj male sex disorders 

The testis hormone, m accordance with the 
pnnaple of hormone action m general (p 782) 
does not stimulate the mterstitial cells of the testes 
Though highly successful results, of a temporary 
nature at least, have been reported following the 
use of the male hormone m underdevelopment or 
regression of the accessory male sex organs, it is too 
early to attempt any real appraisal of its ultimate 
therapeutic value m these conditions 

The gonadotrophic principle derived from preg- 
nancy unne (p 887) has been employed to stimu- 
late spermatogenesis m an undeveloped testis 
or to restore the normal spermatogenic function 
which had been suppressed as a result of disease 
Sterility m man is said to have been cured by this 
means, spermatozoa which before treatment were 
few and non-motile have, accordmg to report, 
been increased m number and rendered actively 
motile after a senes of mjections of the anterior- 
pituitary-like hormone Notable success has 
fallowed the Use of the gonadotrophic hormone of 
pregnancy unne m cryptorchidism, descent of the 
testes bemg mduced It has also been employed 
m Vanous types of hypogonadism The gonado- 
trophic prmciple of the pituitary itself would be 
expected to give the best results but so far a reliable 
commercial preparation of this hormone has not 
been available 

The Thymus 
Structure 

The thymus arises from the third branchial deft 
(and sometimes the fourth) on ather side, each anlage 
gomg to form one of the lobes of the thymus Each 
thymic lobe is composed of a number of lobules in 
which an outer portion or cortex and a central portion 
or medulla may be distmguished The cortex resembles 
lymphoid tissue, bemg constituted of masses of small 
round cells — thymocytes — identical m appearance with 
small lymphocytes The epithehal dement of the 
embryomc structure is almost entirdy replaced during 
development by the mgrowth of these lymphoid cells 
from the surroundmg mesenchyme A small number of 
elongated reticular cells are seen scattered among the 
Ijonphoid elements The medulla also contams lympho- 
cytes but m fewer numbers the reticular cells are thus 
shown up more prommently and are seen to form a 
defimte reticular stroma Scattered throughout the 
medulla are round or oval elements from 30 to 100 
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microns mdiameter known as These 

bodies, which are the remnants of the original epithelial 
elements, are composed of cells arranged concentrically , 
they stain with acid dyes and therefore stand out con- 
spicuously against the sunoundmg basophdic sub 
stance 

Possible functions 

The thymus of the infant is of relatively large 
size but dunng later childhood its weight in relation 
to body weight gradually decreases, little change 
m Its absolute weight (25 to 40 grains) occurs, 
after the age of puberty a definite involutionary 
process commences Though the mvolutionary 
changes, which consist of a reduction m the 
number of lymphocytes and reticular cells and 
their replacement by fat, are most marked dunng 
adolescence, they contmue slowly throughout the 
rest of hfe The corpuscles of Hassall disappear 
more slowly than the other elements 
It IS admitted by most observers that the thymus 
serves a lymphopoietic function Beyond this bttle 
IS defimtely known concerning its physiological 
rdle It IS enlarged m exophthalmic goiter, 
myasthenia gravis, adrenal msufficiency and m 
certam leukemic states Thymic enlargement has 
also been considered to be a feature of the so called 
status (liymtco4ymphaltcus, a condition believed to 
consist of hypoplasia of the vascular system, a 
general mcrease m lymphoid tissue throughout the 
body, and a tendency to fatal syncope Infants 
and young children who have died suddenly as a 
result of some tnflmg shock or durmg anesthesia 
have been thought to be subjects of this disease. 
It has been thought that enlargement of the 
thymus was m some way responsible An m- 
vestigation earned out in 1931 by Turnbull and 
Young for the Medical Research Committee of 
Great Bntam failed to substantiate this belief 
In the post-mortem exammation of a number of 
children’s bodies no relationship between the size 
of the thymus and vascular hypoplasia to the 
amount of lymphoid tissue m other parts of the 
body was found In subjects dymg suddenly as a 
result of shock or durmg anesthesia the thymus 
was not larger than m subjects dymg from other 
causes These mvestigators conclude that there 
IS “no evidence that so-called status thymico- 
lymphaticus has any existence as a pathological 
entity The possibility has been suggested that 
suA cases of sudden death m mfants are due to 
failure m function of the adrenal cortex 


The great body of experimental work which 
has been earned out in the past in c5orts to diA-i- 
date the functions of the thymus have yielded 
httle evidence which would enable it to be classed 
definitely among the glands of internal secretion 
There is certainly no feature of its minute struc- 
ture which suggests a glandular function Numer- 
ous mvestigators, nevertheless, have clauned 
that their findmgs pomted to the thymus as 
playmg an endoerme r61e The problem has been 
studied both by the use of extracts of thjmius 
tissue and by observmg the effects of extirpation 
of the organ Among the functions claimed for 
the thymus as a result of these two Imes of investi- 
gation are, the regulation of calaum metabolism 
and the control of skeletal growth Defective 
mmeralization of the hones has been described 
foUowmg thymectomy, others believe that this 
operation results m dwarfing Gudematsch found 
that feeding thymus tissue to tadpoles stimulated 
then- growth but delayed metamorphosis Thy- 
mectomy m pullets and pigeons is said to result in 
their laymg eggs with uncalcified shells Asher 
and his colleagues daim that th>Tnic extracts 
contam a growth promotmg pnnciple which they 
have named “thymoaesem”, this material is also 
said to stimulate the sex organs The fact that 
thymic mvolution is delayed by castration but is 
most pronounced at the age of puberty has led 
several observers to the belief that the th>Tnus is 
concerned m some way with sexual development 

Much of the earlier work on the thjTnus is very 
difficult to appraise, owmg to the mdecisive nature 
of the data or to the conflict between the results 
obtamed by different workers in the field 

Anderson has made the intercstmg observation 
that rats exercised to the pomt of exhaustion show 
atrophy of the thymus and hypertrophy of the 
adrenal cortex Selye has described similar 
changes following a variety of mjurious agencies 
as part of what he has termed the “alarm reaction” 

The Pineae Body or Eriphysis 
Ongtn and structure 

This IS a small gland hke structure (about 10 mm 
long in man) somewhat resembling a pine-cone (pinea) 
m shape, situated just beneath the spiemum of the 
corpus callosum and restmg m the groove between the 
supenor colhculi. The pmeal arises as a diverticulum 
of the roof of the third ventncle The cavity of the 
original pouch eventually disappears, the full) dev el 
oped gland being composed of a sohd mass of cells 
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The histological features of the pineal are very diverse, 
the picture varying from speaes to speaes and with age 
In general however, it may be said to have a pseudo- 
alveolar structure, the cells bemg arranged m masses or 
lobules surrounded by a highly vascular connective 
tissue The cells composmg these masses are of two 
mam types (a) Parenchyma cells These are large with 
pale nuclei surrounded by a reticulated protoplasm 
containmg oxyphyl granules Each cell has numerous 
long processes, many of which end in club-hke swellings 
(b) Nettroghal cells These are scattered among the 
parenchyma cells and, as a rule, are not numerous 


Their long fibrous processes mterlace with one another 
to form a frames ork for the lobule 
Involutionary changes are said to commence in the 
human pmeal bodj about the seventh jear After tlus 
age lammated bodies composed of phosphates and 
carbonates of calaum and magnesium — the so-caUed 
“brain sand” — make their appearance 

The functions of the pineal body are quite unknown 
Its structure has suggested an endocnne function but 
there is really httle definite evidence from which such 
a conclusion may be drawn It may be merely ves- 
tigeal 
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The Structure of Nervous Tissue 

The structural unit of the nervous system is the 
ntr't cell or neuron Other elements — neuroglial cells 
Ijmg among the nerve cells serve as a supporUng 
framework 

The neuroglia probably serves also as msulatmg 
material between neighboring neurons, preventing 
changes m electrical potential from spreadmg from one 
neuron to another The neuroghal cdls possess numerous 
branchmg processes which interlace with one another 
to form a dense felt work beta een the neurons (fig 
62 1) These mterstiUal cells of the central nervous 
sj’stem are present m both the gray and white matter. 



Though neurons do not multiply m the adult body and 
when destroyed are not replaced, certam neuroglial 
cells possess the power of active proliferation This may 
occur to a marked degree m pathological processes 

The neuron 

The neuron consists of a body or soma, and two types 
of process — the dendrite and the axon (asis-cyhnder 
process, fig 62 2) The bodies of the nerve cells he withm 
the gray matter of the central nervous system or m out 
lying gangha, e.g , postenor spinal root, cranial or sym 
pathetic gangha The white matter of the bram and 
spinal cord and of the penpheral nerves is composed of 
bundles of nerve fibers The core of each nerve fiber is 
formed by a process of a nerve cell The gray matter 
receives a nch blood supply from the vessels of the pia 
mater, the blood supply to the white substance is much 
less profuse. 

There are a great number of different types of nerve 
cell, those in which axon and dendnte anse by a com- 
mon stem are called mtpolar, and those m which the 
axon and the dendnte or dendntes spring from opposite 
or at least different parts of the soma are called bipolar 
or multipolar The cell bodies or somata are of vanous 
sues and forms — stellate, round, pyramidal, fusiform, 
etc 

By means of special staining methods four structures 
can be distmguished and should be especially noted m 
the cj'toplasm or penkaryon of the nerve cell body, (a) 
neurojibrils, (b) Ntssl bodies or Itgroid substance, (c) Golgi 
apparatus and (d) mitocondna The neurofibnis are very 
fine filaments which stream through the cytoplasm 
from dendntes to axon (fig 62,3), they enter the latter 
process and extend to to its termmations The Nissl 


they vary greatlj in size and shape and their processes 
m number and arrangement. Upon a basis of these 
differences they ha\e been classified mto three mam 
types— ailmcj/M, microglia and oUgodendrogUa The 
microglia are considered by most observers to be 
reticulo-endothehal elements (p 105) They are mi 
gratory and phagocyUc, wandenng mto the nervous 
tu^e from the meninges along the blood vessels In 
inflammatory processes involving the central nervous 
system these cells are mcrcastd in number The oligo- 
dMdrogUa are believed to play a part m the formaUon 
of the mytlm material which sheathes the nerve fibers 


bodies are granular masses sLamable wth basic d>es 
They give a stnped or tigroid appearance to the cet 
(fig 62 4A) They are absent from the region of ongin 
of the axon and vary in size and number in accordanct 
With the functional state of the neuron, they underge 
disintegration (chromatolysis) in a fatigued or injurec 
cell or m one whose axon has been sectioned (p 913) 
The internal reticular apparatus of Golgi is a coarse 
network seen withm the cells when special method* 
Z t impregnation wath silver chromate — are em 
ploj ed which leave the Nissl bodies and the neurofibnl; 
in\ isible (fig 62AB) It is a debatable question whethei 
the Nissl substance is present m the hving cell in tht 
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particulate form observed, or -whether the latter repre- 
sents the precipitation from colloidal solution of some 
matenal — probably a nucleoprotem — by the methods 
of fixation employed In either event, however, they 
appear to be a source of energy for the functional 
activity of the nerve cell 

The mitochondria are mmute bodies scattered 
through the cytoplasm They take the form of short 
rods, filaments or beads, they are not pecuhar to nerve 
cells The surfaces of most cell bodies are covered by a 
fine network — the superficial reticulum of Golgi The 
nucleus of the nerve cell contains one and sometimes 
two nucleoh but, as a rule, no centrosome The nucleus 
stams poorly, as a rule, due apparently to its pauaty m 
chromatm The absence of a centrosome mdicates that 
the highly specialized nerve ceU has lost its power of 
di-vision Nerve cells once destroyed are, therefore, 



Fig 622 Showmg different parts of the neuron 


replaced merely by neurogha, tissue quite devoid of 
specific nervous function 

The arrangement m senes of neurons to form con^ 
ductmg pathways of two or more links and of variable 
lengths IS effected by the contact (but not union) of the 
axon termmal of one nerve cell -with the body or den- 
dntic process of another This functional umon is call^ 
a synapse (ch. 64) 


Though the nerve ceU frequently possesses more than 
one dendnte the axon is smgle The axon may be long 
and contnbute to one of the tracts of the central ner- 


vous system forming the white matter, or termmate as a 
peripheral nerve fiber Such cells are referred to as Golgi 
I type In the Golgi II type cell, the axon is short and 
ends within the gray matter by makmg contact with 
another neuron The axon arises from a small elevation 


on the surface of the ceU body — the axon hillock It 


may give off short collateral branches or may run as an 
Unbranched fiber, not di-vndmg until it has reached its 
destination The dendnte is the receptive process of 


the neuron, the axon the dischargmg process, i e , the 
former transmits the impulse to-nard, the latter away 
from the cell body Nerve fibers which carry impulses to 
the central nervous system are termed afferent, those 
conveymg impulses from the central nervous system 
to the penpheiy are called efferent Purely sensory 
(afferent) nerves are therefore composed, stnctly speak- 
ing, of dendrites, and purely motor (efferent) nerves of 
axons A mixed nerve contains fibers of both types 

Structure of the nerve fiber 

The axons and dendntes so long as they remain 
wi thin the gray matter are simple protoplasmic exten- 
sions of the cell body, but upon entermg the white 



Fig 622 Shoiving neurofibnls m a cell from the 
antenor gray column of the human spmal cord ax, 
axon, lit, mterfibnUar spaces, n, nucleus, x, neurofibnls 
passmg from one dendnte to another, y, neurofibnls 
passing through the body of the cell (from Ranson, 
after Bethe and Heidenham) 

matter they become mvested by a layer of hpoid 
matenal called myelin This covermg is known as the 
mydtn sheath (fig 62 2) In the penpheral nerves, but 
not m the central nervous system, the mj'ehn sheath 
IS enclosed m turn by a nucleated membrane, the neuri- 
lemma or sheath of Scirwann In penpheral nerve fibers 
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the mjxlin sheath is mtemipted at regular intervals 
The neurileinnia dips into the gaps so formed to gi\e 
the appearance of e\enl\ spaced constrictions known as 
the neda of Ran—cr Each section of the neurilemina 
between the nodes of Ransner consisls of a smgle cell — 
the cell of Schrann Toward its tennmation the nerve 
fiber loses its mjelin coienng, bemg then clothed 
$impl> by the neunlemma. The latter is finallj lost, 
the fiber terminating as a naked ans c\ Under which ma\ 
or ma\ not become enclosed withm some form of 
specialized end organ (ch 63) The processes arising 
from sympathetic nene cells (post gangUomc fibers) 
are devoid of a mjeUn coiermg Thej are miested 
ampK bj a sheath of Schwann and are therefore called 
arrydinalcd or rcrtrtdaUaitd fibers There is a direct 
relationship between the diameter of nen e fibers and 
the speed at whichthei conduct nene impulses (p 925) 

Myelinolion of fiber tracts in the central ner~ous 
system 

The nerve fibers m the a-anous conductmg pathwavs 
receive their myehn sheaths at difierent ages and it is 
generalli behei-ed that the myehnation of a given tract 
and the tune at which it commences to function com- 
ade, The senson tracts become mjehnated first, 
thoac of the postenor columns of the spinal cord be- 
tween the fourth and fifth months of fetal life (human) 
The spinocerebellar tracts are m>-elinated later and 
the motor paths, e,g , corticospmal (p>Tamidal) tracts 
do not commence to receive them myehn sheaths until 
the second month of life and are not completeh 
mj-cUnated until about the second year, or about the 
time when the chfld has learned to walk. The fibers 
of association paths, for the most part, m}"ehnate at 
still later dates 


operation of this prmaple. The course taken bj the 
faaal fibers, which arch oicr the abducens nucleus, is 
attributed to the migration of the facial nucleus toward 
the tractus sohtanus and the sensory nucleus of the 



Heitrohwlaxts 

Rappers eiplains the deielopment of conducting 
[»thwa\s m the central nervous system ynth the theory 
that the body and dendrites of a nerye cell more, as a 
r^t of some attractive force, toward the pomt from 
where its stimnh come. Its aion lengthens m the 
^posite direction. Rappers terms this process neuro- 
taota^ The nature of the attractive force is unknown 
thragh It has been suggested that neurobiotams is a 
galvanotrop.c efiect, the pomt m the neryous tissue m 
receipt of stimuh bemg electncally negaUve, pre- 
^iMblj, to Its snrroundmgs. The theory of neuro- 
biotans offers a ready explanation for the deyelopment, 
^It of eipenence and trainmg, of the innumer- 

of thf 

mulbplicntion of assoaatjon pathways. The 

course 

o the fibers of the faaal nerye withm the doiT^ 
other examples which are heheyed to T- 


...tcuuiuu, ,rom Doin 01 which the fanal neurons rccen c 
impulses 

Nee\x Degeveration and Regevekation 

Vihen a nerye fiber is diyudcd, the portion 
peripheral to the pomt of section, being separated 
from the body of the cell, undergoes dcgcncratiyc 
changes It is generally beheyed that the de- 
generatne process does not start first at the point 
of section and progress to the penphery but that 
^ par^ of the nerye fiber cyen to its finest 
^^s are myohed virtuaUy siraultaneou-U 
Ibe first change is noted m the ncurofibrfls yyhi^ 
^me tortuous and show irregular thiclenmgs 
my elm sheath neat becomes swollen and 
I small oyoid segments (fig 6'>.5) 

^ter d^mp^ition of the my elm occur, droplets 

S r ’ S^i^^P^'O^phonc aad and un- 

fatty aads— can be detected There is 
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a progressive and rather rapid fall in the acetyl- 
choline (ch 72), cholinesterase and thiamine con- 
tents of the degenerating nerve The fatty acids are 
responsible for the browm staining of the degener- 
ated nerve vhen treated with osmic aad The 
nudei of the neurilemma proliferate, and the 
cytoplasm becomes swollen and vacuolated The 
neurofibrils undergo fragmentation , they and the 
protoplasm surrounding them finallv undergo com- 
plete disintegration, the dtbns intermingling with 
the material of the disorganized mvelin sheath 



A B 


Fig 02 5 Degenerating nerve stained with osmic 
aad A, shows appearance of distal segment of nerve 
fiber 2 days after section, note large masses of mjclin 
denved from medullary sheath, B, 5 davs after section, 
smaller mjelin particles together with droplets of fatt> 
acids and fragmented neurofibrils, C, retrograde de- 
generation in cell bod> , disintegration of Nissl bodies 


Subsequently the degenerated materials disappear, 
and all that remains of the nerve fiber is the empty 
neurilemma tube The foregoing changes were 
first observed by Waller and arc spoken of ns 
Wallenan degeneration Alterations which were 
not recognized by Waller also occur in the neuron 
on the proximal side of the section {retrograde 
Regeneration) The nerve fiber as far centrally as 
the first node of Ranvier shows changes similar in 
nature to those just described In the cell body itself, 
swelling of the cytoplasm and nucleus occurs and 
the Nissl granules undergo disintegration {cliroma- 
tolysis) Atrophy of the cell body may ultimately 
result 

Regeneration This occurs in peripheral nerve 
fibers but not m those of the central nervous 


system, the presence of a neurilemma bemg essen- 
tial for the process Section of the sensory root 
of the tngcmmal nerve, for example, for the rebef 
of severe neuralgia of the face, is not followed by 
regeneration of the fibers within the bram Nor 
docs regeneration of the optic nerve, whose fibers 
do not possess neurilemma sheaths, occur 
Regeneration is accomplished by a downgrowth 
of the neurofibrils from the proximal segment of 
the cut nerve These enter the empty neurilemma 
sheath of the distal segment and m tune traverse 
its entire length The rate of grow’th m man has 
been variously estimated (from 1 0 to 4 5 mm per 
day), it IS mfluenced by many factors, namely, 
the nerv'e involved, whether there is complete 
severance of the nerve {ncnrotmesis), the distance 
separating the sections, and whether the axons 
alone arc crushed, the supportmg structure re- 
mainmg mtact {axonotmesis) The cells of the 
neunlcmma form a protoplasmic matrix for the 
sprouting neurofibrils The neurilemma of the 
lower segment grows upwards, and if the gap is 
not too long joins that of the upper segment 
which has formed around the developing axis 
c)linder The myelin sheath is developed some 
time later The young axis cj'linders may traverse 
the tissues for relatively long distances m order to 
enter the neurilemma of the lower segment The 
f orce r esponsible for this remarkable phenomenon 
(neurotropism) is unknowm The attraction may be 
due to the liberation of chemical substances by 
the proliferating neurilemma cells of the low'er 
segrnent If the gap separatmg the tw'6 segments 
IS wide and occupied by scar"tissue^ an effectual 
block may be offered to the regeneratmg fibers, 
these nevertheless continue to grow m a tangled, 
curled fashion and may produce a localized mass 
of tissue composed of nerve fibers embedded m 
connective tissue {neuroma) In those cases of 
nerve injury in which, as a result of pressure or 
crushmg, the axis cylmder is interrupted without 
di^ion of the neurilemma, the conditions for 
regeneration are the mo stjavprable 
The remarkable rapidity of regen eration of 
preganglionic sympathetic fibers, has been^d emo n- 
sfratedliy Haimov ia and Hodes Ln_a t hree -stage 
operation upon cats large sections of the sympa- 
thetic chains below their cervical portions were 
excised Stimulation of the cephalic end of a 
cervical sympathetic stump as early as 54 days 
after the last stage of the operation caused pupil- 
lary dilatation and retraction of the nictitatmg 
membrane 
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fibers of one nerve will grow 


into uic V - t i.t 

^u'^Jess readil> than mto its own sheath, and 

the airils of a^ensors nerve wm grow jnto 
the'distai segment of a motor nerve or tnce versa 
The central stump of one nerve will not, howc^, 
grow mto the central stump of another The 


Themgeneratog bbers or one ue.vu 
tTST^eath of the lower segment of another. 


Seelitm VJIJ 
\ 

Rcachon of dcg^aUon J I -i — 

A motor sUmulat^' thmugh the si In 

bj cither the faradic (mtcnrupted) or the ^Kanic 
(constant) nincnt. The muscle contracts so long as 
the faradic current floirs but onl> dunng the male 
(closure) or break (opening) of the galvanic current, 
for a giacn strength of current closure shocks ate more 

, 1 eflecUre than openmg shocks. In teUng^tl^rwc^ 

proximal end ofthe hj-pog^ossal or spinal accessory, electrode is placed upon the si m of some mdifiercnt 

for example, has on manv occasions been anas- (imfi/crenl cltelrcdf) and another 

tomosed to the distal end of a paralvzcd facial clecUodc (simulatwg dccirodt) is placed upon„ 

nerve with a successful functional result. Cannon, overling the ncnc trunk or muscle vhich it is 

Bmeer and Fitz umted the phrenic nene m cats cleared to sUmulatc. In the latter mstimcc the nene 

of tie thiTOid bl mp«Is» dahatecd Ss te'T.Se o'lX''tn”lI?r nem 

from the respiratory center This experment was stimulaUng electrode is attach^ to the 

repeated b> Horrax, and mote recently b\ Fried- battcrj it is called the ^^The 

good and Cannon, with essentially the same result enters the muscle h> this electrode and !ca\-cs 

the bod> b\ the mdiJTcrcnt electrode which is called 
the calhode When the gaU-anic current is reicrscd,_ 


The egect is probablj not a direct one upon the 
thyroid but is due to stimulation of the pituitarj' 
and the release of its th>Totraphic hormone. Bal- 
ance and Duel, also experimenting wath cats, 
anastomosed the central ^end of the h)-pogIossal 
to the peripheral cut end of the cemcal sympa- 
theUc, and reported that the normal pupillar> 
reactions were restored Restorau on of function 
does not follow the union of a motor with a sensory 
"nerve," n or o f a cholmergic jnth an adrenergic 
nerve (ch 72) 

It has been shown by Tello m animals and by 
Duel m man that when a nerve has_bera severed a 
much better functional result is obtained if from 
2T6~3 weeks are allowed to elapse before the 
divided nerve is sutured The reason for this is 
that the degenerated material in the distal segment 
has had time to be cleared awa> , thus, an un- 
obstructed neurilemma tube is left for the down- 
ward growth of the neurofibrfls of the upper 
segment Otherwise, apparentlj, some of the 
neurofibrils upon meetmg the d^enerated debris 
are diverted from their course 

Degeneration of the faaal nerve m the faaal canal 
as a result of middle ear disease (Bell’s palsy, ch 66), 
trauma, etc., has been treated with outstanding success 
by PuelT The a ffected portion of the nerve is erased 
2^3 graft, constituted of a section of the anterior 
Jemoral cutaneous nerve, is used to fill the gap For 
the reason just given the latter nerve is sectioned and 
left in place for 2 or 3 weeks before it is employed m the 
grafting operation 


the ‘stimulating electrode becomes the cathode and 
the indifferent electrode the anode Normallj the least 
strength of current is required when the cathode ov er- 
Ites the muscle and the circuit is closed The response 
which follows such a shock is called \.ht colhcdo! closing 
controclion (abbrtvnatcd C C C ) The next most easilj 
chnled response is the oncdol closing contraction 
(ACC), 1 e , when the stimulating electrode m the 
anode and the current is closed The anodat opening 
contraction (A O C ) is less casilj j^oked than the lasjl, 
and the calh^ial opening conlrocpon (C O C ) requires 
the strongest current of all The four reactions in the 
ordCT of the strength of current required for their elict 
tation ma> be expressed thus 

CCC <ACC <A-OC <COC 
1 / ,r 1 .1 ,, 

The normal relationship between current strength and 
these responses is also shown m the following table 


mrscTB or cdsuikt 

WtACtlOV 

Weak 

! CCC 

Medium 

1 C C C and A,C C 

Strong 

CCC,ACC,A.OC 

Verj strong 

C C tetanus, ACC, A 0 C 


and C 0 C 


The mvestigation of these reactions is of considerable 
value in the detection of degeneration of a motor nerve 
and m the diagnosis of a lower from an upper neuron 
lesion (ch 66) Lengthening of the chronaiie of a 
nerv e occurs during the earlier stages of its degenera- 
tion, it therefore fafls to respond to the brief shocks of 
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faradic stimulation but a sluggish contraction of the 
"muscle follow s'stimulatioh TOth the galvamcf current. 
Later the nerve becomes qmte incapable of bemg 
exated b y eit her t he faradic or th e galyamc current. 
When the nerve tennmals have degenerated ^e 
chfonaxie* of the muscle" is length^ed and the faradic 
current apphed directly to the musde causes no re- 
sponse, the muscle responds, however, though m an 
abnormal manner, to the galvamc current, the fibers 
bemg directly stimulated The response of the muscle 
shows~the followmg features (a) Sluggishness of 
contracbon and relaxabon (b) The res^nse is ehated 
with a weaker current than normally, i e , the muscle 
IS hyperexa table to the galvamc current, (c) The anodal 
closing contracbon (A C C )^may often be ehated more 
r^ddy, i e , with a weak_er.cun;ent, than the cathodal 


(a) Intensity or streng th When electncal stimu- 
lation IS employed the mtensity corresponds, prac- 
tically, to the voltage It is well known that while 
a strong stimulus will cause a response, a weaker 
one may fail to do so The stimulus which posdfeses 

just sufiBaent strength, and no more, to set^ 

impulse IS said to have an mtensity (A^thres)io] 
(hminal) value Stimuh of less stren^^ than this 
are called subthreshold i suhhminal) /6r subnipnmai 
A subthreshold stimulus does np^^hBwever, I^ve 
the nerve unaffected for, if a se^OTd<stimulus also of 
subthreshold strength, or a senesSf^ch^stimiih, be. 
sent mto the nerve an impulse is set up ^The first 
stimulus is bebeved to cause a local exatatory 
state, or “local potential” (HiU), which, though 


closmg contracbon (C C.C,i_Thus, ACC<CCC/i,, , , . . , f 

T.. „ „ , 1 I ' ~ f ' I of too low a value to set up an impulse, can be 

These changes m the electncal responses of nerve} , , , , , 

j , ,, t . t_ ^ f ** mirif im fn tnp rpnniQif-ft vanip hv isprnnn. nr a 

and muscle, namely, loss of exatability of nerve to 

farad ic and galvanic sbmulabon, fadure of the muscle 

to respond to faradic sbmulabon and the abnormahbes 

of the reacbon to galvamc sbmulabon just descnbed 

consbtute the complete reaction of degeneration (CRD) 

Wherl the nerve is* stdl capiable of bemg exated by 

galvamc but not by faradic sbmulabon, but the muscle 

responds weakly or not at all to the fmadic current, the 

reacbon of degenerabon is said to be incomplete — 

partial reaction of degeneration (P R D,) 


The Physiological Properties of the Nerve 
Fiber 

excitability and conductivity 

The nerve fiber may be stimulated electncally, 
thermally, chemically or mecheinically Any one 
of these types of stimulus causes a change in the 
nerve at the pomt of stunulation which may be 
termed the local excitatory state If this attams a 
certam value a wave of excitation is transmitted 
along the nerve fiber Thejiropagated disturbance 
IS referred to as the nerve impidse, and its passage 
from pomt to pomt along the fiber as conduction 

the characters of a stimulus 

A stimulus may be defined as any change m the 
environment of a tissue which causes it to react 
In experimental work the electnc current is usually 
employed as the stimulus on account of its con- 
venience and the accuracy with which it can be 
measured It also leaves the tissue undamaged 
In order to mduce a local excitatory state m a nerve 
of sufficient value to set up an impulse, a stimulus 
must answer the followmg requirements as to 
(a) strengih, (b) duration, and (c) rate of change m 
intensity ~ ’ 


built up to the requisite value by a second, or a 
senes of subthreshold stimuh, apphed at short 
mtervals -The phenomenon is spoken of as the 
summation o f .inadequate siimuh. 

{b) Duration When a constant current is passed 
through nerve or muscle, excitation occurs only at 
the moment that the circuit is made or broken 
-For this reason the duration of the current flow 
was bebeved m the past to bear no relationship to 
Its abihty to excite The strength of the current and 
the rate at which this developed to a maximum ((a) 
and (c) above) were considered to be the sole fac- 
tors determinmg the effectiveness of the stimulus 
Though it IS true that no phj^iological effect is 
produced m the nerve by prolongmg the period of 
current flow mdefinitely, neverfteless the current 
must flow for a certam period m order to be 
effective For example, a high frequency altemat- 
mg current of high voltage (tesla) does not excite 
(though it causes heatmg of the tissues) For the 
same reason a faradic curfent" ol very high fre- 
quency may fad to excite, whereas one of lower 
frequency is effective Presumably then, a certam 
penod of time is requued for the current to bnng 
about those changes m the nerve upon which the 
excitatory state depends This period throughout 
which there is a reciprocal relabonship between 
strength of current and the duration of its flow is 
called the serviceabl e or utilization time (temps util e) 
It IS measured m thousandths of a second 'When, 
for instance, a current of a certam voltage and 
having a duration of say 3 sigmas (a) or milli- 
seconds (m sec )^ ]ust fails to excite the tissue, then 
either mcreasmg the voltage or prolongmg the 
duration of the current causes a response Or, if a 

* A sigma or millisecond (m sec ) = f oVo second 
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current of a certain wltage and duration is ]ust 
capable of eiating the tissue, reducmg either of 
these factors renders the stnnulus ineffective. The 
length of the utilization time vanes m different 
tissues, but for the frog’s gastrocnemius it is about 
3 0 sigmas Bejond the utilization penod no rela- 
tionship ensts between the mtensitj' and the dura- 



Frc 62,6 Strength^^uratlon curve, chron,, chronnne. 


Chronaxie It IS evident from the foregomg 
paragraphs that the excitability of a tissue maj- 
be determmed m one or other of two vr3.ys (a) 
bv ascertainmg the minimal strength of a current 
which when allowed to flow for an unlimited penod 
will exate (mtensitj threshold), or (b) by measur- 
mg the minimal time dunng which a current of a 
standard strength roust flow m order to excite 
(duration threshold) Lapicque emploj-s the latter 
or, as he has termed it, the Umc cha radcris lic^oT 
chronaxie, considenng it a more accurate measure 
of exatabilitj A current havnng a_strejigth_twice. 
the rheobase is employed, and the mmjmal duration 
of flow necessary for exatation is measured The 
chronaxie may therefore be briefly defined as the 
shortest duration jf a current jiecasary for exci- 
halion ichen its strength is tjnu the rl eobas^ 

Determinations of chronane ma> be earned out bj 
the use of (a) a c onstant c iirrfnLwhich b\ means of a 
speaal Dpe of rheotome is allowed to flow through the 
tissue for a \erj bnef accuratelv measured penod, (b) 
condenser discharges The duration of a condenser 
discharge is proporbonal to the capaatj (C) of the 


TABLE 86 


srzoxs 

TTSSTTE 

mOVAXlt 

TniTs mix 

DcriATiov or 

COVTlACnOS 



njK 

rtjet* 

seconds 


Ventncular muscle 

2 0 

■ . 

0 16 

Dog 

Ventncular muscle dunng vagal stimulation 

0 8 

_ 



Bundle of His 

6 0 





Gastrocnemius 

0 3 

3 0 

0 I 

Frog 

Stomach 

100 


15-20 


Saatic nerve (conduction 30 m per second) 

0 3 

3 0 


Turtle 

Ventncular muscle 

9 0 

SO 



L^ musdes 

1-2 


T n 


Flexors of thigh 

0 10-0 16 




Extensors of thigh 

0 «-0 72 




Flexors of arm 

0 OS-0 16 



Man 

Extensors of arm 

0 16-0 32 




Retma 

12-18 




Vestibular N 

14 -22 




Taste buds (tip of tongue) 

1 6 




tion of the current. Therefore when the current is 
of indefimte duration its ^effectiv enea depends 
mtirelj jipon ite mtensit 3 _ ThelntensiDi^(voItage) 
I of a current which when allowed to flow for an 
^ mdefimtely long penod is just capable of eiatmg 
lithe tissue (mtensitj threshold) is called the rheo- 
base. The relaUonship between strength and dura- 
tion of cunent is shown m figure 62 6 


condenser, pronded the resistance (R) in the discharge 
m^t remains constant Bj chargmg condensers of 
different capacities (measured m farads) to different 
potentials, aments of anj desired duration or voltage 
^ be emplojed In order to render anj variation m 
the resistance of different tissues neghgible a high 
r^toie (15,000 to 20.000 ohms) ,s mtroduced into 
the discharge arcuit In detenmmng the chronaaie 
bV means of condenser discharges the current o' 
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mmimil voltage required for evcitalion is first deter- 
mined, a \er 3 ' liigh capacity, le, one vnth a long 
discharge, being used The threshold voltage (rheo- 
base) IS then doubled and the low est capacity is found 
(shortest duration of discharge) which will produce a 
response at the higher \oltagc The result is obtained 
m microf arads Since the time, or chronaxie, is pro- 
portional to the product of the capaciU and the re- 
sistance m the discharge circuit, the result can be 
con^erted into seconds bv tlie following formula 

Chronaaie, = C (farads) X R (ohms) X K 
(K = 0 37) 

Rapidly reacting tissues have a shorter chronaxic 
than the more slowly acting The chronaxies of 
smooth muscle and its nerves are longer than 
those of skeletal muscle and somatic nerves The 
tissues of cold-blooded animals have, in general, 
longer chronaxies than the tissues of higher forms 
Flavor muscles have shorter chronaxies than ex- 
tensors and the chronaxies of the more rapidly 
acting white muscles are shorter than those of 
the red Ner\'e fibers of larger diameter and of more 
rapid conduction respond to shorter durations of 
current than do the thmner and slower fibers 
The chronaxies of sensory nciwes are in general 
about the same as those of the corresponding 
motor neiw'cs The chronaxie of the ventricular 
rriuscle, contrary to expectation, is shortened by 
vagus stimulation, or by drugs such as acetyl- 
choline which slow the cardiac rate, and 
lengthened by accelerator stimulation or by drugs, 
e g , atropine and ad renaline, which cause ac- 
j c eleratioii I he chro naxic "of the juncti onal tissues 
( i^bout three tim^longcr than that o f auri cular o r 
^ventr icular muscle The chr onaxic of the gastric 
muscle is also shortened by vagal stimulation 
"TUiTclironaxieTslengthcnedlj}^ cold^ndlhortcned 
by a rise m temperature Stretching cardiac or 
smooth muscle reduces the chronaxic, and tliat of 
skeletal muscle is lengthened by fatigue and 
shortened by adrcnalme The utilization time 
(temps utile) of a tissue vanes with its chronaxie, 
bemg about 10 times the value of the latter Thus 
the chronaxic of the frog’s gastrocnemius is 0 3 
m sec , the effective period is 3 0 m sec 

In' table 86 arc compared the values for chron- 
axies and utilization periods for different tissues 

The theory of rsochromsm Lapicquc maintains that 
normally the chronaxie of a muscle and that of its 
nerve arc of the same order — the value of one not being 
greater than that of the other by more than 100 per 
Mnt He claims that this so called tsochromsm i s. 
essential for the transmission of the impulse from nerve 


to muscle A chronaxie difference greater than 100 per 
cent between a muscle and its nerve or between any 
other two successive parts of the conducting pathway 
(i c between neurons), is termed helerochromsm It 
acts as a block to the passage of the impulse Certain 
muscular poisons act, it is supposed, by induang 
heterochromsm Curare, for example, which does not 
pa^lyse either the muscle or its nerve w'as previously 
supposed to act upon a special “receptive substance” 
situated between the nerve ending and the muscle fiber 
Accordmg to Lapicque, the drug acts b}' lengthening 
th e chronaxie of the muscle but leaf^g that~o f th e 
nerve unaffected,_i c , heterochromsm is mduced In 
support of tbc theory, it is pointed out that when a 
nerve-muscle preparation is treated 1 X 118 either veratnn 
or strychnme the muscle can no longer be stimulated 
through its nerve ' ^'’eratnn sh ortens the chronaxie 
of the muscle, strychninejdiat of_the iperye In either 
case heterochromsm is induced When, on the other 
hand, the preparation is treated with the two drugs 
simultaneously the impulse is not blocked since, the 
clironaxies of both nerve and muscle bemg shortened, 
isochronism is maintained^ The onset of muscular 
fatigue is attnbuted to the development of hetero- 
chronism between the muscle and its motor nerve 
The theory of isochronism has been cntiased by 
Rujhton, to whose article the reader is referred, this 
observer was unable to confirm Lapicque’s findmg 
regarding the actions of curare, veratnne and strych- 
nine At the best the theory appears to be only an 
approximation and stnet isochronism is not a necessary 
condition for neuromuscular transmission 

Chronaxies in the human subject have been investi- 
gated under vanous phj'siological conditions and in 
many pathological states by Bourguignon and others 
Condenser discharges are employed, an indifferent 
electrode being placed upon the skm over the sternum 
and the sbmulating electrode, as the cathode (p 914), 
upon the skin overlying the nerve or muscle to be 
investigated The chronaxies in the new-born child 
arc about 10 times longer than those of the adult 
The longer chronaxies are in agreement with the much 
slower movements of the infant Heterochromsm 
exists between the muscles and their nerves until about 
the 15th month (walking age) The lengthenmg of the 
chronaxie of degeneratmg nerve and its muscle has 
already been mentioned (p 914) In diseases of the 
central nervous sj'stem all muscles which are the seat of 
paralysis show lengthened chronaxies and m progressive 
nervous disease those groups of muscles of similar 
chronaxies are usually attacked more or less 
simultaneously 

(c) Eleclroiomts, electrotomc currents, ihe rate of 
change in the intensity of the stimulus 
— accomniodatwn in nerve 
ELEcrraoTONUs It was showm many years ago (1859) 
by Pfluger that the passage of a constant electnc 
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current through a nerve altered the properUes of the 
nerve m respect to excitahUly, conductivity, and cledncflJ 
slate The effects are produced both at the anode 
CposiUve pole) and at the cat/iode, and are referred to as 
etedrolonus, the anodal effect is called speoficahy 
aneledrotonus, ivhile the effect at the cathode is called 
cateledrotonus 

The effects occur m sensory as well as in 
motor nerves, but they can be demonstrated most con- 
vemently m a motor nerve attached to its muscle (fig 
62 7) If the electrodes are placed upon the nen e with 
the cathode nearer the muscle, i e., the current is de 
scending, and the nerve then stimulated near the cath- 
ode with mducUon shocks which, ordinarily, are sub- 



Fig 62 7 Diagram illustrating the arrangement for 
demonstrating anelectrotonus and catelectrotonus. 
MTth a strong descendmg current {upper figure), break 
ciatation at the anode is blocked at the cathode, and 
vuth a strong ascendmg current make excitation at the 
cathode is blocked at the anode. An , anode, cath , 
cathode 


the indifferent region is nearer the cathode than the 
anode, le., anelectrotonus extends farther mto the 
mterpolar region than docs catelectrotonus, vnth weak 
currents it is nearer the anode (fig 62-8) 

The effect of the constant current upon conduction 
can be shown b> stimulating the nerve m the mter- 
polar region VTien the anode is nearer the muscle, 
anelectrotonic depression of conductivntj tends to 
block the impulse from reachmg the muscle, complete 
block is produced by a strong current. There is no m 
tcrference with the passage of the impulse when the 
electrodes are rev ersed 

The stimulatmg effects of making and breaking a 
constant current varj with the strength of the current 
With a current of moderate strength stimulation of the 
nerve occurs at the cathode when the current is “made” 
(or closed) and at the anode when it is “broken” (or 
opened), for eiatation is increased at the cathode in the 
one instance and at the anode in the other The cathodal 



Fic 625 Uluslrating altered cxatabilitv of nerve 
during the passare through it of a weak. (>'), medium 
(j*) and strong (j^) constant (polarizing) current. A, 
an^e, B, cathode The horizontal hnc represents the 
normal eiatabihty of the nerve, the curves above and 
^low this line mdicate increased and decreased ex- 
alabilit>, respectivcl>, of the nerve The crossing of 
the horizontal hne b> the curv es, x', x’ and J?, indicate 
the points where anelectrotomc and catclectrotonic 
effects neutralize one another, i e , thc> represent in 
different points m the mterpolar region A-B (From 
Lombard after Pfluger ) 

"make” effect is always greater than the anodal 
"break” effect, so that, with weak currents the exa- 
tation at the anode does not occur, a response is ob- 


maximal, the muscle gives a maximal contraction owmg 
to the mcreased eiatabihty of the nerve The eicit- 
abihty at the anode can be shown in a similar way to be 
reduced When the electrodes are reversed, the anode 
bemg the nearer the muscle and the current ascending, 
the nerve agam shows mcreased exatabihty m the re- 
gion of the cathode and reduced exotabihty m the 
anodal region When the current is interrupted, opposite 
effects are produced before the nerve returns to its 
normal state, namely, a rise m exatabihty at the anode 
and a depression of exatabihty at the cathode. 

The anelectrotomc and catelectrotomc effects spread 
along the nerve on either side of the electrodes At a 
certam mdifferent point between the poles one effect, 
as It were, neutralizes the other IWth strong currents 


tamed onl> upon making the current WTth verj strong 
descending currents, a response is obtamed onl> on the 
“make” because on the "break” the impulses set up at 
the anode are blocked by catelectronic depression near 
the muscle. With strong ascending currents ciatation 
occurs only on the "break" because on the “make” 
the impulses are blocked bj anelectrotonus depression 
near the muscle (see table 87 and fig 625) 

Electrotonic currents During the passage of a con- 
stant current through a nen'e the resistance of its mem- 
branes causes the current to spread laterally along 
their surfaces as well as toward the core of the nerve. 
The change in the electneal state within the nerve is 
thus diffused for a distance on cither side of the electrode 
(fig 62 9) If a galvanometer be led off from the outer 
side of either electrode, i e , m the extrapolar region, a 
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current flows through the instrument in the same direc- 
tion as the constant current The current flm^s toward 
the anode and auay from the cathode (and from awodc 
to cathode in the interpolar region) These clcclrotomc 
currents are due to changes in polarization of the mem- 
branes or mlerfaces -mthin the ner\'c structure by the 
constant (polanzmg) current \Mien the polanzmg 
current is broken the electrotomc currents flow m 
the opposite direction The production of electrotomc 
currents bj a constant current can also be shown m an 
artifiaal moist conductor model consistmg of a con- 
ducting ware running dowai the center of a glass tube 
filled with saline The changes in the electrical state 
of the nerve are the cause of catelectrotonus and 
anelectrotonus described in the preceding section 
MTien the current is “made’’, and the “local poten- 
tial’’ at the cathode, which maj be designate^ V, 


TABLE 87 



ASCEKDr>»0 

CUaREKT 

DESCE^'DI^o 

Mat. 

tnt 

Break- 

ing 

Ifak 

tne 

j St-eak 
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Verj weak currents 

c 

0 

c 

0 

Moderate “ 

c 

c 

c 

c 

Vety strong “ 

0 

c 

c 

0 


C »= contraction, 0 = failure to contract 


for the return of V to 7o, it has a value of around 0 35 
msec for frog’s nerve and is related to the chronane 
which equals 0 693 'X K In order for excitation to 
result a certain rate of change m the intensity of the 
stimulus IS required The nerve “accommodates” itself 
to the stimulus if the change m intensity of the latter is 
not suffiaently rapid A stronger stimulus is therefore 
required for exatation when the rate of rise in mtensity 
IS slow than when it is rapid HiU has mtroduced a 
second time factor which he calls the tvne constant of 
auommodation (X) If the critical value of V for ex- 
citation, 1 e , the threshold, designated U, and sub- 
stituting U and Ho for V and Vo , and X for K, m the 
above formula, we have dV jdt = (U — Uo)fK For the 
calculabon of the tune constant of accommodation 
(X) the reader is referred to the ongmal paper 
The Pme constant of accommodation is altered by 
several condiPons, the most notable bemg changes in 
calaum ion concentration An mcrease in concentration 
of ionic calaum reduces the value of X, that is, the 
neuromuscular tissues accommodate more readil> , which 
means that more rapid changes in sbmulus strength are 
required for exatation Reduction m lomzed Ca, as in 
tetanic states, exerts the rev erse effect — mcreased value 
of X, and reduced accommodation of the neuromuscular 
tissues which are in consequence exated by relatively 
slow rates of change in the strength of the stimulating 
current (see p 908) If the calaum ion concentration is 
sufGacntJ> low there may be a complete absence of the 
phenomenon of “accommodation ” 


^ ci 









% 


Fig 62 9 Electrotomc currents P, constant current, 
A, anode, C, cathode, G, galvanometer (After Schafer ) 


reaches a certam value, exatation of the nerve occurs 
The critical value of V at which the nerve is excited, 
1 e , the threshold of exatation, may be designated H 
The decay m the “local or cathode potential” upon 
cessation of the current, i e , the rate of return of V 
to Its original or resting value Fo,’ is expressed by the 
formula dV/dl = (F — Fo)/Al K is the time con^ant 

* The reason for measimng the declme of F to Fo is 
pven by Hill m the following words “We might have 
d^ned the time constant m terms of the rate of change 
of F when a current is put into the nerve This Would 
have required the choice of a particular form of current. 
There would have been no difficulty, but it might have 
given the impression that K has something to do with 
the current, it has not, it is a property of the nerve 
Itself, it expresses the time factor m the tendency of the 
nerve to revert to its restmg condition ” 


THE NERVE IMPULSE 

The nerve impulse is a self-propagated dis- 
turbance That IS to say, the energy for the 
transmission of the impulse is derived from the 
nerve fiber over w’hich it passes Nervous con- 
duction therefore depends upon the state of the 
fiber at successive points reached by the impulse 
The impulse resembles a spark travelmg actively 
along a tram of gunpowder rather than a wave 
transmitted passively through air or water In 
either of the latter two mstances m contrast to 
the first, the energy is derived from a source other 
than the medium through which the wave travels 
and the force and amplitude of the wave become 
gradually reduced with distance To carry further 
the analogy drawn between the impulse and the 
bummg tram of gunpowder — if a section of the 
powder fuse is dampened m advance of the spark, 
the latter becomes less mtense as it passes through 
the dampened section, and travels more slowly 
Upon reachmg a succeedmg dry portion the spark 
flares up agam to its previous mtensity and 
velocity, and, so long as the powder remams dry, 
IS transmitted without change to the end of the 
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iuse In a compatablc %vay, if the activiti of a 
segment of nerve is depressed by treatment m a 
chamber with a narcotic (alcohol or ether \’apor) 
the impulse undergoes a reduction in amplitude 
and velocity m its passage through the narcotized 
region, but upon reaching the untreated nerve 
beyond, regains its original value, and is trans 
nutted unchanged to the termination of the nerve 
The question then arises whether the strength of 
the impulse m its passage through the narcotized 
section of nerve is suddenly reduced or whether 
the reduction is progressive In other words, 
would the impulse suffer a greater reduction if it 
w'ere made to traverse a long section of narcotized 
nerve than if it passed through a short stretch? 
Untd recently it was thought that a gradual or 
progressive impairment of conduction, ic, con 
duchon with a decrement, occurred The mode of 
propagation of the impulse over narcotized nerve 
was therefore supposed to be cssenliallv different 
from that along a normal nerve If, for example, 
the narcotized section were long enough, complete 
extinction of the impulse would result, in this 
region, therclore, the impulse would resemble a 
wave transmitted through air or water From his 
experiments, in which the long nerve of the Jap 
anese toad was emplojcd, Kato could obtain no 
evidence that there was a progressive decline m 
the strength of the impulse He came to the con- 
clusion that the impulse sulTcred instantaneous 
reduction upon entenng the region of narcosis 
and underwent no further reduction dunng its 
transmission along the narcotized section Con 
duction was therefore dccrementlcss Kato’s findings 
have been confirmed by Davis, Forbes, Brunswick 
and Hopkins (see fig 62 10) but it is pointed out 
that on theoretical grounds there must exist a short 
transitional portion of the nerve at the junction of 
the normal and the narcotized section, 7 mm or 
less m length, where progressive decline m (he 
impulse occurs Beyond this the impulse is con- 
ducted throughout the length of the narcotized 
section without further reduction 

Conduction rales 

The veloaty of the nerve impulse vanes in 
diSerent nerve fibers m accordance with their 
diameters, the thicker fibers conducting more 
rapidly than those of smaller diameter In the 
large motor fibers of the mammal the rate is from 
80 to 100 meters per second Sensory nerves of 
the skin being of smaller diameter have slower 


conduction rates Non medulhted fiber; conduct 
more slowlj than mcdullatcd Some of the fibers 
subserving pain sensation and those of the sympa- 
thetic nervous system have a ver> slow conduction 

rate (see also p 925) 



hic 6210 Upper drawing, diagram ofntrvc (peroneal 
of cal) in narcotizing chaml>er to illuviratc set op” 
of an cxpciimcnt on conduction o| imiiuhcs through 
narcotized nerve S, stimulating electrodes I^mdofl 
electrodes at t, 2, and 3 wuhm ihc chamber ard 4 out 
side Circuit Completed through an indiflerrnl electrode 
al 5 O, galvanometer for reconlmg action currtnis 
^.crv c in cliamlicr exposed to alcohol v ajKir The re<ults 
of this experiment gave no evidence ol conduction 
with a decrement The action currents »rom all three 
leads within the chamlicr were reduced to practicalU 
the same degree 1 oacr drawing contrasts the dilTcrcnt 
views advanced regarding conduction of the impulse 
through a narcotized region of nerve It will l)C noted 
that in all three the impuhc regains its full value ujinn 
entering health) nerve (from Davis, forbes, Urunswicb 
and Hopkins) 

The following table from Hill gives the conduction 
rates in the nerves of several different ammiLs 

Mcdullatcd nerve, mammal, 37°C , about 120m /'cc 
Mcilullatcd nerve, dogfish, 20’'C , about 35 m /sec 
Medullalctl nets c, frog, 20'’C , about 30 m /sec. 
Non mcdullatcd nerve, crab, 22'’C , and 1 5 m /sec 
Non mcdullatcd nerve, mammal, 37'C, about 1 
m /sec 

Non mcdullatcd nerse, olfactoo of pike, 20’C , 0 2 
m /sec 

Non mcdullatcd nerve, m Cshing filament of Phy~ 
lalia, 26°C , average 0 12 m /see. 

Non-medullalcd nerve, m Anadon, OOS m /sec 
Compare the vtloalv of sound in air al O^'C, 331 
m /sec. 
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By an indirect method of measurement Carmichael 
and his assoaates found the rates of conduction in 
vanous human postganghonic sympathetic nerves to 
be from 0 85 to 2^ meters per second The lower 
figures were obtained for the nerves of the leg, the 
higher ones for the nerves of the chest 

The “all or nouc“ principle 

A stimulus which is jUst capable of exating a 
nerve fiber (threshold stimulus) sets up an impulse 
which IS no different from one set up by a much 
stronger stunulus The impulse set up by the 
weak stimulus is conducted just as rapidly and is 
just as strong, when judged by the action current 
developed or the mechanical response of the 
muscle, as one set up by the strong stimulus 
Bncfly, the propagated disturbance set up m a 
smgle nerve fiber cannot be graded by gradmg the 
mtcnsity or duration of the stimulus — the nerve 
fiber gives a maxiraal response or none at all To 
make use agam of the tram of gunpowder analogy 
— the flame of a match applied to the pow der fuse 
will start a travelmg spark no less mtense than 
one started by the flame of a torch The restoration 
of the strength of the impulse to its onginal 
value after passmg from a narcotized region into 
health}’’ nerve (p 920) also shows the “all or none” 
nature of nerv’ous conduction The well known 
fact that a strong stunulus applied to a nerve 
trunk causes an action current of greater ampli- 
tude, and a greater muscular response than a 
weaker stimulus appears to contradict the all or 
none principle The nerve trunk, however, is 
composed of many fibers each of which supplies a 
group of muscle fibers The weak stunulus excites 
only a proportion of the units of the nerve, a 
maxunal stimulus excites them all For example, 
the cutaneous dorst muscle of the frog is supplied 
by a nerve which contams only 8 or 9 fibers, each 
of these mnervates about 20 muscle fibers Keith 
Lucas found that w hen the nerve was stimulated 
by shocks, gradually mcreasmg m mtensity, the 
muscular responses did not show a similar con- 
tmuous rise in amplitude, on the contrary, the 
responses of the muscle mcreased m a senes of well- 
defined steps, that is, mcreasmg the stunulus 
mtensity produced no effect for a time upon the 
amplitude of the muscular response, but then a 
slight mcrease m strength of stunulus produced a 
sudden rise m amplitude The steps were never 
greater m number than the number of fibers, and 
were due, it was concluded, to additional fibers 


becommg excited as the strength of stunulus 
reached a certam value 

It must also be remembered that the all or none 
prmciple applies only for the condition of the 
nerve at the point where, and the moment when, 
the impulse arises A stimulus which will give 
rise to a response of a certam magnitude under one 
condition of the nerve may give a much smaller 
response imder other conditions, e g , durmg the 
relative refractory penod (p 922), narcosis, oxy- 
gen lack, etc. 

Variations tn the frequency of the impulses in a single 
nerve fiber 

The magnitude of the muscular response is 
determmed not only by the number of neuro- 
muscular umts exated but also by the frequency 
of the impulses transmitted along the mdividual 
nerve fibers When a motor nerve is stunulated 
maxunally by a smgle mduction shock, an impulse 
passes along each nerve fiber and the "volley” of 
impulses upon reaching the muscle causes a smgle 
contraction of all its fibers — a so-called muscle 
twitch If the nerve is stimulated agam after a 
certam brief mterval a second volley of impulses is 
discharged and a second contraction occurs, which 
becomes superimposed upon the first to produce a 
greater muscular response This is spoken of as 
summation of contractions A series of volleys 
rcachmg the muscle at sufficiently short intervals 
w'lll prevent any relaxation of the muscle between 
separate volleys That is, the mdmdual contrac- 
tions become fused to produce a sustamed maximal 
response or tetanus Adrian and Bronk isolated a 
single fiber of the phrenic nerve m the cat and 
recorded the action currents passmg along the 
fiber durmg normal respiration and after clampmg 
the trachea The action currents mcreased m 
frequency from between 20 and 30 per second 
durmg quiet breathing to between SO and 80 durmg 
the forcible respiratory movements induced by 
the asphyxia But no change m the amphtude or 
form of the electneal waves occurred At the lower 
rate of discharge the individual contractions were 
mcompletely fused (incomplete tetanus) At the 
higher rates the tetanus was complete and the 
tension developed by the contraction maximal 
It might be thought that when the impulses are of 
low frequency and there is, m consequence, m- 
complete fusion of successive twitches the con- 
tractions of a muscle would be uneven and jerky 
This would be so did the impulses discharged from 
the nerve centers travel synchronously along the 
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difierent fibers composing the motor nerve At 
low frequency, however, the impulses are dis- 
charged asynchronously, i e , not as a volley but 
rather bhe a scattered fire of nfle shots Groups of 
muscle fibers are therefore activated asynchro 
nously, the contractions of difierent groups overlap 
and a smooth steady contraction of the muscle as a 
mass results At high frequenaes the impulses are 
discharged along the separate nerve fibers synchro- 
nously, 1 e , in a senes of volleys, but owmg to the 
fusion of the successive contractions the action of 
the muscle as a whole is also smooth and sustamed 
Results comparable to those described for the 
phrenic were obtamed from a smgle fiber of a 
motor nerve suppbnng a skeletal muscle (nerve to 
the peroneous longus, to the tibiahs anticus or to 
the quadnceps) A reflex discharge of unpulses was 
produced by stimulation of the foot and the 
impulses recorded from the motor nerve, aU. the 
fibers of which except one had been severed The 
impulse frequency varied from 20 to 90 per second 
with the strength of the stun ulus The amplitude 
of the recorded etedncal changes was not increased 
by the stronger stimulation, i e , the action potential 
is “all or none m nature” 

By inserting a pair of verj closely approximated 
electrodes mto a muscle, it was found possible to record 
the action currents of a small group of muscle cells 
supphed by a smgle nerve fiber (Adrian and Bronk) 

A fine copper wire (gauge 36), enamelled except for Its 
tip, was passed down a small hypodermic needle. The 
exposed wire projecUng from the pomt of the needle 
forms one electrode and is connected to the mput of an 
amplifier The needle itself constitutes the other 
electrode and is connected to earth The action currents 
maj be led, after amphfication, to a capillary electrom- 
eter or osallograph and recorded photographically 
or com erted into sound by a loud speaker, and their 
rhythm picked up by ear tVhen the concentric needle 
electrodes were inserted mto the human tnceps and a 
voluntary movement made, the records mdicated that 
the impulses amvmg along a single nerve fiber vaned 
with the strength of the contraction from S to SO per 
second No electrical changes were observed when the 
muscle was completely relaxed At the higher rate the 
record showed minor waves These were mterpreted as 
indicating that additional neuromuscular units also 
came into action during the stronger contraction At 
the lower frequency the active fiber groups are fewer 
and consequcnUy more widely separated, the electrical 
responses from neighboring groups therefore do not 
comphcate the electrical record of the group immedi- 
ately surroundmg the electrodes When certain muscles 
were excited reflexly, eg, peroneus longus, or tibiahs 


anUcus of the cat, there was httle evidence that the 
stronger contraction was due to more fiber groups com- 
ing mto play, i e., to impulse discharges over a greater 
number of motor nerve fibers, the gradmg of the con- 
tracUon appeared to be due chiefly to vanations m the 
frequency of the unpulses 

The absolute and relative refractory periods of nerve 

Withm a certain bnef interval following the 
passage of an impulse along the nerve fiber a second 
stimulus, however strong, is unable to evoke a 
response This mterval is called the absolute 
refractory penod In a frog’s sciatic nerve at a 
temperature of about 1S°C the absolute refractory 
period has a duration of between 2 and 3 m.sec. 
Its duration is the same or sbghtly longer than that 
of the acbon potential “spike” (see pp 923-925) 
It is much shorter m mammalian nerve (about 0 4 
m sec) This penod dunng wbich the nerve is ab- 
solutely refractory is succeeded by one m which 
the nerve, though it will not respond to as weak a 



Fig 6211 Recovery curve of nerve Cat’s saphenoiu 
nerve stimulated at 0 (From Gasser and Grundfest) 


stimulus as it did before the passage of the im- 
pulse, will respond to a somewhat stronger one 
The exatability of the nerve gradually mcreases 
and the strength of stimulus necessary for excita- 
tion becomes progressively less (fig 62 11) In the 
end, the restoration of excitability is complete and 
the nerve responds to a stimulus of no greater 
strength than that which is capable of excitmg a 
resting nerve This period following the absolute 
refractory phase and during which the excitabflity 
gradually rises to normal is called the relative 
refractory period It lasts for from 10 to 20 m sec 
or at any rate the excitabflity of the nerve has 
returned to about 95 per cent of the resting value 
by this time (Full recovery however may not 
be attamed untfl the lapse of 100 m sec.) It should 
be pomted out that the faflure of the nerve to 
conduct a second impulse is not due simply to 
lowered exatability at the point in the nerve where 
the original stimulus was applied, for dunng the 
absolute refractory period a stimulus applied to 



Chapter 62 


PHYSIOLOGICAL PROPERTIES 


923 


any other point upon the nerve likewise fails to 
set up an impulse The passage of the impulse 
along the nerve leaves in its wake a change of 
state like a trail of ash after the ignition of a pow- 
der fuse For the moment the impulse consumes 
the entire resources of the nerve fiber (Adrian) 
The burned fuse must have its store of energy 
replenished by laying a fresh train of powder 
grains before a second spark can traverse the path 
of the first So also, a certain time is required for 
the changes associated with the passage of the 
impulse to become reversed and the nerve restored 
to its resting condition (polarized state, see also 
p 926) 

The refractoiy- period renders a continuous ex- 
citatorj' state of the nerve impossible just as the 
correspondmg penod in cardiac muscle assures 
rhythmical contractions and prevents summation 
and tetanus Fusion or summation of impulses 
does not occur The refractory penod obviously 
must also hmit the frequency of the unpulses In 
the mammal the absolute refractory penod is 
about reW second The intervals between impulses 
cannot be shorter than the absolute refractory 
penod, the maximura impulse frequency is there- 
fore around 1000 per second At this rate the im- 
pulses are travellmg in the relative refractory penod 
of their predecessors and arc consequently weaker 
In frog nerve wnth its refractory penod of from 2 
to 3 milliseconds, the maximal impulse frequency 
IS between 250 and 300 per second 

The Supernormai, and Subnormal Phases The 
relative refractory penod is followed by one lasting 
for from 3 to 15 milliseconds, in which the ncn'c fiber is 
hj-perexatable This is followed in turn by a state of 
subnormal exatability which persists for from 15 to 
70 m.sec. 

THE ELECTRICAL CHANGES IN NERVE 
The current of injury 

"When a pair of electrodes are placed a short 
distance apart upon the surface of an unmjured 
and restmg nerve (or muscle) and connected 
through a galvanometer, no current flows and no 
deflection of the mstrument occurs, smee the 
entire surface of the nerve (or muscle), and, there- 
fore, the tissue beneath each electrode, is of the 
same electneal potential When, however, one part 
of the tissue is injured the membrane at this point 
becomes depolarized (see membrane theory, p 926) 
and, in consequence, negative to the positively 


charged unmjured surface When the two elec- 
uodes arc now placed one on the mjured and the 
other on the unmjured part and connected through 
a galvanometer a constant current flows through 
the mstrument from the unmjured (-{-) to the in- 
jured (— ) section and m the opposite direction 
through the length of the tissue This is known as 
the current of injury (or demarcation current) (fig 
62 12, I) 



Fig 62 12 I, current of injury, H, current of action 
Dcscnption in text The small arrows indicate the 
flow of the current m the galvanometer leads, the large 
arrow, in 11 A, indicates the direction of spread of the 
wave of contraction which is represented by the stippled 
area 

The current of action 

Active tissue is also relatively negative to restmg 
tissue The former corresponds to the zme or 
negative pole of a battery, the latter to the copper 
or positive pole If, therefore, two electrodes are 
placed upon a section of nerve and connected 
through a galvanometer, as shown m fig 62 12 II, 
A, stimulation of the nerve at S causes a move- 
ment of the galvanometer mdicator first m one 
direction and then m the other * The movement 
may be photographed, when a diphasic curve — a 
wave above the base Ime followed by one m the 

’Today a cathode ray osallograph is employed (p 
924) which, being of extreme sensitivity, enables very 
weak currents to be picked up and recorded 



924 


the nervous system 


Section VIII 


opposite duection— IS obtained This is the result 
of the propagation of the wave of excitation along 
the nerve from one electrode to the other When 
the wave reaches the tissue beneath the first 
electrode this region becomes negative to the 
restmg tissue beneath the second electrode A 
current flows through the galvanometer from the 
restmg to the active region A wave above the base 
Ime IS mscribed m the record (fig 62 12 II, B) 
Durmg the lapse of tune from the passage of the 
wave from beneath the first electrode to its amval 
at the second no current flows, and the galva- 
nometer mdicator returns to the zero position 
(fig 62 12 II, Q The arrival of the exatation wave 
beneath the second electrode now renders the tissue 
here negative to the restmg tissue under the first 
electrode, and a current flows through the galva- 
nometer, but m a direction opposite to that of the 
current previously set up As the nerve beneath 
the second electrode returns to the inactive state 
the galvanometer comes to rest A wave below 
the base hne is thus recorded (fig 62 12 n, D and 
E) The diphasic electrical change is called the 
airreifi of actum If a cunent of mjury is set up by 
crushmg the nerve beneath the second electrode, 
an action current mitiated by stunulatmg the 
nerve on the near side of the first electrode, smce 
It will be opposite m direction to the current of 
mjury, will cause a reduction m the strength of 
the latter, as mdicated by a movement of the 
galvanometer needle The reduction thus caused 
m the strength of the current of mjury is spoken of 
as the negahve variation The excitation wave does 
not reach the tissue beneath the second electrode 
smce It is blocked by the mjured tissue so a second 
oppositely directed wave does not appear, \ e , the 
vanation is monophasic The mjury potential can 
be compensated for by balancmg against it an 
opfwsmg current, a record of a monophasic action 
potential — the “spike potential” — is thus obtamed 
The term “negative” is used m the sense that 
active tissue under the first electrode becomes less 
positive than during the restmg state 
So far as IS known the propagated disturbance 
m nerve is mvanably accompamed by an electncai 
change In fact there is no evidence to mdicate 
that the nerve impulse and the travelmg electrical 
change are not one and the same At any rate 
they are very mtimately related and the mvestiga- 
tion of the electrical changes m the nerve fibers 
during excitation is therefore the most convenient 
and at the same time the most sensitive and 


reliable means we possess for studying the fre- 
quency, speed and strength of the nerve impulse 
For example, the number of successive electncai 
changes traversmg the nerve is taken as represent- 
mg the frequency of the impulses, the speed and 
strength of the impulse is judged from the speed 
and amplitude of the electrical response The 
electrical waves are of the same general form in 
various types of nerve fiber, this is taken as an 
mdication that the impulses m the different nerve 
fibers are fundamentally similar 
1 't- 

/ After-potentials FoUomng the mam action potential 
’'OT^pikef ’ -potenttal as it is now usually called, a senes 
of smaller electncai changes appear m traangs obtamed 
by the more sensitive methods of recording These arc 
known as after potentials They appear following a senes 
of spikes, but m their simplest form, after a single 
response They consist of an mitial negative potential 
(i e of the same direction as the spike) followed by a 
positive potential of much smaller magnitude (about 
0 2 per cent of the height of the spike), but of longer 
duration The negative after potential has a duration in 
rapidly conducting fibers of about 15 milliseconds, the 
positive after potential of 70 milUseconds or more The 
after potentials show much greater vanability with 
experimental conditions than does the spike A tetamz- 
tmg current mcreascs both negative and positive after- 
potentials, vnth such a current a second positive 
potential frequently appears The spike coinadcs ap- 
proximately with the absolute refractory penod, the 
negative and positive after potentials with the super- 
normal and subnormal phases of excitabihtj, respec- 
tively 

The “spike” and the after-potentials can also be 
recorded from the spmal cord dunng stimulation of a 
dorsal nerve root. The spike potential anscs from the 
conUnuation into the cord of the fibers of the dorsal 
roots, but Gasser concludes for several reasons that the 
after potentials are denved from mtemuncial neurons 

The compound iialiirc of the action current recorded 
from a nerve trunk 

Erlanger, Bishop and Gasser studied the action 
potential of mixed nerve trunks by means of the 
cathode ray oscillograph 

Unlike any mstrument prev lously emploj ed for this 
purpose, e g , the string galvanometer or the capillary 
electrometer, the movmg part of this mstrument — a 
stream of electrons — possesses pracbcallj no mass and 
IS m consequence mertialess It is therefore capable 
of recording almost infinitely rapid changes in electrical 
potential The mstrument consists of an evacuated 
tube through which the electron stream is thrown 
agamst a fluorescent screen upon which it produces a 
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spot of light On either side of the electron stream is 
placed a vertical plate A potential difference is created 
between the pair of plates, the electric field thereby 
set up across the path of the stream deflects it 
horizontally, and sweeps it across the screen The spot 
of hght IS thereby converted mto a horizontal streak 
By means of a rotatmg commutator the deflections are 
repeated from 10 to 20 times per second A second pair 
of horizontal plates is placed one above, the other 
below, the electron stream These are connected with 
the nerve whose action current is timed to reach them 
at the instant that the stream is deflected horizontally 
by the vertical plates A verbcal deflection of the elec- 
tron stream results with the production of a standmg 
wave which is photographed and a permanent record 
thus obtamed The speed of the horizontal movement of 
the spot of hght enables the time factor to be calculated, 
and can be varied by altermg the potential apphed to 
the verbcal pair of plates, the horizontal movement 
corresponds to the movement of a k 3 'mograph, though 
of course its rate is very many times faster The upward 
deflecbon is analogous to the rise of a muscle lever The 
magnitude of the acbon potenbal is deternuned from 
the height of the wave Before reachmg the recordmg 
system the acbon current is amplified several thousand 
times by passmg it through a three-stage amplifier 

Upon analysis of the electneal potentials of 
mammaban nerves, Erlanger and Gasser showed 
that the "spike” is actually compound and repre- 
sents the fusion of the potentials of three mam 
types of nerve fiber, which are referred to as the 
A, B, and C groups Several properbes of nerve 
are correlated with the diameters of the fibers, the 
larger the fiber diameter, the higher is the conduc- 
bon veloaty, the lower the threshold of exatabon, 
the greater the magnitude of electrical response, 
but the shorter its durabon, and the shorter the 
refractory penod, latent addibon^ and chronaxie 
The relabonship of conduebon veloaty to outside 
diameter of the nerve fiber is a Imear one (fig 62 13) 
The amphtude of the recorded potenbal is also 
linearly related to the fiber diameter 

The A group is composed of the largest fibers, 
1 to 20 micra m diameter, wnth conduction rates 
from 5 meters per second or less for the smallest 
fiber to 100 meters per second for the largest 
This group has been analyzed mto four subsidiary 
groups labelled a, p,y, S m accordance with and m 
this order of fiber diameter (fig 62 14) The A 
groups are all myelmated, are both sensory and 
motor and are found m such somabc nerves as the 

^ This IS the penod durmg which a subhmmal sbmu- 
ius IS capable of summmg with a previous one and of 
mismg exatabon to threshold value. 



Fig 62 13 Linear relation between diameter and 
conduebon veloaty of mammaban nerve fibers Each 
point represents a determwation of the maximum con- 
dueboD veloaty m meters per sec and of the diameter 
m micra of the largest fiber of an mdividual nerve 
Dots = adult nerves Circles = immature nerves 
(After Hursh ) 



Fig 62 14 Cathode ray oscillograph records of the 
acbon currents m the saabc nerve of the bullfrog after 
conduebon from the pomt of sbmulabon through the 
distances (m millimeters) shown at the left The acbon 
otenbals rmght be compared to runners m a race who 
ecome separated along the course as the faster contest- 
ants outstnp the slower, thus m a record at 82 mm 
from the point of sbmulabon three waves are shown, 
whereas at 12 mm the potenbals are fused, and only 
one large wave appears The delta wave is not shown 
in the record (Modified from Erlanger, Bishop and 
Gasser ) 

saabc and saphenous nerves The alpha fibers of 
this group are absent from cutaneous nerves 
Less study has been made of the B and C 
groups The B fibers are myelmated and have di- 
ameters from 1 to 3 micra, and conduebon ve- 
loabes from about 3 meters per second to 14 meters 
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per second The B fibers are found solely m auto- 
nomic (preganglionic and m some myelinated post- 
ganghonic) nerves The C group, composed of the 
smallest fibers (less than 1 micron m diameter), 
are unmyelmated and have a conduction rate of 
around 2 meters per second or less They trans- 
mit pam impulses and possibly those of pressure 
The A group of fibers make by far the greatest 
contnbution to the compound spike potential, and 
the C group the least The electneal potentials 
recorded from both A and C fibers show both nega- 
tive and piositive after potentials, but the B group 
Shan'S no negative after potential with a smgle re- 
sfwnse, though it appears upon repetitive stimula 
tion The B fibers are the most susceptible to as- 
phyxia, the C fibers the least so 
The Imear relationship between fiber diameter 
and conduction velocity holds also for growing 
nerves of young animals (Hursh) Dunng growth 
the diameters of the nerve fibers m the nerve of the 
leg, for example, increase as the nerve lengthens 
Conduction veloaty mcreases proportionately so 
that the tune taken for an impulse to travel from 
the toes of a kitten a few days old to the spinal cord 
13 the same as for a full grown cat Thus the kitten 
and the cat react to stunulaton with about equal 
promptness 

The diameters of the regeneratmg fibers m a 
sectioned or crushed nerve also enlarge gradually 
and conduction veloaties mcrease accordmgly 
(Berry and associates) , the relationship agam bemg 
a linear one The maximum conduction veloaty is 
not reached until maxunura diameter of the fiber 
IS attamed If the axons of the nerve alone are m- 
terrupted, the sheaths of the nerve fibers remaining 
intact, the diameters and conduction velocities may 
reach those of the normal nerve, this rarely occurs 
if the nerve has been completely severed 

HIE UEMBRANE THEORY (bERNSTEIn) OE NERVOUS 
CONDUCTION 

Conduction, according to this theory, is a sur- 
face phenomenon The nerve fiber is surrounded 
by a semi permeable membrane or surface film 
which ispolanzedwhen the nerve is at rest That is, 
the surface film separates a layer of cations on its 
outer side from a layer of amons on its mner side 
A stimulus applied to the nerve maeases the 
pcnncabilit> of the membrane at the pomt of 
stimulation w ith the result that a redistribution of 
ions and depolarization of the membrane occur 
This pomt of the nerve becomes thereby relatively 


negative to the mactive (polarized) section of nerve 
immediately adjacent A potential difierence is set 
up and a current flows between the active and m- 
active secUons This secondary current m turn 
causes depolarization and activation of the ad- 
jouung region which, bemg now relatively negative 
to the next section, results m a current bemg agam 
set up between these two which depolarizes the 
latter The currents set up between contiguous, 
mactive and active regions serve as successive 
stimuh and the wave of depolarization spreads 
down the nerve, the disturbance set up by the 
ongmal artificial stunulus is m this way propagated 
automatically (see fig 6215) Thus, ner\ e impulses 
are “transient self-mendmg electneal leaks travel- 
ling along nerve fibers” (Sherrmgton) The de- 
polarized state persists for a short time after the 



Fio 62 15 niustratmg nervous conduction accord 
mg to the membrane theory (see text) 

passage of the impulse, dunng this tune the nerve 
IS refractory The return of exatabihty is de- 
piendent upon the restoration of the polarized 
state Accordmg to the membrane theory the nerve 
impulse is simply the propagated wave of depolan 
zation 

Perhaps the greatest support for the membrane 
theory is afforded by the expenmenta of Lillie who has 
prepared a metal model which behaves m a manner 
comparable to that of nerve A film of onde forms 
upon an iron wire placed m strong mtnc aad When 
such an oxide-coated wire is then immersed m a weak 
soluhon of aad, which would cause gradual solution 
of an untreated wire, no reaction results The metal 
IS m a so-called passive state, bemg comparable to a 
restmg nerve. When, however, the wire is “stimu- 
lated", e.g , touched at one pomt with active iron or 
some other base metal, scratched with a piece of glass 
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comjnnRs ihi trinsnnssion of tlic ncnc impulse, 
the Inltir was to bt dependent upon 

pin itnl nther tlnn upon chemical processes 
lliotiih It VTS ricopnirerl tint conduction c\en- 
Ju ilh faileel in llie nb nice of oxxRcn this fact 
»! d i.ot jiroec tint conduction itself vas due to 
oxid Ui\r ptoevs rs In order to sho ' this u v oulel 
!•< nm san to dinionstrate an aercurc in tlic 
oxen 11 fo'ivunijition and in the carlion dioxific 
jiro-h ct on duriiu iu‘ ' l\ \n incrnsed cirlion 
d ox <'e p'.Kluction of aelivt inm o\ir tint of 
.( Iiti! nerxi ev v- obsrrvid lie I ashiro in HJla 
Hus vas roiilirnod bv I’ar} er, and an mcreasefl 
<ixe;t"i ton imjiitoi during excitation vas shown 
lix Ion I trill r attmipis (Iblmholt/, IS}'') to 
tlrino I'lntr brat p'lvluctnn in actixt nerve verc 
ua ucci fid. but ui 10 ’(t Hill, usinq a tlurmopile 
O' !.|w rd of oerr fo bundrol thermocouples, 
elrtrcioi a ror of f^r ^ lo the tcmjHrature of 
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at th !o Irxtl I jvui the re idmissnan of oxxjtcn 
to tie asji’n I! Heal mrxt, hi at jiriKluction n'ls 
rap die , e xtra In it l*ri i( proiluctd oxir that pro- 
rhicvd prexnnisU b\ the inrxe in oxxjtni This 
extra hi at amounts to some 15 or 20 jur rent of 
tin "mis nl’ In at in nilrojrcn (i i , of the amount 
ripnl to the dilTtnnce iHlwein In at priiduction in 
oxxjen and in tiilrojcn) Hie heat j,emntcd in 
nitrnpi II IS nttnbutid niainh to an oxidatixe proc- 
ess dqiendinl iijKui a sion of oxxj'in m the none 
tl MU, and to tin bn a} down of tarliohx drUe to 
hciic and, and inissibU also to plio-phocn atinc 
lifval diwMi In tin stetdx state tin beat proeluction 
is attributnl to lactic acid proeluction from cirlm 
lixdnte' lln extra heat produceal upon the re 
ailmtssion of owjnn is probabU in p irl waste heat 
in the jiroctss of phosiihocnatme resxntlicsis, and 
IMxssihlx also to tin oxidation of some of the lactic 
acnl arcumulale'd diirinjt the anaerobic period 

Durinj; stimul ition of the ne r\ e in oxvpen, at flic 
reft of 2.M) shocks per second, an increase in heat 
priMhiction occurs of 10 X 10"“ calories per pram 

* Sninll calorics 
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of nerve per second At this rate of stimulation the 
heat resulting from a smgle impulse is about 1 4 X 
10“’ calones per gram of nerve fiber Though the 
heat production per gram of restmg nerve is nearly 
as great as that of restmg muscle, during activity 
the heat produced by nerve is only 400*000 0 ^ that 
generated by muscle of equal weight and stimu- 
lated to the same degree 

As m the case of muscle, the heat produced durmg 
achvity is given off m two batches — the initial heat and 
the delayed or recovery heal The initial heat is less than 
4 per cent of the total heat,' the ratio of mitial to de 
layed heat bemg 1 30 The rate of generation of the 
initial heat is some 5000 times greater than that of the 



Fig 6216 Diagrammatic representation (not to scale) 
of the heat production due to each nervous impulse, 
mdicatmg how the observed heat resulting from a te 
tame stimulation is built up of these umts The hon- 
lontal hncs represent the delayed heat, starting at a 
maximum rate of 0 05 “C" umts and slowly falling to 
zero in about 10 nuns The vertical hnes represent the 
imtial heat which probably is largely produced during 
less than 4 milliseconds at a rate 5000 times greater 
than that at the start of the delayed phase (after 
Gerard) 


delayed heat (fig 62 16) The former coinades with or 
follows immediately upon the “spike" potential bemg 
an mtense explosive outburst which, mth a smgle 
stimulus, lasts for only a few milliseconds The delayed 
or recovery heat which is given out after the period of 
activity dechnes rapidly at first and then more slowly 
The delayed heat is accompanied by the consumption 
of oxygen and is evolved in two stages The first of these 
lasts for a few seconds, and the quantity of heat is of 
small magnitude, the second lasts for from 10 to 30 
mmutes and contributes the greater proportion of the 


Initial heat of crab nerve wi 
only 2 25 per cent of the total heat, which, howeve 

^ ^ P« gram 1 

fiber) than that of frog nerve Beresma and Feng ol 
tamed similar values for crab nerve ^ 


delayed heat.’ Increase m the strength of the stimulus 
does not mcrease the heat production, whereas mcrease 
m the frequency of stimulation causes an mcrease m 
heat production up to 25 per cent. The heat per second, 
however, does not mcrease proportionately with the 
mcrease m frequency of stimulation, so the heat per 
impulse IS actually reduced When the shocks are at the 
rate of 280 per second the heat production per second 
is maximal and the heat per impulse (smee each impulse 
IS travellmg m the relative refractory penod of its 
predecessor) is only a quarter of that generated by a 
smgle isolated impulse The heat production of the 
central nervous system is enormously greater than 
that of nerve fibers amounting to from 600 to over 
2000 X 10“^ per gram per second for the spinal cord 
of the frog 


CABBON DIOXIDE PRODUCTION AND OXYGEN 
CONSUMPTION 

The restmg sciatic of the frog produces in the 
neighborhood of 0 6 cu mm COi per gram of 
nerve per mmute The correspondmg Oj consump- 
tion IS about 0 7 cu mm The restmg respiratoiy 
quotient is therefore around 0 8 Durmg activity 
an extra 0 25 cu mm of Oi per gram of nerve per 
mmute is consumed and a somewhat smaller 
quantity of extra COj produced The extra metab- 
olism of the nerve resultmg from activity has an 
R.Q of about 0 90 (Meyerhof and Schmidt) 

The extra oxygen consumption resulting from 
nerve activity occurs during the penod of de- 
layed heat. It contmues for a considerable time — 
15 mmutes or more after the impulse has passed 
The quantity of oxygen consumed agrees well 
with the heat produced at this time, upon the 
basis that the latter is the result of the oxidation 
of ordmary food materials Like the heat produc- 
tion the oxygen consumption per impulse falls 
with a rise m frequency of stimulation, though of 
course the total consumption per mmute mcreases 
Increasmg the strength of the stimulus beyond that 
necessary to exate all the fibers docs not mcrease 
the oxygen consumption 


tiHEinCAL CHANGES IN NER\'E 

(a) In the Absence of Oxygen Placed m 
nitrogen a resting nerve undergoes a reduction m 

, ’’ cause of the in it ia l heat is unknown It may 
be chemical m nature and due to the breakdown of 
phosphocreatinine or may be denved, as Hill suggests, 
irom an electacal source, namely, the dis''harge of an 
elKtnc double layer — a condenser — located at the 
surface of the fiber See A. V Hill, "Chemical wave 
t^Minission m nerve " Cambndge, University Press, 
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its gl 3 ’’cogeii and free sugar contents and an ac- 
cumulation of lactic acid The lactic acid produc- 
tion proceeds slowly and m about 3 hours has 
reached a maximum rate of 7 mg per 100 grams of 
nerve per hour, it then falls gradually to zero 
The total aad production is about 100 mg per 
100 grams of nerve (0 1 per cent) This is not 
attamed imtil the end of 24 hours, at which tune 
the carbohydrate store of the nerve becomes 
exhausted Immersion of the nerve m a solution 
of glucose (but not of galactose or fructose) causes 
lactic acid production to contmue at the maximum 
rate (7 mg per cent) for da}^ — or until conversion 
of the added glucose has occurred When the nerve 
IS stimulated m nitrogen there does not result, 
however, as m the case of muscle depnved of 
oxygen, an increased accumulation of lactic acid 
Also when oxygen is re-admitted lactic acid does 
not disappear or does so very slowly Oxygen 
consumption of the nerve is somewhat greater 
than usual after a penod m nitrogen — an mdica- 
tion that nerve runs mto debt for oxygen durmg a 
penod of anoxia In the absence of oxygen, nerve, 
unliLe muscle, contmues to respond to stimula- 
tion for a considerable time It shows a progressive 
fall m excitabflity but does not fail to conduct until 
the lapse of about 3 hours The action current or 
the current of mjury is gradually reduced durmg 
this time but rises agam when oxygen is re- 
admitted A fall m phosphocreatme content and 
a rise m morganic phosphorus also occur 
In the asphyxiated nerve the delayed heat 
production declmes no more rapidly (if anythmg 
less so) than the mitial heat, whereas m the case of 
a muscle contractmg m the absence of oxygen 
most of the recovery heat is abolished (p 724) 
In nerve, therefore, both couductton and the recovery 
process can apparently be accomplished for a time 
after the external oxygen supply has been cut off 
(b) In the Presence of Oxygen In the case 
of the excised resting nerve free sugar gradually 
disappears but the glycogen content remams un- 
changed and no lactic aad is formed These ob- 
servations mdicate that the fimction of the restmg 
nerve is probably mamtamed m part by energy 
derived from the combustion of sugar Energy 
IS also probably derived from the breakdown of 
phospholipms During activity phosphocreatme is 
broken down but the glycogen content of the nerve 
remams imaltered Sugar does not disappear more 
rapidly than durmg rest, nor is lactic acid produced 
The glycogen-lactic acid cycle which is so promi- 
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nent m the metabolism of muscle therefore appears 
to play no part m nerve fiber conduction The im- 
mediate source of the energy for conduction is 
believed to be derived from the breakdown o( 
phosphocreatme which is resjmthesized after the 
passage of the impulse The ultimate source of the 
energy for the recovery process m nerve is un- 
known 

It has been thought that the nerve fiber was m- 
capable of oxidizmg lactic aad or of synthesizmg lactic 
aad to glycogen, but, as mentioned above, when an 
accumulation of lactic acid occurs as a result of as- 
phyxia small amounts do disappear upon the re- 
admission of oxygen Also, m a nerve soaked m sodium 
lodoacetate the phosphocreatme disappears and the 
nerve soon fails to respond, but if lactate be supphed 
the survival time is considerably lengthened and 
oxygen consumption mcreased (Feng) (The addition 
of lactate causes no mcreased oxygen consumption by 
normal nerve ) These and other observations mdicate 
that the mabdity of the nerve to oxidize lactic acid is 
not absolute but that, under certam circumstances at 
any rate, such does occur 

Small quantities of ammonia (about 0 3 mg 
per cent per hour) are produced by restmg nerve 
and about double this amount durmg activity 
The source of the ammonia is probably adenyl- 
pyrophosphate The inorganic phosphate also m- 
creases durmg activity as a result of the break- 
down of phosphocreatme and adenylpyrophosphate 
and, possibly, of phospholipms 

Potassium of nerve The nerve fiber is exception- 
ally rich m potassium, Cowan found that the 
potassium concentration m the nerve of the crab 
IS some 13 times greater than that m crab’s blood 
Ratios as high as 65 1 for the potassium concen- 
trations on the inner and outer sides of the mem- 
brane have been reported for vertebrate nerve 
It IS upon this difference m the potassium con- 
centrations that the restmg potential (polariza- 
tion) of the nerve is believed, accordmg to the 
Bernstein hypothesis, to depend But when the 
nerve is stimulated or depnved of oxygen, po- 
tassium diffuses rapidly mto the surroundmg flmd, 
but IS restored agam (repolanzed) durmg rest or, 
m the case of the asphyxiated nerve, after the 
readmission of oxygen A nerve at rest and ade- 
quately supplied with oxygen does not lose po- 
tassium and a potential difference between the 
surface of the fiber and its mterior is mamtamed 
Increasing the concentration of potassium m the 
fluid bathmg the nerve will tend to reduce the 
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of nerve per second At this rate of stimulation the 
heat resultmg from a smgle unpulse is about 1 4 X 
10"’ calones per gram of nerve fiber Though the 
heat production per gram of restmg nerve is nearly 
as great as that of restmg muscle, dunng activity 
the heat produced by nerve is only *oo o?o that 
generated by muscle of equal weight and stimu- 
lated to the same degree 

As m the case of muscle, the heat produced during 
activity 18 given o5 m two batches the tntltol hcoi and 
the dotoyed or ruosery heat The miPal heat is less than 
4 per cent of the total heat,® the ratio of initial to de- 
layed heat bemg 1 30 The rate of generaUon of the 
rnitial heat is some 5000 times greater than that of the 


delayed heat’ Increase in the slren[lh of the sUmulns 
does not mcrease the heat production, nhereas increase 
m the frequency of stimulation causes an maeasc in 
heat production up to 25 per cent. The heat per second, 
however, does not mcrease proporUonatelj with the 
increase m frequency of stimulation, so the heat per 
impulse IS actually reduced When the shocks are at the 
rate of 280 per second the heat production per second 
is maximal and the heat per impulse (since each impulse 
IS travelling in the relaUic refractorj penod of its 
predecessor) is only a quarter of that generated by a 
smgle isolated impulse The heat production of the 
central nervous sjstcm is enormously greater than 
that of nerve fibers amountmg to from 600 to o\cr 
2000 X 10^ per gram per second for the spmal cord 
of the frog 



Fio 6216 Diagrammaticrepresentation (not to scale) 
of the heat production due to each nervous impulse, 
mdicatmg how the observed heat resulting from a te- 
tamc stimulation is built up of these units The hon 
rontal fines represent the delayed heat, starting at a 
mammum rate of 0 05 “C” imits and slowly falSng to 
zero m about 10 mins The vertical fines represent the 
imtial heat which probably is largely produced dunng 
less than 4 milfiseconds at a rate 5000 times greater 
than that at the start of the delayed phase (after 
Gerard) 


delayed heat (fig 62 16) The former coincides inth or 
follows immediately upon the “spike” potential bemg 
an mtense explosive outburst which, with a smgle 
stimulus, lasts for only a few milliseconds The delayed 
or recovery heat which is given out after the penod of 
acUvity deefines rapidly at first and then more slowly 
The delayed heat is accompanied by the consumption 
of oxygen and is evolved m two stages The first of these 


lasts for a few seconds, and the quantity of heat is of 
small magmtude, the second lasts for from 10 to 30 
mmutes and contnbutes the greater proporUon of the 


1 uutial heat of crab nerve wa 

only 2 25 per cent of the total heat, which, howevei 
^ f“di ^ter (2 5 X 10-> per second per gram o 
fi^r) than that of frog nerve Beresma and Feng ob 
tamed sunilar values for crab nerve 


CAEBON DIOXIDE PRODUCTION AKD OXYGEN 

coNsuinmoN 

The restuig sciatic of the frog produces in the 
neighborhood of 0 6 cu mm COj per gram of 
nerve per minute The correspondmg Oi consump- 
tion IS about 0 7 cu mm The resting respiratory 
quotient is therefore around 0 8 Durmg activity 
an extra 0 25 cu mm of 0: per gram of nerve per 
mmute is consumed and a somewhat smaller 
quantity of extra COj produced The extra metab- 
olism of the nerve resulting from nctn ity has an 
R Q of about 0 90 (Mey erhof and Schmidt) 

The extra oxygen consumption resulting from 
nerve activity occurs dunng the penod of de- 
layed heat It contmues for a considerable time — 
IS mmutes or more after the impulse has passed 
The quantity of oxygen consumed agrees well 
with the heat produced at this time, upon the 
basis that the latter is the result of the oxidation 
of ordmary food materials Like the heat produc- 
tion the oxygen consumption per impulse falls 
with a rise m frequency of stimulation, though of 
course the total consumption per mmute mcrcascs 
Increasmg the strength of the stimulus bey ond that 
necessary to excite all the fibers docs not increase 
the oxygen consumption 


Chemical Changes in Nerxe 

(a) In THE Absence or Oxtgen Placed m 
nitrogen a resting nerve undergoes a reduction m 

’ "Hie cause of the imtial heat is unknown It may 
be ch^cal in nature and due to the breakdown of 
phosphocreatinme or may be denved, ns Hill suggests, 
tro m a n electneal source, namely, the dis'^harge of an 
eiectnc double layer — a condenser — located at the 
wrface of the fiber See A. V Hill, “Chemical wave 
toMinission m nerve ” Cambndge, University Press, 
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its glycogen and free sugar contents and an ac- 
cumulation of lactic acid The lactic acid produc- 
tion proceeds slowly and m about 3 hours has 
reached a maximum rate of 7 mg per 100 grams of 
nerve per hour, it then falls gradually to zero 
The total aad production is about 100 mg per 
100 grams of nerve (0 1 per cent) This is not 
attamed until the end of 24 hours, at which time 
the carbohydrate store of the nerve becomes 
exhausted Immersion of the nerve m a solution 
of glucose (but not of galactose or fructose) causes 
lactic aad production to contmue at the maximum 
rate (7 mg per cent) for days — or until conversion 
of the added glucose has occurred When the nerve 
is shmulafed m mtrogen there does not result, 
however, as m the case of muscle depnved of 
oxygen, an mcreased accumulation of lactic aad 
Also when oxygen is re-admitted lactic acid does 
not disappear or does so very slowly Oxygen 
consumption of the nerve is somewhat greater 
than usual after a penod m mtrogen — an mdica- 
tion that nerve runs mto debt for oxygen durmg a 
penod of anoxia In the absence of oxygen, nerve, 
unlike muscle, contmues to respond to stunula- 
tion for a considerable tune It shows a progressive 
fall m excitabflity but does not fail to conduct until 
the lapse of about 3 hours The action current or 
the current of mjury is gradually reduced durmg 
this tune but rises agam when oxygen is re- 
admitted A fall m phosphoaeatme content and 
a rise m morganic phosphorus also occur 
In the asphyxiated nerve the delayed heat 
production declmes no more rapidly (if anythmg 
less so) than the imtial heat, whereas m the case of 
a muscle contractmg m the absence of oxygen 
most of the recovery heat is abolished (p 724) 
In nerve, therefore, both condiidton and the recovery 
process can apparently be accompltshed for a time 
after the external oxygen supply has been cut off 
(b) In tkk Presence of Oxygen In the case 
of the excised resting nerve free sugar gradually 
disappears but the glycogen content remams un- 
changed and no lactic acid is formed These ob- 
servations mdicate that the function of the restmg 
nerve is probably mamtamed m part by energy 
derived from the combustion of sugar Energy 
IS also probably derived from the breakdown of 
phospholipins During activity phosphoaeatme is 
broken down but the glycogen content of the nerve 
remains unaltered Sugar does not disappear more 
rapidly than durmg rest, nor is lactic acid produced 
The glycogen-lactic aad cycle which is so promi- 
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nent m the metabolism of muscle therefore appears 
to play no part m nerve fiber conduction The im- 
mediate source of the energy for conduction is 
believed to be derived from the breakdown ol 
phosphoaeatme which is resynthesized after the 
passage of the impulse The ultunate source of the 
energy for the recovery process m nerve is un- 
known 

It has been thought that the nerve fiba was m- 
capable of oxidizmg lactic aad or of synthesizmg lactic 
aad to glycogen, but, as mentioned above, when an 
accumulation of lactic aad occurs as a result of as- 
phyxia small amoimts do disappear upon the re- 
admission of oxj'gen Also, m a nerve soaked m sodium 
lodoacetate the phosphoaeatme disappears and the 
nerve soon fails to respond, but if lactate be supphed 
the survival tune is considerably lengthened and 
oxygen consumpbon maeased (Feng) (The addibon 
of lactate causes no mcreased oxygen consumpbon by 
normal nerve ) These and other observabons mdicate 
that the mabdity of the nerve to oxidize lacbc aad is 
not absolute but that, under certam arcumstances at 
any rate, such does occur 

Small quantities of ammonia (about 0 3 mg 
per cent per hour) are produced by restmg nerve 
and about double this amount durmg activity 
The source of the ammonia is probably adenyl- 
pyrophosphate The inorganic phosphate also m- 
creases durmg activity as a result of the break- 
down of phosphoaeatme and adenylpyrophosphate 
and, possibly, of phospholipins 

Potassium of nerve The nerve fiber is exception- 
ally rich m potassium, Cowan found that the 
potassium concentration m the nerve of the aab 
IS some 13 tunes greater than that m aab’s blood 
Ratios as high as 65 1 for the potassium concen- 
trations on the inner and outer sides of the mem- 
brane have been reported for vertebrate nerve 
It IS upon this difference m the potassium con- 
centrations that the restmg potential (polariza- 
tion) of the nerve is believed, accordmg to the 
Bernstein hypothesis, to depend But when the 
nerve is stimulated or depnved of oxygen, po- 
tassium diffuses rapidly mto the surroundmg fluid, 
but IS restored agam (repolarized) durmg rest or, 
m the case of the asphyxiated nerve, after the 
readmission of oxygen A nerve at rest and ade- 
quately supplied with oxygen does not lose po- 
tassium and a potential difference between the 
surface of the fiber and its mterior is mamtamed 
Increasing the concentration of potassium m the 
fluid bathmg the nerve will tend to reduce the 
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potential difference, this procedure also reduces the 
exatabffity of the nerve and with high concentra- 
tions exatabflity is completely lost but is restored 
again when the nerve is placed in sea water The 
amplitude of the action current or of the current 
of mjury is also markedly reduced by raising the 
potassium concentration on the outer side of the 
nerve Furthermore, when the nerve is exposed to 
cold, “blocking” of the unpulse occurs at a higher 
temperature than usual if the nerve has been 
soaked m a solution contammg a high percentage 
of potassium 

The metabohsm of the resting nerve may be con 
sidered m terms of the membrane theory (p 926) to be 
duected toward securmg a certam degree of imper 
meabihty of the surface film for the maintenance of the 
polarized state The chemical changes associated with 
activity result m mcreased permeabilitj and depolan- 
zation Durmg recovery the membrane is repolanzed, 
the energy bemg furnished by oxidative processes — 
the battery is recharged The source of the energy w hich 
enables a nerve to contmue to conduct for such a long 
time m an atmosphere of mtrogen is a matter for 
speculabon 

The brain (gray matter) when supplied with 
oxygen oxidizes glucose and, unlike the nerve 
fiber under the same conditions, produces lactic 
acid, though m small amounts Lactic acid is 
also produced slowly when glucose is added to 
bram shces in vitro with free access to oxygen 
Glucose IS present m bram tissue m about the 
same concentration as m blood, and is the mam 
substrate for the respiration of the gray matter 
The respuratory quotient of the bram is around 
unity As compared with muscle the gray matter 
contams only small amounts of glycogen When 
the latter is added to bram shces it is broken down 
very slowly to lactic aad Hexosephosphate, ac- 
cording to Ashford and Holmes, is not an mter- 
mediary m the oxidation of glucose by brain tissue, 
but the production of pyruvic aad appears to be 
an essential step The utilization of glucose by 
bram tissue is made evident by its addition to 
bram slices, an mcreased consumption of oxygen 
then occurs The oxygen consumption of bram 
tissue tn vitro is also mcreased by the addition of 
fructose, mannose, galactose, and hexose diphos- 
phate and monophosphate, and to a much less 
extent by other sugars Next to glucose, fructose 
and mannose are most readily oxidized by bram 
shces Lactate and pyruvate are utilized about as 


readily as glucose Glutamic aad and alcohol are 
utilized by brain tissue to a small extent 
In hypoxia and dunng convulsive seizures, large 
quantities of lactate are produced by brain tissues, 
but as already mentioned, only mmimal amounts 
when the oxj'gcn supply is adequate The large 
production of lactate under anaerobic conditions 
and the mmimal amounts produced when the 
oxygen supply is adequate raises the question 
whether the formation of lactic aad plays any 
rhle in the normal function of the bram It appears, 
at any rate, that it does not play an mdispensablc 
part in the oxidation of glucose, for nicotine, lodo- 
acetate or hydroxymalonatc inhibits the oxidation 
of lactate but permits glucose to be oxidized 
During convulsions, or when from any cause the 
oxygen supply is inadequate, the brain, like muscle, 
uses phosphoaeatinc Similar changes arc produced 
by injury to brain tissue Though other fuel can 
be oxidized by the bram, glucose, lactic acid and 
pyruvate are the only ones, and especially glucose, 
which arc utilized normally to any significant 
extent In excised brain tissue “the utilization of 
glucose IS faster than that obseiA’cd m hepatic, 
cardiac, or renal slices” (Humnch) A respiratory 
quotient of unity supports the conclusion that the 
main fuel of the brain is carbohydrate, but more 
direct evidence for the oxidation of glucose can be 
ated Himwich and Fazekas, for example, deter- 
mmed the glucose and oxxgcn contents of the 
artenal blood and of blood drawn from the supenor 
longitudmal sinus of anesthetized dogs They ob- 
tamed a figure of 13 mg per 100 cc. of blood for 
the glucose utilization The quantity of oxygen 
which by calculation would be required to oxidize 
this quantity of glucose is 9 7 cc. The oxygen con- 
sumption actually obserx'cd w as 9 3 cc These 
figures are, of course, for the bram as a whole 
The gray^ matter shows a much higher oxygen 
consumption than docs the white matter which is 
composed mamly of nerve fibers Though the 
nerve fiber can contract a small oxygen debt, the 
gray matter cannot and, m consequence, is highly 
susceptible to oxygen deprivation It has been 
estimated that the adult bram accounts for about 
one-quarter of the basal metabolism of the entire 
body at rest, or over 3 hters per hour, yet mental 
work mcreases the metabohsm of the bram to a 
neghgible extent (ch 45) The infant bram which, 
as compared with the adult brain, forms a larger 
part of the body has a relatively greater consump- 
tion of oxygen, its oxygen consumpUon is about 



Chapter 62 


PHYSIOLOGICAL PROPERTIES 


931 


half the total oxygen consumption of the body 
Considering the high oxygen requirement of the 
gray matter, especially of the cerebral cortex, it is 
not surpnsing that it is so vulnerable to anoxia 
Mental confusion, delinum and unconsaousness 
follow any considerable reduction in the oxy^gen 
supply to the brain The delinum of pneumonia is 
due largely to anoxia rather than to toxemia, and 
the mental aberrations associated with high alti- 
tudes are well known The metabolism of the 
cerebellar cortex, according to some investigators, 
is higher than that of the cerebral cortex. Himwich 
and Fazekas have made the interesting observation 
that m week-old puppies the medulla and midbram 
have a higher oxj^gen consumption than has the 
cerebral cortex but the reverse relationship holds 
true in adult dogs The increased oxygen con- 
sumption of the higher centers of grown animals is 
due presumably to their having acquired greater 
functional importance and assumed a position of 
dommance over the lower centers 

The very high oxygen consumption of gray 
matter as compared to white matter (neix'e fibers) 
is not due to the presence of cell-bodies, but ap- 
parently to the great number of synapses (ch 64), 
for the postenor root ganglia, which are made up 
of unipolar cells without synaptic connections, 
have not a high vascularity or oxygen consumption, 
and are not more susceptible to ischemia than are 
nerve fibers 

The bram is also very sensitive to a reduction 
in Its supply of glucose, and when the blood sugar 
level falls to a certain point, mental confusion, 
muscular incoordination, convulsions and loss of 
consciousness result The h)q)Oglycemic symptoms 
are quickly relieved by the administration of glu- 
cose, fructose or mannose but not by pyruvate or 
lactate In the human subject msuhn hypoglycemia 
greatly reduces the oxygen consumption of the 
brain, but this is quickly restored to normal by 
the mjection of glucose (Himwich and associates) 
The reduction of the metabohsm of the bram and 
its restoration to normal are closely associated m 
time with the hypoglycemic symptoms and their 
rehef Yet, strangely enough, the brain contmues 
to utilize glucose m the absence of msuhn, the 
respiratory quotient remains at unity and the 
artenovenous oxygen difference is unaltered after 
pancreatectomy 

As might be expected from the relationship 
between the blood glucose level and the oxygen 
consumption, the effects of anoxia and of hypo- 


glycemia are in certam respects closely similar, 
and are supplementary to one another Hypo- 
glycemic convulsions are mduced more readily m 
the presence of anoxia, and the effects of the latter 
are more severe if the blood sugar is depressed 

There is no evidence that the lipids — cholesterol, 
Icallnn, cephalin and sphingomychn — which enter 
so largely into the composition of bram substance 
serve any special metabolic need, their function is 
probably to msulate neighboring nerve fibers from 
one another Nor are fats or ammo aads, with the 
exception of glutamic acid, utilized by the bram 
This ammo acid is capable of restormg conscious- 
ness to a subject of hypoglycemia, it is probably 
oxidized directly by the brain, but may also cause, 
through an adrenalme-like action, the liberation 
of glucose from the hver Glutamic acid serves as a 
co-enzyme for the action of cholme acetylase (ch 
72) Actmg upon the possibility that acetylcholme 
synthesis was depressed m petit mal epilepsy, 
glutamic acid has been employed m the treatment 
of this disease 

Theories of the Action of Anesthetics 
AND NarCOTICES 

There has been much speculation as to the man- 
ner m which certam drugs mduce anesthesia or 
narcosis, but no theory is entirely satisfactory 
There are three mam theones, which may be 
termed the Itpid solubility, membrane permeability 
and metabolic theories The hpid solubility (Meyer- 
Overton) theory is concerned mamly with the 
manner in which the anesthetic enters the neuron, 
rather than with its mode of action upon the func- 
tion of nervous tissue after it has penetrated the 
cell This theory is founded upon a certam, but 
far from perfect, correlation between the action of 
anesthetic agents, and theu: solubihty m hpid 
(which the cell membrane and other structures of 
the cell contam) but low solubility m water The 
narcotic effects of the chemically mert gases, 
nitrogen, argon, krypton and xenon are attributed 
to their ready solubihty m hpid 

It was proposed by LiUie that the permeabihty 
of the cell membrane, with the consequent pre- 
vention of depolarization, upon which excitabihty 
depends, was reduced by anesthetic drugs 

The metabolic theory is based largely on the 
work of Quastel and Wheatly, who have shown that 
many narcotic drugs, notably the barbiturates, 
paraldehyde and urethane, depress the oxygen 
consumption of bram tissue m vitro, and reduce 
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the ondation of ghicose. The metabolic activiU of 
the bram n ~nc> is also mhib.ted m anesthesia. 
These inhibitoiy effects upon bram metabolism 
are depiendeat, presumablv, npwa the interference 
mth the nmctioa o: some omdatrve enrvme svs- 
tem, posshU bv blocking the mteractioa betveen 
ffavoprotem and tmtochrome 6 important ob- 
jection to this theory is the faflure to establtb a 
satisiactorv comelatioa between the concentrations 
o: drup which are effective m mhlbitmg osdatioa 
ir wTo, and the conceatraPorLS wh ch cau=^e an- 
Kthesia. Ether, lor ecnmp’e, causes ms gnmcant 
effects upon the orj'gen consumppon oi bram shces 
m coacentrapoas •^hich mdnce general anesthesju 


It IS possible, howe\ er, that the concentrations of 
anesthePc drup m the bram as a whole ma\ be 
much 10*^61 than m ccrtam special and restncted 
regions 

One pioint seems to be gcncrallv agreed ujxm 
with respect to anesthePc and narcotic agents, 
namelt, that the\ act through a phj'sical rather 
than through a chemical mechanism \11 the evi- 
dence joomts m this direction No consistent chemi- 
cal structure is associated with their anesthePc or 
narcouc propert^ , their actions are re\e'sible, 
the\ do not appiear to enter mto an> chemical re- 
aePon, and the\ can be rcco\ercd almost quanP- 
tatrvely from the tissues unchanged 
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The involuntary muscular contraction which 
results from the stimulation of a sense organ is 
known as a reflex The qmck vnthdrawal of the 
hand from some agent which has inflicted pain or 
the contraction of the pupil when a light is thrown 
mto the ej^e are familiar examples of reflex acbon 
The activities of vanous glands are also largely 
reflex m nature as are many of the reactions of 
the vascular, respiratoiy^ and digestive systems 
The exatmg cause of the reflex may make an 
impression upon consciousness, as when a group 
of skeletal muscles contracts as a result of painful 
stimulus, or, as in the case of reflexes involvmg 
the secretion of glands or the activities of smooth 
muscle, e g , of the blood vessels, heart or digestive 
tract, the mitiating stunulus as weU as the reflex 
act itself may be entirely unperceived 

The Reflex Arc 

The anatomical basis of reflex action is the 
reflex arc which m its sunplest conceivable form 
consists of 

(a) An a^erent Imb composed of the receptor 
organ, which upon excitation, gives rise to the 
impulse, and the neuron whose processes (central 
and penpheral) transmit the impulse to the central 
nervous system In the case of the spmal reflex 
arc the cell bodies of the afferent neurons are 
situated in the postenor root gangba 

(b) An efferent htnb constituted of a motor or 
a secretory neuron which conducts impulses from 
the central nervous system to an effector organ — 
muscle or gland In the case of motor spmal re- 
flex arcs, the axons of the efferent neurons leave 
the cord by the antenor nerve roots and travel m 
the penpheral nerves, their cell bodies are situ- 
ated m the antenor horns 

(c) A center situated m the gray matter of the 
central nervous system and consistmg of the cell 
body of the efferent neuron and its jimction 
(s}Tiapse) with the central process of the afferent 
neuron 

As a rule the afferent and efferent limbs do not 
connect directly m the center, one or more nerve 
cells bemg mterposed between the two These 
^re spoken, of as connedor, wtemuncial, or inter- 


calated neurons (fig 63 1) The stretch reflex (p 
960) as shown by Lloyd is earned out through a re- 
flex arc of only two neurons, but the great majonty 
of the spmal reflex arcs m higher animals consist 
of several neurons, and m most reflexes each affer- 
ent neuron makes connection through collateral 
branches and mtemuncial neurons with a large 
number of motoneurons (fig 63 J) 

Injury, leadmg to loss of function of any one 
part of the reflex arc, is sufliaent to destroy the 
function of the whole 

The Receptor Organs 

The afferent fibers end penpheraUy either as 
bare unmyelmated filaments or m accessory struc- 
tures called receptors (fig 63 3) These are highly 
specialized to respond most effectively to one or 
other type of stimulus When stimulated appro- 
priately an impulse or a senes of impulses is sent 
along the afferent fiber Receptors are situated 
m the skm, muscles, tendons, etc, and m such 
speaal organs as those of sight, hearmg, smell 
and taste They are also contained m the walls 
of the respu^tory and digestive tracts, mesentery, 
carotid smus and other mtemal structures 
Through receptors m these various situations 
messages (nerve impulses) are contmually bemg 
transmitted over somatic and autonomic path- 
ways to the central nervous system 

Those receptors which respond to stimuli aris- 
mg m the outer world, e g , m the skm, eye, ear, 
eta, are called exteroceptors Of these, ones which 
make perception at a distance possible, i e , those 
situated m the visual, auditory or olfactory sense 
organs, are sometimes referred to as distance 
receptors (telereceptors) Receptors lymg m the 
mucous Immgs of the respiratory or digestive 
tracts and which, though not m immediate con- 
tact with the outer world, respond to stimuli 
ultimately derived therefrom are spoken of as 
tnteroceptors Proprioceptors are thosfe which re- 
spond to stimuli ongmatmg withm the body 
itself, e g , m the skeletal muscles, (p 942) ten- 
dons, jomts, heart, carotid smus, gastro-mtestmal 
wall, etc Though each variety of receptor re- 
sponds most readily to one particular type of 
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stimulus — adequate stwiulus — many will respond 
m some degree to stimuli of other types The 
retma, for mstance, can be stimulated mecham- 

coHiroTOR macs 



Fig 63 1 Biagram of a simple reflex arc. 



Fig 63.2 Shoamg hoiv an afferent nerve fiber upon 
entering the cord mates connections n ith several motor 
neurons, and how each of the latter is m commumca- 
tion mth several afferent fibers Connector neurons are 
not shomi 


To Brain 



Fic 63^ Diagram to show the nervous connections 
TCtween the central nervous system and the penpheiy 
(muscle and cutaneous receptors) (from Adrian, The 
Basts of Sensaiton) 

callj or electrically and the receptors of taste, 
though responding most effectively to chemical 
stimuli, may also be stimulated bj an electnc 


i 


shock applied to the tongue A termmology based 
upon the type of stimulus v,hich exates them 
adequately is sometimes used to designate dif- 
ferent varieties of reception organ Thus, tango- 
(touch), chemo- (taste, smell and the receptors of 
the caroUd and aortic bodies) and photo- (sight) 
receptors are spoken of 

CUTANEOliS SENSATIONS 

The sensations which may be aroused by stimu- 
lation of the skin are touch, cold, ioarmth and patn 
Each of these sensations, except the last, is me- 
diated by a receptor or sense organ possessing 
distmctive structural features 

The presence of discrete endings subservmg the 
several cutaneous sensations enables small areas 
to be mapped out upon the skm which are speafic 
for one or other sensation The areas are called 
touch, cold, heat or pam "spots” respectively m 
accordance with the sensation which their stimula- 
tion arouses (fig 63 4) 

If the a_ffcrcnl nerre fiber supplymg one or other 
receptor organ is exated dtrccily by the applica- 
tion of the tjTe of stimulus, e g , touch, heat, etc., 
for which the receptor itself is adapted to respond, 
the characteristic sensation is not, as a rule, 
aroused, a painful sensation usually results' 
Moreover, reflexes can usually be cliated much 
more readily by stimulating the receptors than by 
applymg the stimulus directly to the afferent 
nerve, and certam reflexes cannot be evoked at all 
by direct excitation of the nen'c fiber Pressure 
upon the pad of the hmd foot of the “spinal dog”, 
for example, causes a strong extension of the whole 
limb — the extensor thrust — whereas no form of 
stimulus applied directly to the afferent nerve 
Itself will produce this reflex (Shcrrmgton) The 
afferent fiber before termmatmg m the receptor 
organ or as a free nerve filament loses its myehn 
sheath and neurilemma and appears as a naked 
axis cj’lmder 

Light Touch Tactile sensation — the sensation 
aroused by hght contact — is subserved by three 
types of receptor, Meissner's corpuscles, Merhel's 
disks and a basket-like arrangement of nerve 

' Heinbccker, Bishop and O’Leary'’ have reported 
mat tacUe as well as painful sensations may be 
aroused bj the electneaf stimuIaUon of the nerve 
irun^ rhe experiments were earned out upon the ei- 
iwsed nervM of human subjects SUmuh of ow m- 
lensify applied to the nerve aroused the sensation of 
mucti tho^ of greater mteasity a sensation of pain 
Mb sensation was expenenced by the 
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fibers, surroundmg the base of hair foUide (fig 
63^) Meissner’s corpuscles are situated in the 
papillae of the skin, just beneath the epidermis 
They are unevenly distributed, bemg sparsely 
scattered over such a region as the volar aspect 
of the forearm but numerous m the skm of the 
hand, foot, nipple and lips, and m the mucous 
membrane of the tip of the tongue They are well 
organized structures, consistmg of irregularly 



B 


Fig 63 4 Showing cold spots (A) and hot spots (B) 
within an area on the palm of the hand The sensation 
in each case vas most mtense in the black areas, less 
mtense m the hnfed and mildest m the dotted areas 
the blank portions no definite sensation was aroused 
(after Goldscneider) 

coiled nerve endmgs with capsules of connective 
tissue Merkel’s disks consist of groups of three 
w more cup-shaped disks with a reticulated ap- 
pearance The nerve fiber upon approachmg a 
group of such structures breaks up mto branches, 
one gomg to each disk Merkel’s disks are found 
in the skm of the snouts of pigs and other mam- 
mals and m the finger-tips, lips and mouth of 
man The basket-like arrangement, surroundmg 
the base of a hair foUicle consists of a number of 


short, vertical, nerve filaments which end m small 
bulbous expansions They are stimulated by any 
slight movements of the hairs (See fig 63 5F ) 
Inequality of pressure with consequent deforma- 
tion of the skm surface is the essential factor m 
the stimulation of touch receptors If the pressure 
IS distributed equally, and, therefore, no deforma- 
tion of the skm occurs, a tactile sensation is not 
expenenced, when, for example, a finger is dipped 
mto mercury a sensation is aroused only m the 
narrow band of skm where it is deformed as a 



Fig 63 5 Cutaneous receptors A, Meissner’s cor- 
puscle (touch), B, Krause s end bulb (coldj, C, Ruffim’s 
end organs (warmth), D, Pacmian corpuscle (dero 
pressure), E, bare nerve endmgs m cornea (pam), F, 
Merkel’s disks (touch) (m part from Bambndge and 
Menzie, Essentials of Physiology, Longmanns, Green 
and Co ) 

result of unequal pressures at the mterface be- 
tween the mercury and air 
The sensation of hght touch is tested by brmg- 
mg a wisp of absorbent cotton m contact with the 
skm, or by the use of von Frey’s esthesiometers 
These consist of a senes of hairs of graded thick- 
ness attached at nght angles to wooden holders 
The pressure m grams required to bend each hau- 
ls known In order, therefore, to express the sensi- 
tivity of the skm to touch m terms of pressure 
the hair is found by tnal which, when pressed 
vertically upon the skm imtil bendmg occurs. 
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causes the seasaUoa The sessitnity of the shm 
to touch vares tviddy m dmeieat regioas The 
p-.Tn^af pressures required are given m tab’e SS 
When hairv parts, such as the bach of the hand, 
Pcr'htlv brushed iv^th a ttut oi cotton vrool the 
hairs serving as lev ers deform the shm, and thus 
cause stimulation of touch recepto-s situated m 
the uei^bomood of the hair foUides Shaving 
the bans over such parts greatlv reduces the 
sensitrvitj to touch- Other regions quite devoid 
o’ hairs such as the finger tips and bus, on the 
other hand, possess the highest degree of tactfie 
scnsfbihty 

TACmx Locauzation When a tactile stimu- 
lus IS apphed to a point upon the shm the normal 

TABLE SS 

Tr^ r-rind frcsrjrts rtq^rrcd fcr let tlicuai-rr cf Ire 
r'Turt-c' cf Iceicyfrir^ •^::ncus cMcrueis 
re^erj 

(After M^rem) 


xicrrs j 

i 

eXA^ rCE 
SQ-AXE 
JCLtocnrc 


2 

laps 

2 5 

Tro of finger 

3 

Bid: o' finger 

i 5 

Upper arm, toner surface of th-gh ; 

7 

Bach o' hand ] 

12 

Call, snoulder 

16 

Abdomen 

26 

Front of leg, sole o: foo^ 

23 

Baca Ov lorearm 

S3 

Lorn 

43 


subject IS capable of recognizmg the location of 
the stimulus rnith a hi^ degree of accuracy This 
faculty IS termed A tactilesensabonhas, 
thus, associated vnth it a localizing quality m ad- 
dibon to Its specific cnaiaclensbc, vrluch has been 
called ‘Hocal sign” Thou^ there is a neural basis 
fo- point to pomt p-ojeebon of shm areas to the 
cerebral co-teir, the actual faculty of locating the 
pent touched appears to be acquired by oqienence 
and not mbom. Locahzabon is much more precise 
over some regions, such as lips and bps of the 
fingers, than over others, such as the forearm or 
thigh- In some nervous diseases this locahzabon 
IS grosslv unpaired- In ce-tain lesions of the cere- 
bral cortei the subject usuaHv, accoidmg toHois- 
Icv, Trhea ashed to locate the sbmulns indicates a 


pomt some distance from it on the ^ox-mcl rde 
In some diseases, notablv hvstena, the subject 
feels the stimulus at a corresponding pomt on the 
opposite side of the bodv, or m a limb on the side 
opposite to that to which the stimulus was apphed, 
ttiig phenomenon is called cUrKhetrte 

The locahaabon of a coM, hot o' pa-Mul sensabon is 
very inaccurate unless lie stunulating agent actuaDj 
tou'enes the shm- Thus, hea,. radiated from a small 
object about I miHimete' from the cutaneous surface 
gives nse to a diffuse scasaboiu The more accurate 
loolizatioa irbcn contact is made with the shin is 
e-ident thoa^ the subject eipeneaccs no sensabon of 
touch. It IS Uhehr, nevertheless that the tactile rc- 
cep ers are dated, that the failnre to appreaate 
touch IS due to mashing by the stronger stimulus, 
and tnat impulses arismg in the tOLch endings are re- 
sponsible m some manner fo" the mere accurate local- 

TABLE S9 

J>fcTtr‘ cTcas ccrrp-zre-l zrih regard to ikt 

r-inr-cJ ctslor^e ernch r-Jz! zepOTcJe tro siir-jJc'e£ 
f~rts sr crier to crousc a icu'^le sense! or 


(After Meyersl 


ixcmv j 

1 lOKTltAI. 

' KriAjra: 

i 

\ olar sunace of finger bp ^ 

2 3 

Do'sal surface of third phalanx | 

1 6 S 

Palm of hand j 

1 11 3 

So’e of foot 1 

1 16 0 

Back of hand 1 

31 6 

Back of neck j 

i 54 0 

Middle of back, upper arm and i'hT£^ j 

i 67 1 

1 

izaticn of the o Jier types stncrulas vrhen these are 

appEed ouectly to the skin. 



Tacihx DiscEnnsAiiov (Two-poikt Sessi- 
'Buxn., CoiiPASS Test) If two sbmuh are apphed 
Eunultaneonslv , two distinct sensabons are felt, 
provided the distance between the two stimulated 
pomts IS sufiaentlj great Thus, when the piomts 
of a parr of compasses are blunted or cot ered with 
cotton wool and apphed to the finger bp, the sub- 
ject recognize the duahtt of the stimulus if the 
pomts are more than about 2.3 mm apart MTien 
they are separated by a shorter distance a smgle 
sensabon is eipenenced. The TninTmal distance ai 
which the recognibon of two sbmuh is possible 
vane m different regions, as ^own m table 89 
In the case of the hmbs the power of discnmina- 
bon diminishes progressnd> from the distal to 
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the more proximal s^ments, and hairless regions 
in general have a higher discrimmating ability 
than those covered with hair 

A correspondence is also exhibited between the 
mobility of a part and its discnmmatmg abflity 
For example, the minimal distance necessary for 
two stimuli to give rise to a double sensation is less 
for the fingers and hand than for the arm, shoulder 
and back, and dimmishes progressively over the 
skm of the face from the region of the ear to the 
lips 

It should be pomted out that the values given 
m the foregomg table do not represent the dis- 
tances separatmg individual touch receptors For 
exampfe, when single stimuli are applied succes- 
sively to different pomts of the skin of the finger 
tip the spots from which tactile sensation can be 
evoked are found to be about 0 1 mm apart 
That IS, when compass pomts are applied to the 
finger tip and are recognized as two stimuli several 
(15 to 20) touch spots are mcluded within the 
mtervenmg space 

Tickling and Itching There has been much 
discussion concemmg the ongms of these sensa- 
tions The Itckhng sensation caused by light stimu- 
lation of the skm, as by a straw, appears to be due 
to the smnmed effects of stimulatmg both touch 
and pam endmgs Section of the lateral spmo- 
thalamic tract (which conveys pam impulses) re- 
sults m the loss of the appreaation of pam but re- 
tention of the sense of touch, a tickhng sensation 
cannot be aroused over the analgesic skin On the 
other hand, the sense of touch is lost while that of 
pam is retamed, when the skm is rendered moder- 
ately ischemic, agam, the tickhng sensation cannot 
be ehated The itchiness which is expenenced m the 
region adjacent to a shght mjuiy, or during the 
heahng of a more severe mjury when the skm is 
rubbed, has the same nervous ongm, bemg de- 
pendent upon impulses traveUmg by both tactile 
and pam fibers, but the spontaneous itchmg (i e , 
m the absence of any external stimulus) which 
is felt imder the same circumstances, appears to 
be due to the mild stimulation of pam endmgs 
alone, more mtense stimulation of the same char- 
acter causes pam This type of itchmess is affected 
relatively httle by ischemia Both types of itchmg 
are ahke m that they are due to a chemical sub- 
stance actmg upon nerve endmgs and hbetuted 
by the damaged cells of the skm This substance 
appears to be the same as that which causes the 
tnple response An extract of skm showmg thit; 


response when mjected mto normal skm mduces 
both types of itchmg Histamme mtroduced mto 
the skm has a sundar effect Rothman beheves 
that itchmg is identical m quahty with, and vary- 
mg only m mtensity from protopathic pam and is 
mediated by the C group of nerve fibers 

Cold is mediated by the end organs of Krause 
(fig 63^ B) and •warmth probably by the end 
organs of Ruffim (fig 63^ C) * Mechanical or 
electncal stimulation, as well as the application 
of heat itself, will stimulate the latter end organs 
and give nse to the sensation of warmth The re- 
ceptors for warmth (Ruffim’s) are situated m close 
proximit}' to the deep plexus of blood vessels, 
when these latter dilate the endings are stimulated 
by the warmer blood commg from deeper regions 
The cold receptors are also stimulated at tempera- 
tures above 112°F givmg nse to a sensation, not of 
heat but of cold Cold, of course, is a negative qual- 
ity — the sensation bemg due to the withdrawal of 
heat It would be more correct, therefore, to say 
that the cold receptors are stimulated at extremes 
of temperature, above 112°F or below that at 
which the warm receptors respond Cold and touch 
spots are much less numerous than touch and pam 
spots 

Pressure upon the skm considerably greater 
m degree than that which eliats the sensation of 
touch stimulates the more deeply lymg receptors 
known as the Paaman corpuscles (fig 63J D) 
The sensation of pressure is not, however, a true 
cutaneous sensation, the Pacmian corpuscles are 
situated m the subcutaneous tissues or inner 

* Waterston and others have questioned the exist- 
ence of definite heat and cold spots smce it has been 
found that the points from nhich these sensations can 
be aroused change from tune to tune m number as 
V ell as in pattern He states that when the skm is hy- 
peremic the entire surface responds to warmth (punctate 
distribution being abohshed) and he beheves that the 
entire skin surface is potentially sensitive to this sensa- 
tion, the apparent punctate distribution bemg due 
simply to fluctuations m the activity of different areas 
The variability m sensation, it has been suggested may 
possibly be related to a correspondmg fluctuation m 
the capillary circulation The observations of Bazett 
and associates mdicate, however, that the diffuse na- 
ture of the temperature sensations m hyperermc skm 
can be best explained upon the basis of a more ready 
conduction of heat through the blood stream to neigh- 
bonng end organs, thus, when the cutaneous blood 
floii IS profuse, heat applied to a nonsensitive pomt m 
the skin i\ ould be conducted rapidly to adjacent warm 
spots The observations of Bazett and his colleagues 
upon the sensitivity of the prepuce support the con- 
ception of heat and cold spots and the existence of dis- 
crete receptor organs for these sensations as well as for 
touch (Arch Neur Psych 1932, 27, 489) 
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layers of the dermis as well as m tendoos, penos- 
teum and other deep seated structures, their 
nerve fibers run chiefly, not m the cutaneous 
nerves, but in the sensory fibers of mixed nen’es 
suppl 3 Tng muscles, tendons, jomts and blood ves- 
sels Smee the sense of deep pressure is preserved 
after sectioning the cutaneous nerves, the loss of 
hght touch, a purely cutaneous sense, may, there- 
fore, be undetected m a lesion affecting this sensa- 
tion, unless the contact is made very hghtly, as by 
a wisp of cotton wool, vnth the skin, otherwise re- 
ceptors in the subcutaneous tissues may be stimu- 
lated 

Pain is subserved by naked nerve endmgs, there 
bemg no organiaed end organ for this sensation 
The pam nerves of the skm are described bj Wool- 
lard as consistmg mostly of non-meduUated fibers 
which termmate m the superficial la>ers of the 
dermis m delicate loops lying parallel to the skin 
surface, or as long naked neurofibrillae Only occa- 
sionally do fibrils penetrate the epidermis Bare 
nerve endmgs mediatmg pam are also present in 
the cornea (fig 63J E) and m serous surfaces 
(pentoneum, pleura, eta), touch, cold and warm 
endmgs are absent and the correspiondmg sensa- 
tions cannot be aroused from these locations Al- 
though It has been the general behef that the 
cornea contains only pain endmgs and that any 
stimulus, if mtense enough to evoke a response at 
aU, causes pam The sensation of cold can, how- 
ever, be eliated from the cornea, and accordmg 
to some, the sensation of touch without pain 
can be aroused by a very mild stimulus such as a 
3 et of isotonic salme Certain structures, e g , 
the tooth pulp, the middle memngeal alter)', the 
artenes at the base of the bram and some of the 
vessels of the scalp contam no sensory' fibers except 
those which give nse to pam Other structures, on 
the contrary, ag , the substance of the bram and 
the mucosa of the cheek opposite the second lower 
molar tooth, are msensitive to pam 
Most of the pam impulses ansing m the skin 
travel to the central nervous system m the so- 
matic nerves, but some of those from deeper 
structures jom autonomic nerves All enter the 
central nervous system by the lateral divisions 
of the postenor spinal nerve roots or the cranial 
nen'es 

The pam endmgs do not respond selectively to 
one vanety of stimulus but to anv type whether 
medianical, chemical or thermal, provided it is 
suffiaently mtense The pam stimulus, whatever 
It may be, has one property m common, namely, 


that It causes or threatens mjury The sensaUon 
of pain therefore serves a protective purpose, 
giving warning of the injurious nature of a stimu- 
lus rather than mformation as to any more spe- 
cific quality Stunuli which arouse painful sensa* 
tions also provoke reflex actions which have the 
followung features (a) They compose movements 
(or prokclton or defense, or for the wnthdrawal of 
the part from the novious agent (b) They arc 
frcpolent, other less urgent reflexes being for the 
time mhibitcd (c) They arc mperativc Such 
reflexes are called nociceptive 

kkTicrcas, the touch spots are more numerous 
toward the peripheral parts of the body , the pain 
spots arc more profuse near the roots of the limbs 
Thus, m the axMac, supraclavicular fossae and 
mgumal regions, their number is around 200 per 
sq cm , but there arc no more than from 40 to 70 
per sq cm over the palms and soles, the tip of 
the nose and the car 

It used to be thought that the production of 
pam was not a function of any one type of nerv e 
endmg, but that any skm receptor if stimulated 
with suffioent mtcnsity would give nse to the 
sensation This conception has been refuted by 
modem work which mdicates that the various 
types of cutaneous receptors arc specific in func- 
tion (see p 934) Interruption of the pam tracts 
(lateral spmothalamic) of the cord, for example, 
abolishes pam, but thermal and tactile sensations 
are retamed Also, m the experiments of Adrian, 
Cattcl and Hoagland (p 944) pam was not 
aroused by maxunal stimulation of touch re- 
ceptors Fmally, certain analgesic drugs reduce 
sensitivity to pam, while actually lowcnng the 
threshold for touch and the discrimination of two 
piomts 

PERCEPTION OP AND REACTION TO PAIN 

Pam thresholds A distraction should be drawn 
between the perception of pain and the reaction 
which results, e g , contraction of faaal muscles, 
vocalization, narrowing of ey clids, changes in pulse 
rate or nse m blood pressure, sweatmg, and vaso- 
motor resjxinses In man the perception threshold, 
under similar conditions, remains remarkably 
constant between normal jicrsons, and for the 
same person from day to day, or from hour to hour 
of the day The threshold is altered, however, by 
sudi extraneous influences as a loud noise, gnpping 
some object or denching the jaws, which may raise 
It by 40 per cent. The threshold may be definitely 
raised by a placebo, and some distraction, such as 
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pain or discomfort, in one situation may reduce the 
perception of pam m another The twitch apphed 
to a horse’s nose diinng a mmor operation is a 
famihar example Even other sensations, e g , 
touch, pressure (rubbmg), varmth, etc , may raise 
the pam threshold The analgesic action of counter- 
imtation is, m some mstances, dependent upon 
such an effect Hypnosis also raises very consider- 
ably the perception threshold, as do alcohol and, of 
course, other analgesic drugs 
The threshold of reaction to pam vanes widely 
between different subjects In those of a stoical, 
phlegmatic temperament, m pnze-fighters, Negroes 
and North Amencan Indians the threshold is high 
whereas in “high-strung”, neurotic persons it is 
low Alcohol and analgesic drugs raise the reaction 
threshold to a greater degree than they do the per- 
ception threshold OVolff) ’ 

Discrimination of pain intensity When the 
strength of a pain stimulus is mcreased gradually 
from the threshold to double the threshold value, 
it IS found that the mtensity of the sensation 
mcreases in a senes of 22 “steps” or just per- 
ceptible changes m mtensitj'' ^ This is a very fine 
discnmmation as compared with other sensations 
The nature of cutaneous pain Pam m the skm, 
although usually desenbed as of several different 
kinds, c g , bummg, pnekang, cutting, eta, is 
alwaj's, according to Lewis, of the same quabty, 
the apparent differences being due solely to vana- 
tions m the duration of the sensation A blmd- 
fold subject, for example, is unable to distingmsh 
between the pam caused by a pm pnek, a hot 
pomt, a punctate electneal stimulus or the pluck- 
ing of a hair, provided no associated non-painful 
sensation gives the patient a clue as to the nature 
of the stunulatmg agent These pams would all 
be desenbed as sharp, “bnght” or prickmg A 
bummg pam is expenenced when the sensation 
IS more prolonged, whether caused by heat or 
ultra-molet light or by a chemical or mechanical 

*In determining the pain threshold in man, the 
Hardy-Wolff-GoodeU method may be used In this 
method radiant heat from a 1000-watt projection lamp, 
focussed for 3 seconds on a blackened area on the sub- 
ject’s forehead is used as a stimulus The current pass- 
ing through the lamp filament is gradually increased 
the sensabon of warmth gives place to a sharp 
jab” of pam at the end of the 3 second penod The 
mtensity of the apphed stimulus is expressed m milh- 
calones/sec /cm * The perception threshold is mdi- 
''erbally by the subject, and the reactivity thresh- 
old by a change m skm resistance as determmed by 
means of a Wheatstone bridge and galvanometer 
*Ti\o steps are taken as a unit of paw and desig- 
nated one dot 


imtant There is no spatial summation of pam 
stimub, 1 e , the threshold for pam is not influenced 
by the extent of the area stimulated Nor, m con- 
trast to stimulation by touch or warmth, adapta- 
tion to a painful stimulus does not occur, pam con- 
tmues to be felt as long as the stimulus is apphed 
The biological significance of this is obvious 

It is a common expenence that a smgle painful 
stimulus applied to the skm, if mtense enough, 
may give rise to two sensations separated by a 
short mterval The first pam is short and sharp, 
the second, more prolonged and severe The ob- 
servations of Lewis and Pochm upon this phe- 
nomenon mdicate that pam impulses are conveyed 
from the skm by two sets of nerve fibers, one of 
which IS rapidly conductmg, the other with a much 
slower conduction rate They found that ischemia 
of the skin of the arm, mduced by arrestmg the 
orculation, abohshed the first response to the 
needle pnek, the second response bemg unaltered 
for a time but later became reduced Cocame, 
on the other hand, abohshed the second response 
before the first It was shown moreover, that the 
time mterval between the two reqionses was pro- 
longed as the length of the nerve between the 
pomt of stunulation and the central nervous sys- 
tem was mcreased, a fact which seems to demon- 
strate decisively the existence of a fast and slow 
pathway for the transmission of cutaneous pain 
The time mterval between the two responses is 1 9 
sea when the stimulus is applied to the toe, 1 3 
sea to the knee and only 0 9 sea to the upper 
limit of the thigh 

The first painful sensation of the dual response 
appears to travel by the fibers of rapid conduction 
belonging to ErlangePs and Gasser’s A group (p 
925) with a conduction rate up to 120 meters per 
second, they are more susceptible to asphyxia, the 
second pam response is transmitted by the slowly 
conductmg C group of fibers (conduction rate of 
less than 2 meters per second), they are more 
readily affected by cocame 

The rapidly transmitted pam appears to be the 
sensory basis for protective reflexes Pochm found 
that the “fast pam” is abolished in tabes but the 
“slow pam” IS retamed In this disease the re- 
sponse to pm pnek is delayed and the withdrawal 
reflex also abohshed 

A third type of pam response foUowrs some httle 
time after certain forms of mjury, e g , scorchmg, 
scaldmg, sun-bum or the application of an imtat- 
mg agent, and persists for a variable penod Even 
a sbght bum may cause a dull pam which con- 
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tmues for many mmutes This pain evidently is 
caused by the release of a chemical substance from 
the damaged tissues and not by direct action of 
the stunulating agent upon the nerve tennmals 
Arrestmg the blood supply to the part intensifies 
and prolongs the pam The nature of the chemical 
excitant is unknown, but it is not H substance 
(p 316), potassium, nor acetylcholine, nor is it 
due to altered pH 

Dtssoemhon of culaneous sensations In disease, 
the several modahties of sensation, touch, cold, 
warmth, and pam may be lost separately, or they 
may be temporarily dissoaated by artificial means 
as by asphyxia, cocame or the application of cold 
Thus, the cutaneous sensations, touch, cold, 
warmth and pam are lost m this order when the 
skm is made ischemic. If the skin is cocainized, 
the appreciation of cold is lost first, then follow in 
order the senses of warmth, pain and touch 
Cooling the skm causes first, failure m the re- 
sponse of the cold receptors, then in succession 
the sensations of touch, pam and warmth are lost 
Also, after section of a cutaneous nerve, the area of 
pam loss IS smaller than that of touch, there is 
thus a boundary zone from nhich a response to a 
painful stimulus, such as that of a pm pnek, can 
be obtamed but which is insensitive to light 
touch 

Deep sensibility Pam m the deep structures, 
muscles, bones and jomts, etc., the sense of pressure 
m the subcutaneous tissues, and sense of position 
and movement (e g , kmesthetic sense) of ]omts 
come in to the category of deep sensibdity Deep 
sensibihty is mediated by afferent fibers m the 
mixed nerves Pam ansmg m deep structures dif- 
fers in certam respects from superfiaal pain It is 
poorly localized (ch 44), and is often of a dull, 
achmg or “sickenmg” character as compared with 
superficial pam which tends more usually to have a 
“bnght”, sharp or bummg quality Deep pam is 
more often accompamed by nausea and vomiting, 
slowmg of the pulse, and a fall m blood pressure, 
whereas cutaneous pain is more commonly associ- 
ated wnth a qmckenmg of the pulse and a nse in 
blood pressure 

Muscles, tendons and fasciae are especially sus- 
ceptible to pamful stimulation by chemical agents 
The mjection of a few drops of a 6 per cent salme 
solution mto one of these structures causes pain 
Musde IS relatively insensitive to pnekmg or 
cuttmg but pam is aroused by pressure, e g , 
pmchmg or squeezmg, or by exerasmg under 
ischemic conditions (p 300) Tension acts also 


as a pain stimulus for muscle, tendon or fasaa 
Pain occurring in ischemic muscle dunng activity 
IS due to a chemical irritant produced b\ the active 
tissues and which accumulates and stimulates the 
pain endings when the circulation to the part is 
arrested or considerably reduced Tins substance 
is referred to as factor P by Lewas and his associ- 
ates The soreness of healthy muscles which comes 
on some hours after cxerase is of the same nature 

Periosteum and cancellous bone arc very sensi- 
tive to the various types of mechanical stimula- 
tion, but compact bone is insensitive to dnlling or 
sawing The arteries give rise to painful sensations 
when pneked, but the w alls of the v cins, except the 
larger intracranial veins, arc usualh insensitive 

Visceral pain and referred pain arc dealt wath in 
ch 44, central pain in chaps 67 and 68, and head- 
ache in chap 68 

Hyperalgesia and the noetjensor nerves In many 
persons an area of tenderness develops around 
even a small cutaneous inyurv and spreads for a 
considerable distance in all directions The sore- 
ness starts within a few seconds, increases to a 
maximum in from 15 to 30 minutes and lasts for 
hours or, with a more severe injury, for days 
The threshold for pain as tested by a needle pnek 
IS lowered only slightly over the area, but the pain 
when aroused is diffuse, and unusually intense 
and prolonged This phenomenon has been stud- 
ied by Lewis and his associates Injun was pro- 
duced by prolonged farndic stimulation of the 
skin, by crushing a small cutaneous fold with 
forceps or by direct stimulation of a cutaneous 
nerve trunk or one of its branches A similar area 
of cutaneous hyperalgesia may result from an 
mjury or an inflammatory process involvang deep- 
lymg tissue or mucous membrane Thus, stimula- 
tion of a dental nerv c or of the mucous membrane 
of the maxillary antrum is follow cd by tenderness 
of the overlyang skin of the check Lewis’ experi- 
ments point to a specific system of nerv es m the 
skm as being responsible for the hyperalgesia 
They arc believ'ed to be quite distinct from the 
pam fibers which are stimulated directly bv the 
mjurious agent and through which pam sensations 
are ordinarily registered This system, which is 
referred to as the nocifcnsor iicrecs is pictured as 
a finely branchmg and nch nerve plexus within the 
skin, it leads into more deeply' lying fibers which, 
m turn, run into subcutaneous nerve trunks 
The action of this system of nerves serves to ward 
off further injury and to put the injured part at 
rest, hence their name They’ are not sympathetic 
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filaments, for the phenomenon is observed m skin 
completely depnvcd of its sympathetic inner\'a- 
tion Lewis bases his conclusion that the nerves 
whidx respond in Uie ordinary way to pain stimuli 
arc not responsible, upon the diffuse and pioorly 
localized character of the h>peralgesia, and upon 
the effects of ischemia and of cocaine The nerve 
fibers responsible for tlie h)peralgcsia are para- 
lyzed by ischemia but arc little affected by cocaine 
Pain sensations, on the contrary', are affected rela- 
te ely little by isdicmia but arc readily abolished 
by cocaine 

Epicrilu, prolopatinc and deep scnsjbjhtics 

Head and his associates, from the study of a 
large number of peripheral ncn'c injuries, grouped 
the several superfiaal sensations into two dasscs 
(1) cpimtic, and (2) protopathic The sensations 
grouped under cpicntic sensibility induded light 
touch o\cr hairless parts, the power of localizing 
the pwint touched, the detection of two indi- 
indual sensations when two points arc touched 
simultaneously , and the appreciation of finer grades 
of temperature, cool and warm, i c , temperatures 
ranging between about 40° and 25°C Proto- 
pathic sensibility is a more pnmitivc type of sensa- 
tion and more widely distributed It indudcs 
pam and the temperature sensations aroused by 
extremes of heat and cold — above 40° to 50°C 
and below 20° to 25°C In other words, proto- 
pathic sensibility possesses a high threshold, but, 
though the stimulus must be strong in order to 
arouse a sensation, this once aroused is intense, 
diffuse, poorly localized and peculiarly unpleasant 
in quality' These latter qualities of protopathic 
sensibility arc particularly prominent in the ab- 
sence of cpicritic sensibility, which therefore has 
been considered to exert a rcstraming influence 
upon the former The glans penis possesses only 
protopathic and deep sensibilities 

For the purpose of studynng these two types of sen- 
sation Head underwent an operation in which his radial 
nerve and the cutaneous branches of the rausculo-cu- 
taneous ner\e were served at the elbow After the op- 
eration there was complete loss of cutaneous sensation 
over the radial half of the back of the hand Surround- 
ing this was a narrow' zone m which cpicntic sensibility’ 
alone was lost, protopathic was retained This is due to 
over-lapping of the protopathic innervation of the ad- 
jacent unaffected skin area Over n small triangular area 
of skin at the wnst the relationship between these two 
sensations was reversed, protopathic sensibihty was 
lost but epicntic retained Stopford has since shown 


that this latter type of dissoaation of the two groups of 
sensations is also charactenstic of section of a postenor 
root — the area of protopathic loss being much greater 
than cpicnbc In Head’s expenment evidence of 
returning sensation (due to regeneration of the nerves) 
was noUced on the 43rd day after operation when the 
zone of protopathic sensation was found to have become 
broader and to have encroached upon the totally 
insensitive area The original area insensitive to light 
touch remained unreduced Within about six months 
protopathic sensibihty had returned over nearly the 
entire area, y’et the extent of the epicnlic loss remained 
unaltered The first signs of the return of epicntic 
sensation was not observed until a year after the opera- 
tion and was not complete after the lapse of two years 
Deep sensibility was not affected by the nerve section 
referred to above, it is not mediated by' fibers running 
in superficial nerves Moderate pressure could be every- 
where appreaated This is an important point to re- 
member in the investigation of nerve lesions smee it 
shows that crude methods for study’ing the sensations 
of touch may fail to reveal any loss The superficial 
touch receptors arc stimulated by light contact with 
a wisp of cotton or by' the pressure of a fine hair, 
whereas a pressure not very much greater, as wath 
the point of a pencil, wall stimulate the deeper lying 
pressure receptors (Paciman corpuscles) whose nerve 
fibers may be intact while those of true touch are 
destroyed As a result of these experiments in which 
dissoaation of the three ty’pes of sensation were clearly 
demonstrated Head and his assoaates concluded that 
each sensation was mediated by’ a separate and struc- 
turally' distinct group of fibers Unquestionably, a deep 
sensibility is conveyed by’ fibers separate from those 
responsible for cutaneous sensabons, but that epi- 
enbe and protopathic sensabons has each its specific 
fiber group has been senously' quesboned The work 
of Erlangcr and Gasser and of Ranson appeared to 
lend support to Head’s mterpretabon The C fibers of 
the former authors were suggested as the possible 
mediators of protopathic sensabon and the A group, of 
cpicnbc Ranson had previously desenbed unmyelm- 
ated fibers in the cutaneous nerves which, smee they 
were believed to mediate pain might offer an anatomi- 
cal basis for the pnmibvc protopathic sensabons 
The existence of protopathic sensabon only m the 
glans penis and the dissoaabon of the two sensabons, 
which as showTi by Stopford result from seebon of the 
postenor roots, also supported Head’s concepbon of 
two distinct sets of fibers Experiments by other neu- 
rologists, on the other hand, have failed to substanbate 
this contenbon (see Trotter and Davies) The existence 
of two anatomically disbnct sets of nerve fibers which 
could serve as a basis for the protopathic and epi- 
enbe types of sensabon have never been demonstrated 
Some would explain the two classes of cutaneous sensa- 
bon following nerve seebon upon the basis of different 
rates of regenerabon of the receptor organs, the ter- 
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TT.inn1q of the pain fibers being thought to regenerate 
first. Fine discrimination, according to Heinbecker, is 
dependent upon the number of active end organs 
ivithm a given area The zone of protopathic sensi- 
biht> sunounding an anesthetic area caused by nerve 
section IS ascnbed simply to the presence, in reduced 
numbers, of mtact afferent endings which have over- 
lapped the field of distnbuUon of the secUoned fibers 
The recogmUon of these two types of sensaUon, 
wh 3 le\e" may be their anatomical basis, if mdeed such 
exists, IS, however, of distinct value from a clinical 
standpomt. 

Vibration sense, pallesthesia This is the ability 
to perceive stimuli of a vibratory nature appbed 
to the body surface, as by means of a low-pitched 
tumng fork, or other vibrating instrument There 
IS some doubt as to the character and situation of 
the receptors upon which this sense depends 
Accordmg to most mvestigators they are present m 
bone, penosteum and tendons, and are therefore 
part of the system of deep sensibihty, others con- 
tend that they are confined to the skin PoUock 
has shown that the vibration sense is retained 
though the superficial sensations have been lost, 
which mdicates that it is conveyed by fibers other 
than those mediatmg the latter sensations, namely 
by the deep system Receptors for vibration sense 
are probably also situated m the deeper layers of 
the skm, and in the subcutaneous tissues Though 
the sense is usually ehated by placing a vibratmg 
tumng fork upon a bone, e g the shm or some other 
superficial bone, it can be aroused by applymg the 
mstrument to the soft tissues The actual struc- 
tures which respond to vibration are not knowm, 
but they are most likely the Paciman corpuscles 
and the propnoceptors of tendon and muscle. The 
basis of this sense is probably the stimulation of 
receptors by very rapid changes m pressure, and 
has been compared to the rapidly repeated light 
\flashes which arouse the visual sensation known as 
flicker 

Testing the vibration sense, whatever its ana- 
tomical \)r^ physiological basis, is an important 
diagnostic aid in neurological conditions It is 
impaired or lost (and often before the sensation of 
touch or kmesthebc sense is affected) m lesions of 
the peripheral nerves, or of the postenor columns 
of the cord, but is not affected if both tactile and 
kmestheUc senses are mtact— a fact that suggests 
that It is mediated by the same receptors which 
subserve both of these sensations 
Stcreognosis (G sterio, sohd + gnosis, knowl- 
edge), stereognostic perception This is the abihty 


to recognize, wuth the eyes closed, the size, weight 
and shape of objects placed m the hand or upon 
some other part The absence of this sense is called 
aslereognosis When placed in the hand of a normal 
person while his eyes are closed, a com, button, 
cham, ball or cube is easily identified from its size, 
weight, shape, texture (fur, wool, mesh) etc Rec- 
ognition may be made, though less readily, even 
if the object is laid upon the foot or pressed against 
the toes Stereognosis is not a separate sense, but 
depends ujion the senses of touch, spatial dis- 
crimination, cutaneous localization, and the kin- 
esthetic sense It is impaired or lost in lesions of 
the penpheral nen-es or postenor columns of the 
cord, or of the somesthetic area of the cerebral 
cortex 

THE PROPRIOCEPTORS OP MUSCtES, 
TENDONS AND JOINTS 

The receptors situated m skeletal muscles and 
m the tendons and joints furnish mformation to 
the central nervous system concemmg the move- 
ments and positions of the lunbs and other parts 
Afferent fibers canymg this information make up 
from i to i of the fibers in a so called motor nerve 
As a result of the messages received by the nerv ous 
centers the contractions of mdmdual muscles and 
groups of muscles are codrdinated to produce 
smooth, finely adjusted and effective movements 
which would be impossible m the absence of such 
gmdance from the pcripherjT For this reason 
the term kinesthetic is applied to this group of 
receptors A proportion of these afferent impulses 
arouse no sensation, them mformation being de- 
hvered to centers Ijung beneath consaousness 
To others are due the sensations grouped m the 
section under deep sensibihty The receptors m 
the situations mentioned respond to mechanical 
stimulation, e g , pressure or stretch These types 
of stimulus are furnished by the strains and 
stresses set up m the muscles, tendons and jomts 
durmg muscular contraction 

The sensory endmgs in the various situations 
mentioned above are of four mam types (1) muscle 
spindles, (2) Golgi corpuscles, (3) Pacinian cor- 
puscles, and (4) free nerve endings 

(1) The muscle spindle is a fusiform body from 
0 75 to 4 mm long and from 0 1 to 0 2 mm broad 
lying parallel to and between the musde fibers 
(fig 63 6) It IS constituted of a bundle of from 
3 to 10 muscle fibers {inlrafusal fibers) enclosed 
m a fibrous capsule The latter is separated from 
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the intrafusal fibers by a lymph space bridged 
across by debcate septa The mtrafusal fibers 
differ from the ordmary fibers of the muscle m 
being smaller and more circular on cross section, 
and in havmg a greater number of nuclei and 
coarser stnations The nerve supply of the spindle 
IS double — afferent and efferent The former enters 
the spmdle about its center, the latter more to- 
ward one or other end The efferent fibers are 
distnbuted to end organs m the mtrafusal fiber 
which resemble but are not identical m structure 
with the motor end plates of ordmary muscle 
fibers Upon entermg the spmdle and losmg its 
myelm sheath and neurflemma, an afferent fiber 
may end m one or other of two ways (a) Some 
become flat and nbhon-like and wmd themselves 
m rings or spirals (annulo-sptral mdtngs) about 
the mtrafusal fibers (b) Others ramify upon the 



Fig 63 6 1 Golgi ending m tendon, 2 mtrafusal fiber 
showmg, a, muscle flower spra}’’ and 6, armulo-spiral 
endings 

latter’s surface m a manner suggestmg a spray 
of flowers {“flower spray'' ending of Ruffini) 

(2) The Golgi corpuscles (fig 63 6) are situated 
in tendons and consist of a bundle of tendmous 
fibers surrounded by a l 3 Tnph space and enclosed 
withm a fibrous capsule Afferent nerve fibers 
enter the organ near its center and ramify upon 
Its constituent fibers Tension is the adequate 
stimulus for these receptors 

(3) The Pacinian corpuscles are oval bodies 
composed of concentnc lammae, like the “skms” 
of a sectioned onion The afferent fiber penetrates 
to the center of the corpuscle Pressure with 
elongation of the organ and consequent stretching 
of the nerve ending is the adequate stimulus 
These receptor organs are found m tendons, jomts, 
penosteum, espeaally beneath tendmous mser- 
tions, m fasciae covenng muscles and m subcu- 
taneous tissues (fig 63 5) They are also found 
m the mesentery The structure of these receptors 
appears to be such that a mechanical stimulus 


such as stretchmg, pressure, etc , mduced by mus- 
cular action will be apphed most effectively to 
the naked axis cylmder withm its center 

(4) Free nerve endings he between the muscle 
fibers, m tendons and m the fasciae and jomts 
They mediate deep pam 

THE RESPONSES OF CERTAIN CUTANEOUS AND DEEP 
RECEPTORS 

When non-polarizable electrodes are placed 
upon a mixed nerve of an mtact animal at rest or 
upon a postenor root, a continuous stream of ac- 
tion currents can be recorded These impulses of 
the “restmg” nerve have a relatively low fre- 
quency — from 3 to S per second They anse mainly 
from propnoceptors of muscle and tendons The 
mere passive movement of the hmb supplied by 
fibers entermg the postenor root under mvestiga- 
tion causes a prompt and pronounced rise m the 
impulse frequency Light pressure upon the skin 
or even brushmg the hairs also causes a rise m 
frequency as the result of stimulation of skm 
receptors Adnan and his associates have recorded 
the afferent impulses from the frog’s saatic set 
up by stretchmg the gastrocnemius, from a nerve 
fiber supplymg a smgle touch receptor "of the 
frog’s skm, and from the plantar digital nerve of 
the cat durmg the stimulation of the receptors of 
pam, touch or pressure m the skm of the toe pad 

When the receptors m the skm of the toe pad 
of the cat were stimulated by light contact or 
pressure the record taken from the plantar digital 
nerve showed a rhythmical discharge of impulses 
havmg a frequency of 150 per second The fre- 
quency rose with an mcrease m the degree of pres- 
sure Adnan and Umrath were able to locate a 
smgle Pacmian corpuscle and stimulate it by 
pressure with a hair or a fine glass rod The im- 
pulses were recorded by means of an amphfier 
system in conjunction with a Matthews oscillo- 
graph Pressure upon the end organ caused a dis- 
charge of impulses at a rate as high as 100 per 
second A group of corpuscles he beneath the 
flexor muscle of the toe, movement of the pha- 
langeal jomt crossed by the muscle stimulated the 
receptors and caused a discharge of impulses 
Temperature changes failed to exate The re- 
sponse of a smgle muscle spindle to stretch was 
also investigated by Adnan and Zotterman They 
employed the stemo-cutaneous muscle of the frog 
which arises from the abdommal wall and is in- 
serted mto the skin over the chest The entire 
muscle contams only 3 or 4 muscle spindles, and 
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by the successive removal of portions of the muscle 
a preparation contaming a smgle spindle mth its 
nerve fiber mtact was obtained A sudden stretch 
(by means of a weight) applied to the muscle 
caused a rhythmical discharge of impulses along 
the nerve The end organ apparently obeys the 
all or none law since mcreasmg the strength of 
the stimulus above the threshold did not increase 
the magnttude of the electrical response The 
frequency of the responses vaned, however, di- 
rectly with the mtensity of the stimulus from 5 to 
100 per second A higher rate than this (300 per 
second) was obtamed from a single touch receptor 
of the frog’s skm by Adrian, Cattell and Hoagland, 
a blast of air bemg employed as the stimulus 

Matthews employed a small extensor muscle situ- 
ated upon the outer side of the middle toe of the frog 
This muscle contains a single muscle spindle The 
afferent impulses were recorded by means of an am- 
plifier and oscillograph from a small branch of the 
peroneal nene supplymg the muscle The muscle 
spindle was stunulated b> loading the muscle at van- 
ous rates and mth weights of different amounts. It 
was found that (a) the frequency' of the impulses 
set up were roughly proportional to the loganthm of 
the load, (b) at 16°C the maxuuum impulse frequency 
obtainable was 290 per second That is, each impulse 
followed its predecessor at an intetAral of only 0 0035 
second It follows therefore that each impulse trav- 
eled wjthm the rekuve refractory period (0 01 second) 
of the preceding one For this reason, some reduction 
(15 to 20 per cent) in the magnitude of the acbon 
potential waves occurs when they follow one another 
m rapid succession Upon altering the temperature 
of the preparation the maximum frequency of the 
impulses raned in the same way as did the refractory 
penod of nerve, that is, raismg the temperature which 
has the effect of shortening the refractory penod of 
nerve also shortens the mterval between the impulses 
set up by maximal stimulation of the muscle spindle 
(c) Passive stretch is an adequate stimulus to the mus- 
cle spindle provided the stretching force nses to its 
maximum at a suffiaently rapid rate That the im- 
pulses recorded from the afferent nerve onginated in 
the spindle was evidenced b> the fact that when it was 
rendered funcbonless (by constncUng it tightly with a 
thread) no impulses could be set up thereafter by 
stretchmg the muscle It has been further shown by 
Matthews for mammahan muscle that though the two 
dements of the spindle (“flower spray” and annulo- 
spiral, p 943) are stimulated by passnt stretch, each 
behaves differently to odiw contraction of the musde 
The responses of the “flower spray” endmgs cease 
dunng contraction which apparently relieves the strain 
upon them. Those from the annulo-spual endings also 
cease if the contraction is submanmal With a supra- 


maximal contraction, however, they mcrease in fre- 
quency, due then, it is believed, to a contraction of the 
mtrafusal fibers The Golgi endings m tendon respond 
to stretch whether passive or induced by contraction 
of the muscle 

AiapMton 

The rhythmical discharge of impulses set up by 
stimulation of a receptor gradually diminishes m 
frequency and may soon cease entirely, though the 
stimulus continues to be applied at its onguial 
intensity If, for example, the touch receptors 
of the cat’s toe pad are excited by resting a glass 
disc hghtly upon the skm a burst of impulses 
occurs at high frequency for from tV to i second, 
but have enUrely ceased by the end of i second 



After this, pressure exerted upon the disc is fol- 
lowed by' a second senes of impulses which agam 
comes to an end though the pressure is mam tamed 
unchanged This phenomenon is spoken of as 
adoplalton (fig 63 7) The gradual numbmg of 
sensation to a constant stimulus is a common 
cxpenence We speak of "becoming accustomed” 
to some or other environmental change which 
mitially caused a very definite effect The olfac- 
tory endings, for mstance, soon become adapted 
to the action of most odorous substances, and a 
light obyect placed upon the hand soon becomes 
imperceptible We do not feel the contact of our 
clothes, the ticking of a dock after a time is not 
heard, and a hot bath feels much hotter when one 
first enters it than after a short penod of immer- 
sion The receptors of the retma also undergo 
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rapid adaptation, fading to respond after a bnef 
penod of stimulation For this reason a small 
monng object is more readily perceived than a 
stationaty one, and vhen one directs his attention 
to a motionless object the ejeballs are kept con- 
stantly mo\nng in order to stimulate the receptors 
mtermittentli' 

Adaptation should not be confused vnth fatigue 
It occurs to the same extent whether the frequenej' of 
discharge is slow or rapid, if it vere a fatigue phenom- 
enon It should of course be more evident at rapid dis- 
charge rates Furthermore, the exatabihty of the 
adapted end organ to a fresh stimulus is not reduced, 
and vhereas fatigue is hastened ox> gen lack, adapta- 
tion IS not Adaptation is a propertj common to 
receptors whether of skin, muscle, viscera or speaal 
sense organs Its rate of development, howev'cr, is 
different for the several tj^ies of end organ, being verj' 
rapid for those of touch, slower for those of pressure 
and warmth and still slower for the muscle spindle 
As mentioned earher, m the case of the bare nerve end- 
ings subservang pain, no true adaptation occurs Re- 
ceptors whose function it is to record sudden changes 
m the external envaronment adapt rapidlj This is 
necessarj m order that, havang responded to a given 
envaronmental change and convejed their message to 
the central nervous sj'stem, the receptors shall agam 
be ready to respond to another stimulus, and also 
that information received from receptors stimulated 
successive!} shall not be confused We are aware for 
instance, of the movement of a light object over the 
skin suice successiv e touch receptors respond instantly 
to the stimulus and adapt rapidly If rapid adaptation 
did not occur, that is, if the discharge of impulses out- 
lasted to an} appreciable extent the duration of the 
external stimulus, the subsequent stimulation of neigh- 
boring receptors would result in a diffuse ill defined 
sensation It is necessary, on the other hand, for the 
muscle spindle to adapt ver} slowly, since upon this 
receptor depends in part the reflex maintenance of a 
continued tonic contraction of postural muscles It 
would seem requisite, on the other hand, that proprio- 
ceptors givnng information conceimng the viorcmcnts 
of muscles and joints should adapt rapidl} There is 
httle mfoimation, how ever, upon this pomt The pro- 
prioceptors of the carotid sinus and aorta adapt slowly, 
those excited by inflation of the lung also hav e a slow 
rate of adaptation Sudden forcible inflation of the 
lung, for example, causes a burst of impulses at the rate 
of 150 per second, by the end of the first second the 
frequency has only fallen to 115 per second 

A comparison of receptor and nerve fiber responses 

In general the nerve fiber and the end organ (or 
rather the nerv'ous element of the latter) behave 
similarly Both require for exatation a stimulus 


of a certam mmimal strength and this must nse 
to its maximum value at a certam rate and have a 
certam mmimal duration (p 946) Both obey the 
all or none law and have absolute refractory pe- 
nods of about the same duration There are 
certain differences, however, between the re- 
sponses of the two structures, and some of these 
have already been pointed out The sense organ 
possesses a low threshold for one type of stimulus 
whereas the nerve fiber responds imselectively 
to vanous types The later stages of recover^’' 
(relative refractory penod) of the end organ are 
slower than those of the nerve fiber The sense 
organ also differs from the nerv'^e fiber m givmg a 
rh 3 'thmical response to persistent stimulation 
WTien a constant current of moderate strength is 



Fig 63 8 Showing the response of nerve fiber and of 
different tjqies of receptor to a contmued stimulus 
Adaptation is most rapid m the nerve fiber and slowest 
m the muscle spmdie (from Adrian, The Basis of 
Sensation, Chnstophers, London) 

sent mto a nerve a smgle impulse results, the 
refractory' phase follows and though the current 
contmues to flow' a second response does not occur 
when the nerv'e recovers If the stimulus, how- 
ever, IS very mtense a short senes of impulses may 
result The apparent differences m response be- 
tw'een the nerve fiber and end organ to persistent 
stimulation is therefore only quantitative The 
nerve adapts rapidly, the sensory endmgs slowly 
As a matter of fact the touch receptors adapt al- 
most as rapidly as the nerve fiber itself (fig 63 8) 
The rhythmical nature of the end organ response 
is thought to be due to the stimulus causmg a 
state of persistent depolarization m the surface 
film of the non-meduUated endmg withm the re- 
ceptor The depolarized section of nerve then 
acts as a constant stimulus to the rest of the fiber 
Lillie’s iron w'lre model (p 926), for instance, will 
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respond rhythmicaUy if the protecUve film of 
oxide IS prevented from fonmng upon a terrmnal 
secUon of the wire The mamtenance of this part 
m a depolarized or active state causes a senes of 
electrochemical reactions to be transmitted down 
the wire, the protective film formmg upon the 
length of the wue after each wave has passed 
Adnan also found that when the end of a nerve is 
m3ured rhythmical responses of high frequency are 
set up These are probably the result of mcreased 
permeabihty of the damaged surface film, which 
therefore remams m a permanently depolarized 
state These observations suggest that a mechan- 
ical stimulus applied to a sense organ causes de- 
formation of Its nerve endmg with the production 
of analogous changes m the surface film which, 
persistmg for a short space of tune, cause the 
rhythmical discharge 

THE INTENSnV AND QUALITY OF SENSATION 
SPECIFIC NERVE “ENERGIES” 

It has already been pomted out (p 944) that 
the form and magnitude of the electncal respionse 
and so presumably of the nerve unpulse are not 
altered by maeasmg the mtensity of the stimulus 
apphed to a receptor organ So far as is known 
the only effect of raismg the mtensity of the 
stimulus IS to mcrease the frequency of the im- 
pulses discharged Inlenstly of sensation is bdieved, 
therefore, to depend upon the number of impulses 
reachmg the sensonum per umt of time The 
number of impulses reachmg the sensory areas of 
the bram m a given time is dependent not only 
upon the frequency of the impulses amvmg by 
each fiber but also upon the number of fibers m- 
volved What may be termed the massiveness of 
the sensation is probably largely dependent upon 
the latter factor 

The relation between mtensity of stimulus and 
impulse frequency may be accounted for upon the 
basis of the refractonness of nerve We have seen 
that the absolute refractory penod puts an upper 
limit upon the frequency of the nerve impulses, 
and that a relative refractory penod m which 
exatabihty mcrease gradually succeeds the abso- 
lute refractonness of the nerve It follows then 
that the stronger the stimulus the earher m the 
relaUve refractory penod, the shorter will be the 
mtervals between the impulses, and, consequently, 
the higher will be the frequency of impulse pro- 
duction All gradations of impulse frequency up to 
a maximum (when nerve responds at begnning of 
the relative refractory penod) and down to a mmi- 


miim (nerve respondmg only at end of relative re- 
fractory penod) by stimuh of vanous strengths 
Thus different intensiUes of stimultion are sig- 
nalled 

To what are due the different qtiahites of sensa- 
tion? Is each tj^ie of sensation, e g , touch, pam, 
sight, heanng, etc., mediated by a specific type 
of nerve fiber, that is, one with a distmctive type 
of end organ and which conveys impulses to a 
particular region of the bram? Is it for this reason 
that each tjqie of end organ, m whatever way it 
IS stimulated, always produces the same quality 
of sensation? On the other hand, is the type of 
sensation dependent upon the mduction in non- 
specific nerve endmgs of some change characteris- 
tic of the type of stunulus applied, the charac- 
teristic effect of the stimulus bemg then conveyed 
as a message to consaousness? The first view, 
which IS generally accepted, is spoken of as the 
doctrine of specific nerve energies The pnnaple 
was enunciated m 1838 by Johannes Mtiller, 
though It had previously been suggested by Sir 
Charles Bell of Edmburgh It was extended by 
Helmholtz to apply to the different qualities em- 
braced withm a smgle type of sensation, as m his 
resonance theory of heanng — the appreaation 
of vanations m pitch being dependent, it was 
claimed, upon the situation in the cochlea of the 
particular end organs which were stimulated Also, 
m Young’s theory of color vision the appreciation 
of the different pnmarj' colors was attnbuted to 
the presence of distmct sets of receptors 

The stimulus itself has no characteristic prop- 
erty, as was thought at one time, which is trans- 
mitted along the nerve fiber to consciousness, nor 
is the speaal nature of the sensation dependent 
essentially upon the receptor or the nerve fiber m 
the sense that it sends any charactenstic message 
to the bram The function of the receptor is to 
respond most effcclivdy to one type of stimulus and 
to cause a discharge of impulses along the nerve 
fiber The stimulus to which the receptor is de- 
signed to respond most effectively is called the 
adequate stimulus 

Some of these facts relating to so-called specific 
nervous energies* can be recalled from common 

*TTus term, corned by Muller m the middle of the 
"1“ century, is rather confusmg, but it means simply 
that rach kind of peripheral sense endmg alwaj's gi\ es 
nse when stimulated to its own peculiar kmd of sensa- 
tion, and not that the several modahbes of sensation 
are dependrat upon tjpes of nerve fiber differing from 
racn other by some specific and distinctive form of ac- 
tivity 
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experience The retina, for example, is stimulated 
most efifectively by light w aves (adequate stimulus) 
but it, or even the optic ner\'e itself, wall also re- 
spond b}' a visual sensation to an electrical or 
mechanical stimulus, thus, flashes of hght are 
expenenced when the eye is struck and phosphenes 
appear when the cjTball is firmly pressed A me- 
chanical stimulus, such as a blow , applied to the 
ear causes a sensation of sound The presence in 
the skin of definite "spots” for touch, pain, etc , 
also points to the different cutaneous sensations 
being dependent upon the adequate stimulation 
of specific endings, each of which transmits its 
message to the central nervous system along a 
definite pathway Just as the retma, however 
stimulated, gives nse to a visual sensation, so a 
touch spot arouses a tactile sensation, a warm or 
cold spot to a sensation of warmth or cold, and the 
stimulation of a pain spot to pain ^ The specific 
nature of the touch receptors m the skin of the frog 
IS indicated by the expenments of Adrian, Cattell 
and Hoagland, these receptors cannot at any rate 
give nse to pain, for when they W'ere stimulated to 
discharge impulses at the maximum rate (300 per 
second) there was no indication that the sensation 
was pamful A stimulus w'hich would cause an 
impulse discharge of this frequency from a pain 
endmg would certainly cause severe pain Com- 
parable results W'ere obtained from the touch 
receptors at the roots of the hairs in the guinea 
pig It has also been shown that a pressure re- 
ceptor (Pacinian corpuscle) cannot give nse to 
pam nor is it stimulated by temperature changes 

Granted that speafic fibers do exist, that is, fibers 
which, whatever the type of stimulus apphed, give nse 
to a charactenstic sensation, there is the further 
question, — are the messages emitted by the vanous 
end organs and transmitted along the nerve fibers 
idenbcal, and do the quahties of sensation depend 
solely upon the connections which the respective fibers 

* It was thought, not so long ago, that pain could be 
caused by the mtense stimulation of any cutaneous 
sense organ, which, if true, would refute the doctrine 
of speafic nerve energies 


eventually make with cells m the brain? Or, on the 
other hand, does the specific function of the fiber de- 
pend upon some distmcbve character of the impulse 
which it transmits? For example, do the impulses set up 
by stimulating a pain endmg diSer m some sigmficant 
way from those ongmatmg m a touch receptor? 

Though m general the impulses, whatever their 
ongm or whether motor or sensory, are closely similar, 
certain quantitative and quahtative differences do 
exist Erlanger and Gasser (p 925), for example, 
show ed that the axon potentials of different fibers had 
different conduction rates and amphtudes Adrian 
and others have showm differences in the frequency of 
the impulses Impulses may therefore differ from one 
another in (a) conduction rate, (b) magnitude or (c) 
frequency ’ 

But there is no evidence that any of these different 
properties play a major role in determmmg the quahbes 
of sensabon Quahbes of sensabon are determined by 
the parbcular type of end organ sbmulated (which 
IS specially adapted to respond to one tj^pe of stimulus) 
and ulbmately and essenbally upon the situabon of 
the nerve cells in the bram where the impulses arrive 
Electneal sbmulabon of the visual area of the cerebral 
cortex m man causes a visual sensabon and of the 
auditory area a sensabon of sound Or as someone has 
expressed it, if impulses arising m the retina were di- 
rected to the temporal lobe and auditory impulses to 
the occipital lobe w e should hear the hghbung and see 
the thunder 

Weber-Puhner Low That the appreciabon of changes 
in intensity of a sbmulus does not proceed conbnu- 
ously and without mterrupbon, but by a senes of steps, 
was shown by Weber (1834), the subject was later 
treated mathemabcally by Fechner ( 1858) w ho postu- 
lated quite erroneously that the magnitude of a sen- 
sabon IS proporbonal to the loganthm of the sbmulus 
mtensitj' (Fechner’s Law) The just perceptible change 
in the mtensity of a given sbmulus was found to be a 
constant fracbon of the intensity of the preceding 
sbmulus The fracbon is not the same for different 
modahbes of sensabon Furthermore, it is constant 
only over a restneted intensity range This law is de- 
senbed further m ch 73 

’The impulses in the opbc nerve during rebnal 
sbmulation have about the same frequency as those 
from a cutaneous receptor 


TV 
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The synapse. The point of contact between 
neurons either m the central nervous system or m 
autonomic gangha is called the synapse, a term 
mtroduced bv Michael Foster in 1897 * The axon of 
the neuron divides into numerous filaments which 
termmate m small button like expansions known 
as end feel {pteds or boutons tcrininaux) which arc 
apphed to the surface of the body or dendntes of 
another neuron (fig 64 1) They occupy about 40 
per cent of the surface of some nerve cells, c g , 
those of the ventral horn of the spinal cord A smgle 



antenor horn cell shows several hundred (up to 
2000) such contacts It is generall\ taught that no 
structural contmuity exists between neurons, but 
merely contact m the manner desenbed A passage 
of neurofibnls from an axon into the body or den- 
drites of another neuron can not be demonstrated = 
The fact that when a neuron is injured Wallenan 
degeneraUon (p 912) does not extend beyond its 
boundancs to mvolve a neighbonng neuron also 
supjMrts this conclusion The end-feet themselves 
quicUy show degenerative changes after the axon 
has been mtemipted, within from 24 to 72 hours 


convicUon that the t'i,° ^ strengthens t 
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they become swollen and at the end of about 120 
hours undergo granulation and disintegration The 
absence of protoplasmic continuity bct\ cen two 
neurons implies that something m the nature of a 
surface film, though this be no more than a single 
molecular layer, is interposed Such a film will 
provide a site for the development of surface 
phenomena, e g , the formation of an electric 
double layer upon which the peculiar properties 
of the synapse probably depend The syaiapsc 
might therefore constitute a point of raised re- 
sistance — a higher threshold than that of the 
nerve fiber itself — which the impulse would need 
to cross or “step over” in order to reacli another 
neuron Or the synapse might provide a mecha- 
nism through winch a fresh im])ulsc is set up, 
rather than that it simply interposed new condi- 
tions in the path of Uic original one Or, again, a 
chemical substance, eg, acctvldiolinc might bo 
released, which acted as a stimulus (through de- 
polarization) to the second neuron In the case of 
the central nervous system, neither of the last two 
alternative theories — electrical or chemical — has 
reached universal acceptance, both views have 
their adherents 

The functional connections between an efferent 
nerve fiber and the effector organ, e g , the neuro- 
muscular (mj'oncural) junctions where tlicrc is 
also structural discontinuity over which the im- 
pulse must be transmitted, are closch similar in 
their physiological nature to a synapse, particu- 
larlv to those of autonomic ganglia 




HEATURES OF KEFIX\ 

\crno\ 

Spinal reflex action has been studied intensively 
by Shemngton and his associates, a number of 
phenomena have been discovered which cannot be 
demonstrated in the nerve fiber itself In the fol- 
lo^g paragraphs (after Shemngton) the mam 
ifferences between reflex conduction and nerve 
conduction are listed and briefly discussed 
(1) One way conduction-ccntnpctal in the af- 
ferent and centrifugal in the efferent limb— as 
TOmpared with two-way conduction in nerv e fibers 
he symapse may be compared to a v alv e or a gate 
vvAich opens only one way The irreversibility of 
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conduction in the reflex arc was demonstrated m 
the early part of the 19th century by Bell and 
Magendie The former (1811) showed that stimu- 
lation of the anterior roots causes muscular con- 
traction, but no motor effect followed stimulation 
of the postenor roots Magendie (1822) found that 
stimulation of the posterior roots caused pain 
These observations have been embodied m the 
so-called Bell-Magendie law which states that the 
antenor root fibers are purely efferent, those of the 
posterior roots purely afferent 

One-way conduction is not, however, an unal- 
terable property of the synapse, for it is abolished 
by lowenng the temperature of the spmal cord 
by a few degrees It has been shown by Toenmes, 
for example, that if the cord is cooled, stimulation 
of a dorsal root causes a discharge of impulses 
from the center which travel penpherally over a 
certam proportion of the fibers composmg other 
dorsal roots, that is, antidromically (p 276) 
Barron and Matthews have also found that cool- 
mg the cord causes muscular twitchmgs, and that 
each twitch is accompanied by a discharge of 
impulses along sensory root fibers 

(2) Slower speed of conducHon, as measured by 
the latent period between the appbcation of the 
stimulus to the afferent limb of the reflex arc and 
the response of the effector organ (e g , contraction 
of a muscle) (p 951) 

(3) Less close correspondence between the grading 
of the stimulus and the riflex response Reflexes vary 
greatly m this respect When stimuh of gradually 
increasing mtensity are apphed in succession to a 
motor nerve the muscle shows stephke mcreases 
in response as a result of more and more nerve 
fibers bemg excited and of an mcreasing number of 
muscular umts bemg brought mto play, but after 
this an increase m the strength of the stimulus 
causes no greater effect (“all or none” pnnaple) 
In the case of the reflex response, increasmg the 
strength of a smgle stimulus beyond that which 
bnngs aU the afferent fibers into play may cause a 
further mcrease m the response of the muscle On 
the contrary, a reflex such as the extensor thrust, 
the strength of the stimulus and the response may 
show no correspondence, the latter may be "all or 
none” bemg maximal with either a weak or a 
strong stimulus In other reflexes, such as the 
SCTatch reflex, grading can be obtamed without 
difficulty, the amplitude of the scratching move- 
ments, though not the frequency, becommg greater 
With mcreasmg mtensity of stimulus In those re- 


flexes which can be graded m this way, the gradmg 
is probably due to an mcreasmg number of moto- 
neurons bemg exated by the stronger stimulation 
as a result of the spread or irradiation of the exata- 
toiy state withm the spmal cord 

(4) As a result of a repetitive discharge from the 
center (“after discharge,” p 952) there is a lack 
of correspondence between (a) the moment of 
cessation of the 'stimulus and the termmation of 
the response of the effector organ, and (b) the 
rhythm of the stimulus and that of the muscular 
response 

(5) Considerable resistance m the reflex arc to 
the passage of a smgle impulse, but the ready forc- 
mg of the resistance by a senes of impulses 

(6) Greater variability in the threshold value of 
the stimulus m the case of the reflex arc. The 
response to a given stimulus is influenced by 
conditions which do not come mto play m the 
case of nerve fiber conduction, e g , facilitation, 
recruitment, occlusion, etc These wiU be con- 
sidered later 

(7) Susceptibility of reflex conduction to fatigue, 
whereas nerve trunks are almost mdefatigable 

(8) Much greater susceptibility of reflex conduction 
io oxygen lack, anesthetic and other drugs, shock, etc 
This IS evidently due to the presence of the nerve 
cell m the conductmg* pathway Nerve cells have a 
much higher metabohsm than nerve fibers (p 930) 
and reflex excitabihty is abolished if the centers are 
depnved of oxygen for a short penod The cells of 
the cerebral cortex are irreparably damaged if de- 
pnved of theu: blood supply for 5 mmutes or so, m 
man depnvation of blood for even half a minute 
may cause injury The centers of the bram stem 
survive for a longer penod — from 25 to 35 mmutes, 
and the spmal centers for from 40 to 60 mmutes 
The autonomic centers are also relatively resistant 
to oxygen lack Accordmg to Kabat, the resist- 
ance of the bram m very young animals (puppies 
up to 4 months of age) to circulatoiy arrest is 
much greater than is the adult bram In deep 
anesthesia many reflexes are completely abolished, 
whereas nerve trunks remam excitable and may 
even respond to stimulation after an animal has 
been killed by an overdose of anesthetic. Ether 
vapor or other anesthetics apphed directly to the 
nerve, however, quickly abolish its excitabihty 

Some of the speaal features of reflex conduction 
mentioned above will be dealt with m more detail 
m the foUowmg pages Certam other charactens- 
tic features of reflex action will also be considered 
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If a EingJe *veak stunnlas which when apphed to 
a molo- nerve causes contraction o{ the mnsde, 

IS apphed to the afferent nene it iisuaDi faiL to 
cause a reflex r^ponse. Howe\-er, if the afferent 
nerve is stimulated b\ two or more stimuh in rapid 
succession, each of which is subliminal, a reflex 
contraction of the muscle loUows^This surrrralwn 
of stimuh IS well illustiated bi the scratch rcUac, as 
shown b\ the spinal dog It consists oi a sene= oi 
rhvthmical scratchmg moiements of the hmd- 
hmb when the skm within a saddle-shaped area of 
the back, is stimulated. It cannot be ehated b\ 
the apphcation o, a smgle inducuon shock or even 
bi two shocks unless they are \er\ mtense The 
reflex is readil' ehated b> a senes oi rapidli re- 
peated weak smnuh. Sometime the respKinse does 
not occur until after the lortieth repetition (Sher- 
nncton) \ smgle rruJarical stimulus apphed to 
the skin (e.g , plucking a hair, a pmch, eta) mav 
eLat the reflex, but under such arcumstances it 
IS probable that the receptor organ du^charges a 
senea of impuLes (see p 943) 

The ehatation oi the reflex bv a rap d succession 
of subliminal stimuh is taken to mean that an ex- 
atatoiv state has been created in the reflex center 
bv each subliminal sUmulua and which, through 
audition o- summation, is built up to threshold 
value, a cLacharge of impulses then being dis- 
charged down the motomeuron. This central ex- 
ctatow state (c os ) decavs rapidly lastmg at any 
smgle svnapse for irom Off to 2 msec. oul\ The 
summation just described as occurrmg m the 
scratch reflex is not true Icmporal summation, that 
IS, Eummatioa at an\ mdividual svnapse, but is 
realli an example of spa! al summation — summa- 
tion of exatatori states of several svnapses (see 
cert section) In order lor temporal summation to 
occur, subhtmnal stimuli would need to be sep- 
arated bv mtervals longer than the refractory 
penod OI the presvnaptic afferent fiber But decav 
of the cor reacnes a very low value withm this 
period Lorente de X6 round that m experiments 
m which the oailomotor nucleus was directlv stan- 
ulated, summation was insignificant when the 
mtervals between stimuh were greater than 0 1 to 
0.2 nusea, which is shorter than the lelractorv 
penod OI the afferent fiber However, smce the 
unpuLes of a vollev-^ discharged along an afferent 
nerve traverses mtermmaal nenrons m their 


' Thu term mearu a svachroncrus discharee of i 
m a^number of ncrre fibers. Eke the finne • 
gethtr of rmes bv a sqnad o- platoon oi soldiers. ' 


course to the motoneurons the exatatorj state at 
the center persists for a much longer time (up to 
20 m.sea) Succeedmg volleys reachmg the center 
during this time will raise the c as to threshold 
value. But this, as just indicated, since several 
svnapses are mvolved is acUuallv a spatial sum- 
mation. Tempioral summation is of little phj'ao- 
logical importance m the central nerv ous sj-stem 
Spatial suirrratior. It two subthreshold stimuli 
are applied simultaneously, one to each of tiro 
afferent nerv e^, summation occurs and a response 
results This tyTe of summation, which is of 
essential importance m central exatation, is 
spoken of as irrmcdiatc {direct) spnral induction 
or spatial sumration Allied reflexes mutually 
suppwrt or reinforce one another through such an 
effect. This therefore constitutes one typo of 
facilitai on Immediate induction can be readdy 
demonstrated m the scratch reflex (rhythmical, 
alternate flexion and extension at hip, knee and 
ankle) IThen two subthreshold stimuh are apphed 
withm the receptiv e area of the reflex but about 10 
cm or less apart a response follows Each of the 
two scratch reflexes which would be evoked by a 
smgle stimulus though closely alhed are not identi- 
cal The further apart the stimulated points the 
less alike are the respective reflexes, and the less 
pronounced is the mutually facihtatmg effect. Such 
a result, taken m conjunction with other observa- 
tions which will be considered presently, indicate 
that the two afferent pathways conv erge upon and 
make connections with the same motoneurons 

REreACTORV. PEPJODS 

The nervous centers show an absolute and a 
relative refractorv penod, as well as a phase of 
supernormal exatabihty The length of the abso- 
lute refractory penod as observed by Eccles for 
the motoneurons of the flexion reflex is 2 5 m.sec. 
and from 10 to 15 misea for the pienod of relativ e 
refractoriness 4. lower value, namely 0 1 msea, 
was obtamed by Lorente de for the motoneu- 
rons of the more rapidlv actmg ey e musdes The 
refractorv penod is deterramed bv applyung a 
strong stimulus to the undivnded motor nerve 
of the reflex, and thus sendmg a v oUev of impulses 
backwards, that is, anlidromicallv , mto the spinal 
center The antidromic volley causes discharge 
of the center just as though it had been stimulated 
through the afferent nerv e The succeedmg inter- 
val durmg which the reflex cannot be eliated by 
stunulatmg the afferent nerve is the absolute 
refractory penod This is followed by a penod 
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of subnormal exatability — the relative refractory 
penod 

REFLEX CONDUCTION TIME 

The time elapsmg between the stimulation of 
the afferent nerve or receptor and the response of 
the effector organ is called the total laleiU period 
of the reflex If from this be subtracted the time 
which the impulse would take m traveling over the 
afferent and efferent fibers (which conduct at 
rates up to 120 meters per second) the time taken 
by the impulse to pass through the cord is ob- 
tamed ^ This is called the central or reduced reflex 
time In the table given below the total latent 
period IS 10 4 m sea and the total time of the 
peripheral pathways is 6 5 m sec leavmg 3 9 m^ec 
as the central reflex time Smce the length of the 
central pathway is only a small fraction of the 
length of the peripheral path while the central 
reflex time is nearly f of the total time, it is clear 
that the conduction rate through the center must 
be relatively very slow The delay presumably oc- 
curs at the synapse and is attnbuted to the time 
required to build up the excitatory state to thresh- 
old value 

Total latent penod 10 4 m sec 

Tune for passage of impulses 
m 13 8 cm of afferent nerve 
at 31 6 meters per second 4 4 m sec 
Time for passage of impulses 
in 19 5 cm of efferent nerve 
at 93 meters per second 2 1 m sec 
Total time for penpheral path 6 5m sea 

Therefore central reflex time 
(synaptic delay) 3 9m sea 

— Modified from Creed, Brown, 
Eccles, Liddell and Sherrmg- 
ton 

When the mterval between two stimuh applied 
to an afferent nerve is sufficiently bnef the latent 
penod of the response caused by the second stun- 
ulus IS shorter than usual The shorter latency 
cannot be attnbuted to a reduced conduction time 
m the peripheral nerve fibers, it must be central 
in ongm, i e , at the synapse Now, the central 
exatatory state rises to a maximum dunng a 
measurable time and dedmes agam gradually 
The reduced latency of the second volley of im- 
pulses IS therefore attnbuted to their reachmg the 

If the time of arrival of the action current at the 
end of the efferent nerve is recorded the latency of the 
muscular response need not be considered 


synapse befote the effect of the first volley has 
disappeared, therefore a shorter tune is necessary 
for bufldmg up the C E S to threshold value 
The synaptic delay under these circumstances 
may be reduced to 0 5 m sec 

The delay is also greatly reduced by mcreasmg 
the strength of the stimulus and may then be so 
sbght that the conduction rate over the arc as a 
whole approaches that over nerve trunks 

SUCCESSIVE INDUCTION 

This term is applied to the facilitation which 
one reflex exerts upon another immediately suc- 
ceedmg it (immediate or direct mduction is de- 
scribed on p 950) Successive mduction may be 
postitve or negative, that is, the second reflex reac- 
tion may be of the same sign as and aUied to the 
first or of opposite sign and antagonistic An ex- 
ample of positive successive mduction is the aug- 
mentation of the scratch reflex which follows the 
successive stimulation of two separated pomts m 
the skm, as by rolhng a spurred wheel over the 
surface A parasite movmg over the skm wiU exert 
a s imil ar effect Perhaps, as Shernngton suggests, 
the long hop of the flea has evolved as a means of 
circumventing facilitation of this reflex Negative 
spmal mduction is seen in rhythmical or altemat- 
mg reflexes such as steppmg, the shake reflex of 
the head or the bitmg reflex For instance, the 
flexion reflex (contraction of flexors and relaxation 
of extensors of the limb) favors a succeedmg ex- 
tensor reflex (contraction of extensors and relaxa- 
tion of flexors) which m turn lowers the threshold 
for the next flexion reflex 

In the spmal animal (p 967) spontaneous 
automatic steppmg or scratchmg movements may 
occur which under favorable conditions persist 
for several mmutes Automatic steppmg move- 
ments of the hmd limb of the cat may persist even 
under deep anesthesia and after the opposite 
half of the cord of the segment suppl)Tng the hmb 
has been destroyed The reflex altematmg move- 
ments are not abolished by deafferentation of 
the lunb (section of postenor roots) The per- 
petuation of the rhythm is therefore not due to 
impulses arismg m the contractmg muscles, it 
IS central (spmal) m ongm 

REBOUND 

Alhed to negative spinal mduction is the phe- 
nomenon known as rehound When, for mstance, 
dunng the ehcitation of a reflex, inhibition is 
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induced by the stimulation of an afferent nerve, 
augmentation of the reflex occurs when the m- 
hibitory stimulus is withdrawn (fig 64^) The knee 
3 erk when inhibited by stimulation of the central 
end of the hamstrmg nerve is more brisk after 
cessation of the inhibition The rebound has a long 
latent penod occumng about 0 2 second after the 
withdrawal of the inhibition SomeUmes the mere 
cessation of the stimulus which exoted the reflex 
is sufhaent, without inhibition, to cause rebound 
It IS most readily ehated m the crossed extension 
reflex of a decerebrate preparation, but is ehated 
with difficulty m the spmal animal Rebound is 
easily inhibited It appears after the silent penod 
of a tendon jerk (p 961) and, under certam favor- 



Fio 64.2 Betneenc andc' the stretch reflex of vasto- 
crureus is inhibited by faradization of the peroneo- 
pophteal nerve of the same side Note the inhibition 
and the further fall, “post inhibitory notch” after c' 
The post mhibitory notch is followed by considerable 
rebound which in turn is inhibited at t by gentle 
traction on biceps femons of the same side (from Creed, 
Denny Brown, Eccles, Liddell and Sherrington, Reflex 
Activity of the Spinal Cord, The Clarendon Press) 

able conditions, is followed m turn by inhibition 
and this agam by rebound Such a senes of m- 
hibitions and rebounds foUowmg the sudden 
stretchmg of a tendon and givmg nse to automatic 
jerking movements is spoken of as clcmtis The 
cause of rebound is not known It is not due to pro- 
prioceptive impulses, smee deafierentation of the 
muscle does not abolish it 

One explanation which has been offered is, that when 
the inhibitory stimulus is apphed, excitatory afferent 
fibers as well are sUmulated but their effects are masked 
by the inhibitory effect. After withdrawal of the sum 
ulus the persistence of the “after discharge” of eia 
UUon beyond the inhibitory “after acUon” accounts 
for the augmented contracUon In certam rhythrmcal 
reflexes such as biUng, rebound and negaUve successive 


inducUon apparenUy act together to mcrease the force 
of a contracUon following a phase of inhibiUon For 
example, electncol or mechanical sUmulaUon of the 
gums or palate of a decerebrate preparaUon causes 
inhibiUon of the closers of the jaws (temporals and 
masseters), and conUacUon of the jav. openers (digas- 
trics) Immediately upon cessation of the sUmulus, the 
jaw-closers contract powerfully Thus, a rhythmic 
chewmg reflex tends to keep itself gomg, so long as 
there is any material between the jaws upon which to 
bite (Sherrington) ■■ 

APTER DISCHARGE 

The discharge of impulses from the reflex cen- 
ter and the consequent prolongation of the reflex 
response after the stimulation of the afferent 
nerve or receptor has ceased is called after dis- 
charge (fig 64 3) For example, the crossed exten- 
sion reflex of the dog (extension of knee, ankle 
and hip following stimulation of the afferent 
nerve of the contralateral limb) may have, if the 
stimulus IS very mtense, an after discharge of a 



Fig 64B Flexion reflex, showing after discharge. 
The duration of the sUmulus is mdicated by the pair 
of nearly vertical hnes (after Sherrington) 

second or more After discharge of the flexion reflex 
may last for as long as 8 seconds In other reflexes, 
e g , the flexion and scratch reflexes, the after dis- 
charge IS much shorter than this (60 to 70 m sec ) 
After discharge is spoken of by Shemngton m a 
figurative sense as reflex “momentum” Increase 
m the strength or duration of the stimulus length- 
ens the after discharge Increase m the mtensity of 
the stimulus has a relatively greater effect upon 
the duration of after discharge than upon the am- 
plitude of the contraction, after the latter has been 
increased to the maximum further strengthenmg 
of the stimulus lengthens the after discharge After 
discharge is readily inhibited 
As a result of the after discharge from the spinal 
center a smgle stimulus applied to an afferent 
nerve is followed, not by a smgle twitch as when 
the motor nerve is stimulated, but by a series of 
twitches, an mcomplete tetanus or even a com- 
plete tetanus When a senes of stimuli at a rate 
under 50 per second are sent mto an afferent nerve 


1 
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the rhythm is just perceptible m the myogram, 
whereeis m the tetanus caused by direct stimula- 
tion of the motor nerve at the same rate the 
mdmdual contractions are clearly visible The 
smoothmg out of reflex rhythm is due to the after 
discharge of impulses followmg each mam volley, 
the tension of the muscle between the latter is 
thereby sustamed 

After discharge is the result of the persistence 
and gradual subsidence of the excitatory state 
built up m the reflex center by the afferent nerve 
stimulation and the consequent repetitive dis- 
charge of impulses along the efferent fibers The 
most probable explanation of the prolonged dis- 
charge IS the one proposed by Forbes, namely, 
that unpulses are set up in certam long mter- 
nunaal circuits (“long circuiting”) and owing to 
the length of the course over which tliey must 
travel are delayed m their arrival at the moto- 
neurons It is unlikely that the asjmchronous 
amval of impulses at the center, due to different 
conduction rates of the fibers composing the affer- 
ent nerve or of vanable delays at sjmaptic junc- 
tions, plays any important part, the after dis- 
charge IS too long to be accounted for in these ways 
The amval at the center of impulses set up by the 
contracting muscle itself is of mmor importance 
If the afferent impulses from the muscle are blocked 
by sectiorung the postenor roots (deafferentation) 
the after discharge is reduced though not abolished, 
it IS therefore dependent, in part only, upon the 
reexcitation of the center by propnoceptive im- 
pulses 

RECRUITMENT 

Many reflexes gradually increase to a maximum 
when a stimulus of unaltered mtensity is merely 
prolonged This is due to the activation of a 
progressively greater number of motoneurons 
The phenomenon is called reermtment and is 
figuratively spoken of as “inertia" by Shemngton 
As already mentioned, “after discharge” is re- 
ferred to as reflex “momentum” Both features, 
neither of which is in evidence when the motor 
nerve is stimulated directly, obviously must give 
smoothness to reflex action Recruitment is more 
easily demonstrated m decerebrate than in spmal 
preparations, it is well seen m the crossed exten- 
sion reflex but not m the flexion reflex (p 957) 
It IS also seen in inhibitory reflexes, i c , prolonga- 
tion of mhibitory stimulus of constant strength 
causes the inactivation of an increasing number of 
motor neurons 


IRRADIATION OE REFLEXES 

When, m a decerebrate animal, the strength of 
a stimulus applied to a receptive area is gradually 
mcreased the central excitatory process spreads to 
a progressively greater number of motoneurons As 
a consequence, additional muscle groups take part 
m the reflex response The phenomenon is called 
irradiation The impulses do not spread mdis- 
cnmmately to all the motoneurons withm a given 
radius of the pomt of entry of the afferent fibers, 
on the contrary, owmg to the vanabihty of the re- 
sistance at different synapses they are directed 
along selected paths The synapses at the moto- 
neurons in close proximity to the afferent termmals 
have the lowest threshold, but as the strength of 
stimulus IS mcreased impulses spread further afield 
and excite the neurons of adjacent and ultimately 
of more remote segments For example, a weak 



Fig 64 4 Reflex figure Arrows mdicate the parts 
stimulated 

stimulus apphed to the sole of the hmd paw of a 
decerebrate animal causes flexion of the ankle 
alone, upon gradually increasmg the strength of 
the stimulus the knee flexes, then the hip (flexion 
reflex), later, extension of the crossed hmd limb 
occurs (crossed extension reflex), extension of the 
ipsilateral forelimb follows and finally flexion of 
the contralateral forehmb 
Besides the soles there are six other areas from 
which irradiation can be demonstrated very easily 
These are the palms, the pinnae, the snout and the 
tad The final attitude assumed when a stimulus 
of suitable strength is applied to the sole or to one 
of the other reflexigenous areas just mentioned is 
spoken of as a reflex flgiire (see fig 644) The 
spread of the irradiation (march of the reflex 
figure) m all cases follows a definite order Upon 
stimulation of the pinna the order of spread is — 
lateral flexion of neck to the opposite side, flexion 
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of ipsilatcral fordunb, extension of ipsflateral hmd- 
lunb and extension of contralateral forelimb The 
order upon stimulation of the forehmb paw is — 
flexion of stimulated forehmb itself, extension of 
ipsilatcral hindlunb, flexion of contralateral hmd- 
lunb, extension of contralateral forehmb Cor- 
responding reactions arc produced by stimulation 
of a hindhmb pan —flexion of the sUmulated limb, 
extension of opposite hmdlimb and tail, extension 
of ipsilatcral forelimb, and flexion of contralateral 
forehmb 

It will be noted that only those muscles which 
act s)'ncrgisUcall}, that is, those which combme to 
effect a purposeful coordmated act, are activated 
Muscles whose action is antagonistic to these 
arc inhibited The reaction which results corre- 
sponds to that which would occur from stunula- 
tion of the intact animal Thus a painful stmiulus 
of the hmd paw causes withdrawal of the mjured 
part, the other limbs reactmg at the same time to 
support the body and move it from the stimulating 
agent The reflex response is therefore quite diflier- 
ent from the response which would result from 
stmiulation of an anterior nerve root — all musdes 
to which the fibers of the root were distributed 
would, of course, be activated 

rRACriONATION OF TnE REFLEX CENTER 

4\Ticn an afferent nerve is stimulated by a 
faradic current of gradually uicrcaswg mtcnsity 
the tension dc\ eloped by the reflex contraction 
increases to a pomt after which mcrcase m the 
strength of the stmiulus fails to augment the 
reflex tension The limitation is not sunply due 
to all the motoneurons of the reflex havmg been 
exated, for direct stimulation of the motor nerve 
causes a dcxdopment of tension greatly m excess 
of that resulting from the stimulation of the smgle 
afferent nene It ts concluded that under the or- 
dinary conditions attending reflex action, a stngic 
aflerail nerxe when stimulated activates only a 
fraction of the v otoneurons supplying a given muscle 
The size of the fraction of the motoneurons gov- 
erned b> the afferent nene \ancs under different 
conditions, it is reduced b> fatigue, oxygen lack, 
anestliCiia, etc., and is increased by the administra- 
tion of a small dos; of strychnine Even under the 
most favorable conditions, however, the number 
of motoneurons excited through a single afferent 
nerve is not more than a fraction of those which 
‘en \ic excited by stimulaUng the motor nerve 


Furthermore, the motor units' exated through 
one aflferent nerve do not he m a smgle muscle, 
but are distnbuted throughout many different 
and often widely separated muscles In table 
90 are shown the reflex tensions developed respec- 
tively m the tibiahs anticus and semimembranosus 
as a result of stunulation of vanous afferent nerves 
In the last column these tensions are given as 
percentages of those developed by direct stimula- 
tion of the motor nerves (motor tension) It will 
be noted that the fraction of the motor units 
activated by the different afferent nerves varies 


TABLE 90 


uusetz 

ATTEREMT NE*VE 
ETDIULATED 

UAXI 

mm 

KEFLEX 

TEK 

KOK 

uAxnnm 

KEFLEX 
TENSION Of 
PEE cent 
or MAXnnm 
MOTOK 
tension 


Internal Saphenous 

eronu 

800 

32 


Ext. Cut, of groin 

1,060 

37 


Supetf obturator 

165 

67 

Tibialis anti- 

Deep obturator 

400 

16 

cus 

N to quadneeps 

1,190 

44 


and Sartonus 
Small saabc 

1,320 

45 


Pophteal 

1,820 

78 


Internal Saphenous 

1,900 

63 


Ext Cut. of grom 

830 

28 

Semitendmo- 

Superf obturator 

1,270 

42 

EU5 

N to quadneeps 

2,740 

91 


and Sartonus 
Small saatic 

? 

62 


widely, those nerves more closely allied segment- 
ally to the motor innervation mvolvrmg a larger 

* a “motor unit" is meant a single motor neuron 
ana the bunch or “squad'* of about 100 muscle fibers 
zt supplies. Close to the muscle and •withm it, 
Mch nerve fiber divides dichofomously into several 
daughter fibers, each of which ends m one of the 100 or 
so nniscle cells The tension devdoped by a single motor 
unit was detemuned by dividing the total number of 
units in a muscle (arrived at by actual count of 
tne fibers before branching in a motor nerve) into the 
tension dn eloped when the motor nerve was maximally 
Emulated It was found that a smgle motor unit of 
gastrocnemius developed a tension of 30 
grams ^e seraitendinosus muscle of the cat has some 
WO such motor units, the gastrocnemius medius 430, 
tbe eitwsor longus digit , 330 and the soleus 250 The 
values found by Eccles and Sherrington for the ten- 
sions developed were, per motor umt, 5 5, 301, 9 9, 
8 o grams r»pcctivelj for the semitendmosus, gastroc 
nemius medius, soleus and extensor longus digit. 
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proportion of the units of the muscle than those 
more remote 

These facts arc important m understandmg the 
distnbution of paralysis involving the anterior 
horn cells (c g , antenor poliomyelitis) The pattern 
of the paralj'sis is according to motor units rather 
than to uhole muscles Thus a discrete group or 
fasciculus of degenerated muscle fibers may be 
found surrounded b}' normal muscle 

THE PRINCIPLE OF COm'ERGENCE, OCCLUSION 

Evidence that a given group of antenor horn 
cells IS in communication with the central tei'- 
mmals of more than one afferent ncr\'e has already 
been ated m the paragraphs dealing with spinal 
induction This principle of convergence of affer- 
ent pathways is showm in other ways For example, 
if a muscle be strongly excited by the successive 
stimulation of two afferent nciv’cs it is found that 
the sum of the reflex tensions developed in the 
tw’o responses is much greater than the maximal 
tension developed after a single stimulation of 
the motor nerve Obviously there must be a cen- 
tral o\erlap of the two afferent patliways — a 
proportion of the motoneurons supphing the 
muscle must be connected w ith botli 

Also, tlie sum of the reflex tensions developed 
when strong stimuli arc applied to two afferent 
neix'-cs successively is often found to be consider- 
ably greater than the tension resulting from stimu- 
lation of the tw'O ncr\'cs simultaneously The 
difference m the tension values is called oedusion 
For instance, the sum of the tensions developed 
m the tibialis anticus when the two plantar 
nerves (afferent) are stunulatcd comcciifn'cly is 
3 IS kg (1 57 -f 1 58 kg ) whereas the tension 
following smullancous stimulation of the same 
nerves is only 1 81 kg (no more than 15 per 
cent greater than that rcsultmg from the stimu- 
lation of one nerve) The occlusion therefore 
amounts to (3 15 — 1 81) «= 1 34 kg This result 
IS not due to interference of one afferent pathw’ay 
with the other, or to mhibition It is simply due 
to the fact that a certam proportion of the moto- 
neurons of the reflex is common to the two affer- 
ent nerves, the motoneurons common to the two 
afferents are excited maxunally by either nerve 
alone, so no greater effect upon the muscle can be 
produced by exciting them through both afferents 
sunultaneously Oedusion is therefore a measure 
of central overlap, i c , of convergence of afferent 
paths (fig 64^ A) 


Not only m reflexes set up through afferent nerves 
of similar function and distribution does oedusion 
occur, It is also evident between reflexes resulting from 



Fig 64 5 A, illustrating occlusion o and h are 
two afferent fibers, a when stimulated alone exates 
the motoneurons within the outlmcd area, only four 
motor fibers (a", a, a' andjS') are represented owhen 
stimulated alone activates the motoneurons in the 
corresponding area, of which four axons (/S', p, /3" 
and a') arc shown Thus when the two afferents are 
stimulated consccutii elj the motoneurons a and 
arc activated each time, making a total of eight 
When stimulated concurrently the total number of 
actuated motoneurons is sue, i e , there is a defiat of 
contraction due to occlusion B, weaker sbmulation 
of the afferents a and b, restnets the respective fields 
of threshold excitabon as shown bj the continuous 
line limit o by itself activates one motoneuron a, 
h activates /5 Concurrent!} they activate four units 
(a', a, p' and P) owing to the summation of the sub- 
liminal effect in the overlap of the subhminal fields 
outlined by the broken lines (from Creed, Denny- 
BrowTi, Ecclcs, Liddell and Sherrington, Reflex Aclmty 
of the Spinal Cord) 

stimulation of such dissimilar nerves as the internal 
saphenous and the nerve to the sartonus The smooth- 
ness of reflex action, the interlocking of allied reflexes, 
the graduaU even passage from one reflex to another 
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and the general coBtdinatioii of muscular funcUon are 
the natural consequences of, (1) the fractional control 
by any one afferent of the centers governing the muscles 
of a given reflex, and (2) the overlap of the motoneuron 
fields of afferents governing different reflexes 

“Sotliminai. Peinge” Increasing the strength 
of the stimulus mcreases the extent of the central 
overlap and so of the occlusion When, on the 
other hand, the stimulation is weaX, occlusion may 
be absent and the sum of the tensions resultmg 
from the concurrent stimulation of the tivo afier- 
ents ivili then be greater than the tension devel- 
oped nhen they are stimulated successively, le , 
mstead of there bemg a defiat of contraction there 
IS actually augmentation (facilitation) The rea- 
son for this will be made dear by reference to 
figure 64^ Strong stimuli set up effective exata- 
torj' states m the motoneurons connected with 
each afferent path, these excitatory fields overlap 
and concurrent stimulation of the two afferents 
results m ocdusion as just described Fringing the 
effective excitatory field (hfinnal fidd) is a zone 
m which the exatatory state is beneath the 
threshold for the discharge of unpulses down the 
motoneurons This is called the sttblumnal fnnge 
(it IS not shown m fig 64^ A) When the stumili 
are weak the liminal fields are less extensive and 
so do not overlap (fig 64 J B) Overiappmg of 
the suMiminal fnnges of the two afferents, how- 
ever, causes through summation the exatatory 
state of the overlapped neurons to be raised to 
the threshold level Thus motoneurons which are 
unexated by either stunulus alone, are exated 
when both are applied together The response 
which results when subthreshold stimuli are ap- 
plied simultaneously to two afferent nerves (im- 
mediate spmal mduction) may also be explamed 
by the overlap of sublunmal fields 

That sublmunal fingers surround exatatory states 
produced by maxima! as well as those produced by weak 
sUmulation is shown by the following experiment 
Strong faraduation of the central end of the internal 
saphenous nerve causes tetanic contraction of the tensor 
fasaae femons. A single break shock apphed to the 
musoilo-cutaneous nerve induces a reflex contraction 
which lasts for i second Stunulation of the musculo- 
cutaneous during the tetamc contraction induced by 
the stimulanoa of the internal sjqihenous causes an 
augmentation of the contraction which persists for t 
^nd The faalitation is attnbuted to the sublmunal 
range caused b\ snmulauon of the musculocutaneous 
overlapped, and so raised to threshold value by 
the subhmmal Inngc caused by stimuktion of ’the 
mtemal saphenous, 

\ 


The sublmunal fnnge provides a mechanism for 
the Imkmg together of allied reflexes havmg on- 
gins dose together or widely separated It pro- 
■vides a background or, as Sherrmgton expresses 
it, a "catch on” for labyrmthme and other types 
of remforcement Stimulation of certain areas of 
the cerebellum, for instance, produces no effect 
Itself upon limb movements, yet can modify re- 
flex movements already m progress Again, affer- 
ent stimuli too weak to eliat a limb reflex become 
effective when neck and labynnthme propno- 
ceptors are stimulated by turning the head, though 
this movement itseU causes no apparent effect 
The facilitation of one phase of an alternating 
reflex by the other (p 951) is also attnbuted to 
the overlap of subliminal fnnges persisting for a 
short joeriod after each phase 

THE KUNOPLE OF THE FINAL CXmUON PATH 

Each fiber composmg an afferent nerve is a 
pathway for impulses ansing m a limited number 
of receptor organs (ch 64) The afferent nerves 
are pnvate paths through which the receptors 
communicate with the spmal centers The moto- 
neurons of a given reflex, on the other hand, are 
as public roads which must accommodate traffic 
from a large number of differently located pomts, 
upon them impulses from many and various re- 
ceptive areas of the body converge This final link 
m the reflex arc, the motoneuron, is therefore 
called the fiml common path Each final common 
path (F C P ) IS as the stem of a funnel of which 
the numerous afferent paths represent the ex- 
panded portion (see fig 6$2, p 934 and fig 646) 
Conversely, each afferent nerve can communicate 
with a great many F C P ’s Potentially, every 
afferent fiber is m communication with all F C P ’s 
After strj'chninization, for mstance, or the mjec- 
tion of tetanus toxm, a stimulus applied to prac- 
tically anv region of the body mduces wide spread 
muscular contractions (convulsions) Smee all re- 
flex action of muscle is brought about through 
impulses traversing the final common path, this 
must subserve a variety of reflex responses At 
the entrance to the final path, i e , at the con- 
vergence pomt of the afferent pathways, exa- 
tatory and inhibitory states are set up It is upon 
the nature and extent of these that the type and 
intensity of the resulting reflex depend 

Allied reflexes, i e , those conjommg to effect a 
common purpose, use the common path concur- 
rently and reinforce one another Such reflexes may 
ongmate m widely separated regions and from 
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diverse receptors (receptors of skin, eyes, organs of 
smell, muscle and labyrinthine propnoceptors, 
etc.) For c-vample, stimulation of the outer digit of 
the hind foot causes reflex of the same leg If other 
digits are stimulated concurrent!}' the flexion re- 
flex occurs more readily (faalitation, p 950) 
Additional stimulation of the contralateral fore 
foot or pinna or of the tail further reinforces the 
flexion response 

Aitlagoutslic reflexes, on the contrary, cannot 
occupy the final path simultaneous!}', the less 
important of two such reflexes must give way If, 
for e.xample, during the scratcli reflex a strong 
stunulus is applied to an aflerent neiw e of the limb 
engaged in the scratcliing movements, the limb 
becomes strongly flexed, i c , the scratch reflex 



Fig 64 6 Diagram showing the convergence of 
vanous paths upon Uic antenor horn cell 1 and 2, 
aflerent fillers from penpherv , 3, motoneuron (final 
common path), 4, corlicos[ inal filler 5, rubrospinal 
fiber, 6 reticulosiimal fiber, 7, vestibulospinal fiber 
The pathway from the tectum to the spinal motoneu- 
ron has been omitted (In part from Lennox and Cobb, 
redrawn and modified) 

gives place to the flexion reflex Protective re- 
flexes, c g , tliose set up by injurious agents and 
accompanied by pain in the conscious animal arc 
prepotent, displacing less urgent responses from 
the final common path The flexion reflex (sec 
below) w-hicli withdraw's the foot from a noxious 
influence is a reflex of this nature 

RECIPROCAL INNERVATION INinBITION 

Voluntary or reflex contraction of a musde, 
e g , the biceps, is accompanied by the simultane- 
ous relaxation of its antagonist — the triceps 
Reciprocal innervation of antagonistic musdes is 
illustrated by the following expenment ^Vhcn 
the paw of a spmal or decerebrate animal (p 964) 
IS pmched, pricked, burned or ct^imulatcd by a 


strong electric shock, or the central end of the 
peroneal nerve excited, there results m the same 
limb a strong contraction of the flexor musdes of 
the ankle, knee and hip, together with inhibition 
of the extensors This is the flexion or withdrawal 
reflex In the contralateral limb the picture is 
reversed There occurs contraction of the ex- 
tensors together with mhibition of the flexors — 
the crossed extension reflex (fig 64 7 and 64 8) 
The purpose in these reflex reactions is obvious, 
when an animal’s paw is pamfully stunulated the 



T 


Fig 64 7 Rcaprocal action of antagonistic muscles. 
Record from leg of a decerebrate cat, F, flexor, E, 
extensor The myograph w nter for the extensor muscle 
IS set a little to the right of that for the flexor musde 
in order that the two ma} clear each other The ascent 
of F and the descent of E are actually synchronous 
(from Sherrington) 

flexor musdes contract to w'lthdraw the limb 
while contraction of the extensors of the opposite 
limb stiffen it for the support of the body 
After poisoning with strychnine reaprocal m- 
hibition IS abolished Both sets of musdes, agon- 
ists and antagonists, respond to stunulation by 
simultaneous contraction 
The reciprocal inhibition of the knee extensors 
in the flexion reflex may be demonstrated more 
dearly after abolishing the action of the flexor 
musdes by sectionmg their tendons, stimulation 
of the afferent nerve is followed bv relaxation of 
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the eiteBSors, and the limb, if it be m such a 
position that It cm be acted upon by gravity 
flexes at the knee or both extensors and flexors are 

se\ered, and attached to wntmgle%ers (Reapro- 

cal mnen'aUon of the eye muscles is descnbed m 
chapter 76 ) 

The inhibitory eSect upon the skeletal muscles 
IS not brought about through specific inhibitory 
nen.es as m the case of cardiac inhibition (vagus) 



Fig 61.8 Diagram illustratmg reaprocal innerva- 
tion The afferent fibers (a) from skm of leg and (cr') 
from the flexor muscles of the knee (m hamstnng nerve) 
pass to the spinal cord, where each dindes mto two 
One division goes to a motoneuron (<) of the extensor 
muscles (E) and the other to a motoneuron (i) of the 
flexor musdes (F) A branch of each afferent also 
crosses the imd line to similar motoneurons (e' and S') 
on the oppiosite side of the cord The afferent impulses, 
as mdicated bj the plus and mmus signs either eiate 
or inhibit the motoneurons, the respective effect bemg 
a function of the s>Tiapse For the sake of simphatj 
mtemunoal neurons between the afferent and efferent 
neurons have been omitted (after Shemngton) 

or of the inhibition of the mtestme (sympathetic) 
Stimulation of a muscular nerve results only m 
cxatation The inhibitory process is therefore 
central m ongin Gasser has proposed a theorj' for 
this tvpe of central inhibibon founded upon the 
subnormal phase of exatation m the nerve fiber 
This IS illustrated m figure 64 9 In order for the 
transmission of a nervous effect from neuron to 
neuron a certain minim al number of sjiiajjses must 
be acUv e simultaneously , and excitation is propor- 
tional to the number But for the sake of sunphaty, 
let the minimal number be two I and If are 
afferent neurons Fiber II makes two contacts with 
intcmunaal neuron a and three with b Fiber I 
has only two symapUc connections with b, and two 


with c Impulses amvmg by I alone, and impmgmg 
synchronously on 6 and c set up a discharge which 
IS transmitted to the flexor motoneuron F Now 
when fiber If is exated a tram of impulses will 
arrive synchronously at a and b, and smee this 
fiber has three synapses with b its effect will over- 
nde the effect of the impulses amvmg over I Let 
It be supposed that the impulses in the two afferent 
fibers have different rhyThms, and that those ar- 
nvmg by fiber I reach the mtemunaal neurons m 
the subnormal phase caused by the transmission 
of the impulses over fiber If Impulses over fiber I 
will, therefore, be meffective and exatation of F 
will cease But unpulses amvong by fiber 11 will be 



transmitted to the extensor motoneuron E Thus, 
contraction of the extensor muscle and relaxation 
(inhibition) of the flexor muscle result 


DIKECr CENTRAL INHIBrnON 
The type of central inhibition described m the 
last section has been termed wdtrect inhibition by 
Lloyd, Another form termed dtrect inhibition 
brought about by stimulation of an afferent nerve 
has been discovered, it has been demonstrated to 
act upon reflexes mvolvmg an arc of only two 
neurons, and occurs when the inhibitory and ei- 
atatory' unpulses (in separate afferent nerves) con- 
verge ujxm the motoneurons Direct inhibition 
cannot, therefore, be explamed upon the basis of 
the subnormal phase m mtemuncial neurons In- 
hibition of a two-neuron reflex lastmg for over 
100 m sec. can be mduced by s timulatin g a smt- 
able afferent nerve Several examples of direct inhi- 
bition have been described wi thin recent y ears The 
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first was observed by Lloyd, namely, the inhibition 
of an afferent volley m the 6th lumbar postenor 
root of the two-neuron reflex evoked by a syn- 
chronous afferent volley m the 1st sacral postenor 
root 

The cause of direct inhibition is unknown, but 
several hypotheses have been proposed to account 
for It Like mdurect inhibition it is of central on- 
gm smce the penpheral nerves do not contam 
inhibitory fibers Nor are there any differences, so 
far as is known, between the central endmgs (syn- 
aptic knobs) which could serve exatator and m- 
hibitory functions respectively The most accept- 



Fig 64 10 Central inhibition L inhibitory collat- 
eral from another dorsal root ganglion cell, Gr, Golgi 
intemunaal which acts to suppress by anelectrotonus 
ventral horn cell, M, X, anelectrotonic potential at 
soma of ventral horn cell (Brooks and Eccles) 

able theory is one which has polarization as its 
basis, namely, the settmg up of anelectrotomc 
currents in adjacent neurons activated by the 
inhibitory volley The spread of the anelectrotomc 
effect to the motoneurons could produce a block m 
conduction and a cessation m the flow of impulses 
A variant of this theory is one proposed by Brooks 
and Eccles which postulates that the short axon 
cells, known as Golgi Type 11 cells, when stimu- 
lated, though not themselves producmg or trans- 
mittmg impulses can generate anelectrotomc cur- 
rents, and thus cause a block m conduction (fig 
64 10) A chemical theory has also been proposed, 
VIZ , the hberation of an inhibitory or excitatory 
substance at different synaptic knobs 

Central Inhibitory and Excitatory Stales 
(c and c es) 

Inhibition, like exatation, undergoes summation 
and can be graded in intensity gradually mcreas- 


mg the strength of an inhibitory stimulus causes 
a correspondmg mcrease m the inhibitory effect 
upon a reflex The pnnaples of convergence and 
subhmmal fnnge can also be demonstrated for the 
inhibitory process A central inhibitory state 
(css) analogous to a central exatatoiy state is, 
therefore, spoken of In reflex action one state can 
be pitted against the other m the spmal center If 
the ce^ IS antagonized by the as the central 
exatatory state is reduced or completely abolished 
The css takes a certam length of time for its de- 
velopment to threshold value, the inhibitory state 
a longer time Each persists for an appreaable 
penod durmg which its mtensity gradually dimin- 
ishes, the ct^ lasts for a longer tune than does 
the ces 

The ces accumulated as a result of afferent im- 
pulses IS dissipated by an antidromic volley, this is 
shown by the foUowmg experiment When two smgle 
shocks of equal mtensity and separated by a short 
mterval are apphed to an afferent nerve, the second 
response is greater than it would have been had it not 
been preceded by the first (facihtation) If between 
the two stimuh (and about 18 m sec after the first) 
the motor nerve^ of the muscle be stimulated so as to 
“back fire” a volley of impulses into the reflex center, 
1 e , anbdrormcally, the second response shows httle 
or no facihtation The annulment of the faohtation is 
ascnbed to the inactivation of the ces formed by the 
first afferent volley m the sub limin al fringe of the motor 
neurons'^ An anhdronuc volley has no effect upon c * j 
The central inhibitory state is therefore looked upon 
simply as the inactivation of the central excitatory 
state, havmg no direct effect upon the motoneurons 
In other words, if a central inhibition exists, the anti- 
dromic volley finds the c ej already mactivated and 
so can produce no further effect 

The overlap of exatatory fields has been considered 
(p 955) Overlap of an exatatory field by an inhibi- 
tor}' field IS mdicated by the following observation 
A weak inhibitory stimulus pitted agamst a weak ex- 
atatory stimulus frequently fails to reduce the latter’s 
effect If, however, the excitatory stimulus is inaeased, 
then the weak mhibitory one is defimtely effective This 
result IS best explamed by the conception that the 
exatatory field has been enlarged by the stronger 
stimulus and so has been overlapped by the inhibitory 
field 


* The postenor spinal roots of the nerve are sectioned 
m order to block any afferent impulses 

’’ The antidromic volley, it is believed, does not pass 
beyond the surface film interposed between the moto- 
neuron and the afferent terminals, i e , the s}’napse 
The latter is therefore considered to be the site where 
the accumulation of c e^ occurs 
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Stretch or Myotatic Reflexes 

The reflex contraction of a healthy muscle which 
results from a pull upon its tendon is called the 
stretch or mjotatic reflex Any attempt to flex 
the limb of a decerebrate preparation, for exam- 
ple, meets with considerable resistance This is 
due to the reflex contraction of the extensor mus- 
cles w hose receptors (muscle spindles) are sensitive 
to a stretch stimulus (p 942) After the section 
of either its motor or afferent nerve the response is 
lost, the muscle then offenng little resistance to 
passive flexion In figure 65 1 are shown records of 
the reflex response to stretching the knee extensor 



Fig 65 1 The stretch reflex of the quadnceps (cat) 
Muscular response (M) before and (P) after cutting 
nerve to the muscle T is a record of the table faU 
nhich stretches the muscle At the nght is shown the 
eSect of reflex inhibition, evoted between \ and by 
sbmulation of afferent fibers in the ipsilateral peroneo- 
pophteal nerre (from Liddell and Shernngton) 

(quadnceps) before and after section of its motor 
nen e Liddle and Sherrington found that stretch- 
ing the muscle by as little as 0 8 per cent of its 
onginal length was sufficient to evoke a reflex 
response The tension developed may amount to as 
much as 2,000 grams Slow as well as rapid stretch- 
mg of the muscle ehots the reflex. The strength of 
the contraction continues to increase withm limits 
so long as the stretching force mcreases, this fact, 
m \ lew of the results of Adnan and of Matthews 
(p 944), IS prohablj due to a nse in frequency of 
ffie discharge from individual muscle receptors 
(muscle spindles) as well as to more of these being 
stimulated— ^erjf/icraf reauilment~\ht force of 


the muscular contraction is thus automatically 
adjusted to the degree of stretching force applied 
A stretch of constant degree causes a mamtamed 
steady contraction, the muscle spindles and the 
stretch receptors m tendon? showing very slow 
adaptation 945) The reflex ceases immediately 
upon withdrawal of the stretching force, i c , it 
shows little or no aftef^ischarge (p 952) Its 
latent penod is short, less than 20 m sec It is 
readily inhibited by stimulation of an ipsilateral 
or contralateral afferent nerve or by stretchmg the 
antagonistic flexor muscle, overextension m the 
intact animal is thus automatically prevented 
The stretch reflex is obtained predominantly from 
those muscles which maintain the body’s pos- 
ture, e g , quadnceps, soleus, gastrocnemiu s an d 
other extensors In the decerebrate anunal flexors 
show httle or no response to steady stretch, but 
m the intact or thalamic animal the flexors also 
exhibit these reflexes (see supporting reactions) 
The labjrinthme and neck reflexes exert their 
effects upon the limb muscles, chiefly, through the 
reinforcement of mjotatic reflexes 
' The afferent fibers of the myotatic reflex arcs 
I are large cahTiered, mjelmated, rapidly conduclmg 
' fibers of the A group The dark muscle fibers of the 
extensors, upon which the maintenance of posture 
depends, are more plentifully supplied wnth these 
large diameter nerve fibers than are the pale fibers 
of fle.xor muscles The stretch reflexes show reapro- 
cal innervation, when a muscle reacts by contrac- 
tion to a stretchmg force its antagonist relaxes 
the inyolalic unit which consists of, tendon or 
muscle receptor, afferent nerve fiber, spinal center 
and motoneuron, "exhibits wnthm itself in full 
measure the dementary mechanism of reaprocal 
innen'ation” (Lloyd) 

THE KNEE AND ANKLE JERKS 

A sharp tap upon the patellar tendon, when the 
knee jomt is semi-flexed and the leg dependent, 
causes a short twitch of the knee extensor Also, 
a blow upon the tendo Achdbs causes a quick 
'contraction of the calf musdes These brief con- 
tractions or jerks, as w ell as those described below 
for the upper limb, are “fractional examples of 
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the stretch reflex” and are not due to stimulation 
of the tendon or to direct stimulation of the 
muscle The tap causes a sudden momentary 
stretch of the muscle (a stretch of 0 05 mm or 
less m -jV second hemg sufficient to elicit the re- 
sponse) Rendermg the tendon itself msensitive 
by means of cocame does not prevent the reflex 
A voluntary action, such as claspmg the hands 
together, remforces the reflex and increases the 
force of the jerk Paidlar or ankle clonus consists 
of a rapid rhythmical series of twitches of the 
quadnceps or calf muscles, respectively, which 
results from the application of a sudden stretch 
stimulus when, as in a lesion of the pjTamidal 
tract, the reflex arc concerned is abnormally excit- 
able A sharp depression of the patella by the 
exammer or a sharp dorsi-flexion of the ankle 
elicits the respective clonic response The center 
for the kne^^prk m the human subject lies m the 
2nd, 3rd and 4th lum^bar segments of the cord, it 
IS innSyated_ through the antenor crural nerve 
The center for the ankle jerk is situated jn the 1st 
and 2nd sacral segments” the p enpheral nerve is 
thelciatlc_ Lloyd has shoivn that only two neurons 
are involved in the reflex arc of the knee and ankle 
jerks, and of other myotatic reflexes i e , the im- 
pulse passes from afferent fiber to motor neuron 
without traversing an mtemuncial neuron 

For a long time the knee jerk was thought to be 
a direct response of the muscle to mechanical 
stimulation and not a reflex, smee its latent penod 
was only some 6 to 12 m sec The revised estimates 
of the speed of conduction m penpheral nerve (up 
to 120 meters per second) show that this time is 
not too short for the occurrence of a purely spinal 
reflex, which the knee jerk is now generally ac- 
cepted to he Any condition, such as decerebration 
or mjury to the pyramidal tracts (ch 66), which 
enhances the stretch reflexes mcreases the tendon 
jerks ^ They are abolished by an mjury or disease 
mvolvmg the efferent or afferent limb of the reflex 
arc or the center itself (antenor horn cells) On 
account of its bnef twitch-like character the knee 
jerk IS sometimes spoken of as the “phasic reac- 
tion” of the stretch reflex, whereas the sustamed 

^ When the electneal responses are recorded from the 
muscle of an animal dunng the ehatation of a tendon 
jerk, cessation of the action currents is found to occur 
dunng the actual contraction of the muscle This, 
the so called “silent period” is probably due to the 
muscle spindles bemg reheved of stretch as the muscle 
shortens (see p 944) An additional factor is the syn- 
chronous nature of the discharge down the motoneu- 
rons, for, the latter bemg all exated m umson pass also 
simultaneously mto the subnormal phase 


contraction resulting from a contmuous pull upon 
the tendon, and which is concerned m the mam- 
tenance of posture, is referred to as the “static 
or postural reaction” of the stretch reflex The 
knee jerk is less subject to abnormal states, e g , 
spmal transection, anesthetics, circulatory failures, 
etc , than are the postural reactions In an animal 
such as the dog or rabbit, the knee jerk returns in 
a few mmutes after spmal transection, m the 
monkey after some days In man, though pos- 
tural reflex activity is entirely lost, the muscles 
bemg quite flaccid, the knee jerk is elicitable m 
some degree m from 3 to 7 weeks after a complete 
transverse lesion of the cord (see ch 66) 

The smooth and steady character of the con- 
tractions brought about through the ordmary 
stretch reflexes concerned with the mamtenance of 
posture, IS due to the asynchronous nature of the 
impulses set up by the numerous stretch re- 
ceptors and the asynchronous reflex discharge oi 
impulses down the motoneurons to the muscles 
The muscle fibers are, therefore, never all re- 
laxed nor all contracted at the same tune The 
sharp contraction of the quadriceps characteristic 
of the knee jerk, on the contrary, is brought about 
by the discharge of a volley of synchronous im 
pulses and therefore bj' the fibers of the musclr 
contractmg m unison 

Ankle clonus Under certam conditions a mus 
cle or group of muscles instead of contractmg 
smoothly and contmuously may do so mtermit- 
tently m a senes of rapidly repeated movements or 
jerks Thus, m lesions of the central nervous; 
system assoaated with hypertonus, sharp passive 
dorsiflexion at the ankle jomt with mamtenance 
of the foot m the dorsiflexed position by light 
pressure upon the sole, evokes a stretch reflex 
which consists of a senes of rhythmical contrac- 
tions of the stretched muscles The sudden dorsi- 
flexion causes a suflicient number of stretch 
receptors to discharge a synchronous volley of 
impulses along the afferent nerve to the spmal 
centers and a synchronous volley to be discharged 
to the muscles The contmued stretch of the 
muscle caused by keepmg the ankle m the dorsi- 
flexed position sets up another synchronous volley 
as soon as the motoneurons have recovered each 
time from the subnormal phase of the precedmg 
one Thus, the dome movements contmue so 
long as the musdes are kept upon the stretch 
Clonus can be evoked m a simflar fashion m other 
situations 
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SOME OTHER STRETCH REFLEXES (DEEP OR TENDON 

reflexes) of clinical importance 

The jaw jerk Tapping the chm with the mouth 
partly open, and jaw supported, stretches the 
masseters which contract and jerk the jaw The 
center is in the pons 

The biceps jerk is elicited by a sharp tap upon 
the biceps tendon in front of the elbow joint, 
the response consists of a quick contraction of the 
biceps vfith flexion of the elbow The center for 
the reflex is situated m the 5th and 6th cervical 
segments of the cord, it is innervated through the 
musculocutaneous nerve 
The triceps jerk is evoked by a blow upon the 
triceps tendon just above the olecranon process 
of the ulna, contraction of the muscle and exten- 
sion of the elbow result The center for the response 
hes m the 6th and 7th cervical segments, the 
penpheral nerve is the musculospiral (radial) 

The supinator jerk consists of contraction of the 
supinator muscle and flexion of the elbow, it 
follows a blow upon the styloid process of the 
radius The center hes m the 5th and 6th cervical 
segments of the cord, the peripheral nerve is the 
musculospiral 

Rossoltmo’s refiex nhich is seen m lesions of the 
premotor cortex or of extrapyramidal fibers, con- 
sists of flexion of the toes, mdudmg the hallux, 
when the toes are flicked The same response is 
ehated by tappmg the dorsal surface of the foot 
over a metatarsophalangeal joint and is then 
known as the sign of Meiidei-Bechlercw A response 
corresponding to that of Rossobmo can be evoked 
by flicking the finger tips 
These are all myotatic reflexes caused by the 
sharp stretching of muscles, e g , the flexors of the 
fingers or toes, biceps, tnceps or closures of the jaw 

The Tone of Skeletal Muscle 

As a result chiefly of the work of the Sherring- 
ton school the word “tone” or “tonus” as apphed 
to skeletal muscle has acquired a clearly defined 
meaning which it had previously lacked Muscle 
tone IS the steady reflex contraction which resides 
m the muscles concerned m maintammg the pos- 
ture characteristic of a given animal species To 
use Shemngton’s words “reflex tonus is postural 
contraction ” Tonus has its basis m the “static 
reacUons” of the stretch reflexes, and its seat is 
therefore mainly m the anitgramty muscles In 
most mammals these are extensor muscles and we 
sh^ see that m decerebrate ngidity the animal 
exhibits an attitude which is a cancature of 


standing, due to an exaggeration of the tone of 
the extensors 

In man the antigravit)' muscles and conse- 
quently those which exhibit the greatest degree of 
tone arc the retractors of the neck, the elevators of 
the jaw (masseters), the supraspinatus, the ex- 
tensors of the back, the ventral muscles of the 
abdommal wall (probably), and the extensors of 
the knee and ankle (vastocrurcus, gastrocnemius 
and solcus) When these muscles arc completely 
relaxed, as in an unconscious person, the body 
collapses In the healthy conscious person, stretch 
reflexes are largely instrumental m preventing this 
occurrence for, as we have seen, the elongation 
of an antigravuty muscle b> less than 1 per cent of 
Its length stimulates the muscle spindles and a 
sustamed reflex contraction results (sec also sup- 
porting reactions, p 970) 

Though the fundamental basis of tonus in volun- 
tary muscle IS the myotatic reflex centered in the 
cord, the tonus state is influenced profoundly by 
higher centers Impulses from labyrinthine and 
neck muscle receptors (p 969) exert their influ- 
ence upon this background of tonus established 
through lower spinal centers Similarly, pathwa> s 
from cerebellar, raidbrain and cerebral centers 
convey impulses which, impmgmg upon the final 
common path, arc capable of altcruig the degree 
of tonus, of effecting finer adjustments in the 
tonus state and of mamtainmg its normal distri- 
bution between groups of muscles (fig 646, p 
957) The tone of a given group of muscles may 
abo be mfluenced through the spinal centers by 
impulses ansmg in other muscle groups (e g , 
neck muscles and the muscles of the digits, ankle 
and wnst, as m the positive supporting reaction) 
and m skm receptors 

When the spinal centers are separated from 
higher centers, extensor tone is abolished (see 
spmal shock, p 967) Abo, smee it is dependent 
upon stretch reflexes, muscular tone is lost after 
injury to the afiferent or efferent nerves, or to the 
spinal centers 

A feature of tonic contraction is its economy m 
the expenditure of energy Posture is mamtamed 
for long periods with little or no evidence of fa- 
tigue, e g , m decerebrate ngidity, in the mam- 
tamed closure of the jaws, standmg or sittmg m 
the normal person, and m the clasping reflex of 
the frog The increase m metabolism is less than 
m the case of those ordmary contractions which 
result m movement, though the difference is not 
as great as was once supposed » It had abo been 


hutnan subject postural contracUons 
cause a nse of from SO to 70 per cent m the basal metab 
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thought that tome contractions were unaccom- 
pamed hy action currents This, however, has 
been shown to be an error The work of Forbes 
and of Adrian and theu: associates mdicates that 
the economy of energy is effected through different 
groups of muscle fibers contractmg m relays, only 
a proportion of the total number of fiber groups of 
the muscle bemg active at any moment Thus, 
active fiber groups mmgled with mactive groups 
are scattered throughout the muscle The alter- 
natmg penods of rest and activity of the muscle 
groups explams the ability of the tome contraction 
to be mamtamed for so long without showmg 
fatigue 

RED AND ‘WHITE MUSCLE 

The skeletal muscles of many animals, eg, birds, 
rabbit, cat, etc., can be clearly divided mto two types, 
<a) red or dark, and (b) while or pale The former, as 
compared ivith the latter, are composed of smaller 
fibers havmg a granular and more opaque appearance, 
possessmg more distmct longitudinal stnations but less 
pronounced cross stnations, and conta inin g a larger 
proportion of sarcoplasm’ The red fibers contract 
more slowly, fatigue less readily, and are tetanized 
at a slower rate of stimulation than are the pale fibers 
The pale fibers are translucent, show promment cross 
stnations and a small quantity of sarcoplasm Those 
muscles which execute rapid movements are usually, 
though not mvanably of the pale vanety, whereas the 
slower movements are earned out chiefly by the dark 
muscles It is probable that aU muscles are a mixture 
of the two types of fiber, but that m some the red, m 
others the pale type, predominates The segregation 
of the two types of fiber m different muscles is much 
more pronounced in some animals, e g , the fowl and 
rabbit, than m others In buds capable of soarmg, or of 
long flight the ■wing muscles are mamly of the red t5q)e 
In man and the monkey the two kmds of muscle can be 
distmguished with the naked eye, though the differences 
are not very pronounced The predo min ance of one or 
other type of fiber, can, however, be readdy made out 
under the microscope The rapidly contractmg flexor 
muscles are largely composed of the pale fibers, whereas 
the extensors have usually each a superfiaally placed, 
rapidly contractmg, pale component (or hCad) and a 
deep, slowly actmg dark head For example, the pale 


ohsm. In certam nervous states, m which the body is 
mamtamed m fixed attitudes for long penods (cata- 
toma), the mcrease m metabolism resiiltmg from the 
tome contraction of the muscles is less (20 per cent) 
than in the case -of the normal subject. The arculatory 
effects of sustamed posture are also less pronounced 
in the pathological cases (Gaylor and Wishart, Bram, 
1933, 56, 282) " 

* They resemble the mtrafusal fibers of the muscle 
spmdle (p 942) 


gastrocnemius contracts rapidly and overhes the dark 
slowly contractmg soleus The lateral short head of 
the tnceps is pale and contracts rapidly, the medial 
short head is dark and contracts more slowly The 
slowly actmg deep components of the extensor muscles 
are those which respond most readdy to a stretch 
stimulus by a prolonged steady contraction and so show 
the greatest degree of tone They are the “focus of the 
stretch reflex,” and it is upon them that labyrmthme 
and neck reflexes are mainly exhibited The rapidly 
contractmg portions are more especially concerned with 
the execution of rapid movements No hard and fast 
Ime, however, can be drawn, smee both types of exten- 
sor muscle exhibit tone and both take part m phasic 
contractions, and the pale muscles respond to stretch 
but by a sharp contraction as m the tendon jerks, and 
m the “pluck reflex” of a flexor muscle, which consists 
of a bnef contraction when a sharp jerk is apphed to a 
flexor or tendon 


Kg ' — ■ — " 



Fig 65 2 The reflex effect of the labyrmthme and 
neck reflexes on red and pale muscle Preparation 
with seePon of bram-stem slightly antenor to supenor 
coUicuh M tnceps, short lateral head (pale), double 
traced hne} short medial head (red), single hne Neck 
dorsiflexed at t and ventriflex^ at t Labyrmth m 
mtermediate posiPon m each neck posture (from 
Creed, Denny-Brown, Eccles, Liddell and Sherrmrton 
Reflex Acitmly of the Spinal Cord, Clarendon Pres^ 

THE QUESTION OP THE S-yMPATHETIC INNERVATION 
OF SKELETAL MUSCLE 

The apparent dissmulanties between postural or 
tome contracbon and the rapid contraePons resultmg 
in movement (phasic contraePons) have led some 
physiologists to beheve that these two types of muscu- 
lar acPvity are fundamentally different A theory was 
built up which postulated two components m muscu- 
lar acPvity A plasltc element (plasPc tonus) sustamed 
by the sarcoplasm of the muscle fiber, and dependent 
upon a sympathePc mnervaPon and a contractile ele- 
ment (so-called contracPle tonus) mvolvmg the myo- 
fibrils and governed by somaPe nerves The ordinary 
phasic contraePons, it was supposed, were dependent 
solely upon the myofibnls and somaPe mnervaPon, 
the sustamed or tome contraepon upon the sarcoplasm 
and sjTupathePc mnervaPon The red muscles 'with a 
large proportion of fibers nch m sarcoplasmic material 
were thought to be innervated by many sympathePc 
fibers SympathePc denervaPon of spasPc muscles "was. 
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tierefore, resorted to m attempts to reUevc the sp^ 
baty The Orbeh effect also appeared to support the 
behef m a sympathebc umervabon of skeletal muscle 
Orbeh found that the fabgue of a muscle sUmulated 
ihmtgh tis nme (i e , mdmectly) -was reduced by con- 
current stunulabon of sympathebc fibers gomg to the 
muscle Sympathebc stunulabon was, however, without 
effect upon the contracbons of a muscle sbmulated 
dtrectly These results lead to the conclusion that the 
sympathebc effect was exerted upon the motor end 
plate CorkiU and Tiegs confirmed Orbeh’s observa- 
bons Nevertheless, no sympathebc fibers have been 
demonstrated as termmatmg m the motor end plate. 


between the supenor colliculi and the vcsUbular 
nudei * It was first studied and desaibcd in detail 
by Sherrington The animal assumes a characteris- 
tic attitude with lunbs stiffly extended, head re- 
tracted, jaws dosed, and tail horizontal or erect 
When placed upon its feet the limbs support the 
weight of the body (fig 65 4A) The postiion is a 
caricature of the normal standing position The knee 
jerk and other stretch reflexes (p 960) arc exag- 
gerated The righting reflexes arc abolished, tonic 
neck and labynnthme reflexes are retained The 
ability to regulate the body temperature is lost 




Fro 65-3 The effect of sympathetic stimulation (upper tracing) and of adrenaline 
bgue of skeletal musde acbvated through its motor nerve (from Corkill and Tiegs) 


(loner tracmg) upon the fa- 


the effect, it appears, results from the hberabon of an 
adrenahne like substance (sympathm) from vascular 
sympathebc endmgs (fig 65 J) Theacbonof adrenalme 
m postponmg muscular fabgue has been menboned 
ch 59 

The concepbon of a sympathebc mnervabon of 
skeletal muscle has been discredited as a result of these 
findmgs, and the complete lack of evidence which can 
be brought to its support Exasion of the sympathebc 
nervous system does not alter any postural contracbon 

Decerebrate Rigidity 

This IS the term apphed to the sustained con- 
traction of the extensor musdes which supervenes 
upon transeebon of the bram stem at any levd 


In some instances there is increased tone of the flex- 
ors as well, but the chaiactensbc feature of decerebrate 
rigidity 13 the tonic contracbon of the muscles uhich 
mamtain the posture of the bodj against gravit> (p 
963), the antigramty muscles It may be pointed out 
that in the frog whose natural posture is squatbng 
with flexed thighs, legs and arms, it is the flexor muscles 
which are the site of decerebrate rigidity Also in the 
sloth, whose habit it is to remain for long penods 
suspended from a tree branch, flexor ngiditj is the 

* Decerebration can also be produced by tjong the 
common carouds and the basilar arterj' at the center 
of the pons and thereby depnvmg the fore-brnm of its 
blood supply 
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charactensbc result of decerebration In the pigeon 
the flexor muscles which mamtarn the restmg (folded) 
position of the wing exhibit ngidity, and in the ape the 
muscles which hold the elbow semiflexed when the body 
IS erect show mcreased tone A remarkable feature of 
decerebrate ngidity is its mamtenance for many hours 
without the muscles showmg signs of fatigue, 

TONIC LABYRINTHINE AND NECK REFLEXES IN THE 

DECEREBRATE PREPARATION (SEE ALSO P 969) 

Labyrinthine propnoceptors are responsible for 
the tone of the neck extensors, consequently, after 
destruction of the labyrinths in the decerebrate 
preparation the head is no longer held erect but 
falls mto the fully flexed position The ngidity m 



Fig 65 4 a suspended decerebrate cat showmg ex- 
tensor nudity In A, the labyrinths are intact. B, 
a decerebrate and labyrmthectomized animal As 
a result of the destruction of the labjTinths the head 
has dropped, this position of the head mduces reflex 
flexion of the fore-hmbs and extension of the hmd- 
limbs (tonic neck reflexes, p 971) (after Pollock and 
Davis) 

the forelimbs in turn is mamtamed through pro- 
pnoceptive reflexes initiated in the extended neck 
musdes as well as directly through labyrmthine 
reflexes (p 969) After labyrmthectomy, there- 
fore, the flexed position assumed by the head sets 
up propnoceptive impulses from the neck musdes 
which lead to a reduction m the extensor tone 
of the forelimbs, these then become strongly 
flexed upon the chest (fig 65 4B) If the neck 
musdes of the labyrmthectomized animal are 
deafferentated, movements of the head are with- 
out effect upon the extensor musdes of either fore 
or hmd lunbs, deafferentation of the fordunb 
musdes themselves is followed by little change m 
the extensor tone of the forelimbs On the con- 


trary, the extensor ngidity of the hmd lunbs is 
affected relatively little by labyrmthectomy or 
deafferentation of the neck musdes, but is abol- 
ished by deafferentation of the hmd limb musdes 
themselves To sum up, the tone of the forelimb 
extensors is mamtamed chiefly b}" labyrmthme 
and neck reflexes, proprioceptive impulses from 
the forelimb musdes themselves playmg a very 
minor part In the hmd limbs the extensor rigidity 
IS sustamed mainly through proprioceptive re- 
flexes mitiated from the correspondmg limb 
musdes 

LENGTHENING AND SHORTENING REACTIONS 

Attempts at passive flexion of the extended limb 
of the decerebrate (or chronic spmal) preparation 
are met by considerable resistance If the force 
is mamtamed inhibition of the stretch reflex 
(upon w'hich the resistance depends) results, the 
limb gives w'ay suddenly {clasp-knife effect) and 
may then be easily flexed to any degree and re- 
mains m the new position The elongation of the 
extensors w'hich permits the flexion of the limb is 
called the “lengthening reaction” Upon moving the 
limb again mto the extended position the extensor 
muscle shortens adaptively, and agam resists 
the hmb being bent This is the “shortening 
reaction” These reactions give the muscles a cer- 
tain plastic quahty The givmg w’ay of th^ exten- 
sor spasm m the length emng reaction has'^bfen 
ascnbed to the settmg up of inhibitory propriocep- 
tive impulses m the musde when the stretch 
stimulus reaches acertam mtensity As the knee 
extensor is inhibited by a contraction of the op- 
posite knee extensor occurs, this is known as 
Phillips on's reflex 

A CONSIDERATION OF THE CENTRAL MECHANISMS 
CONCERNED IN THE PRODUCTION OF 
DECEREBRATE RIGIDITy 

Bazett and Penfield succeeded m keepmg ani- 
mals (cats) ahve for from two to three weeks after 
aseptic section through the mid-bram The ani- 
mals showed extensor ngidity up to the day of 
death, though as time elapsed the condition 
tended to be less constant, mtervals of reduced 
extensor tone and increased flexor tone altematmg 
with penods showmg the typical decerebrate pos- 
ture The fact that extensor ngidity was pres- 
ent so long after operation makes it clear that the 
condition is not due to the imtation of fibers at 
the hne of section, for these must have undergone 
degeneration before the end of the survival pe- 
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nod. Decerebrate ngidit\ is e%adently due to the 
release from higher control of a center or centers 
situated below the lei el of the transection. The 
ngiditj IS mcreased after ablation of the anterior 
lobe of the cerebellum, the stretch reflexes of the 
antigravitj muscles are exaggerated On the other 
hand, stimulation of the cortex of this part of the 
cerebellum causes pronounced inhibition of de- 
cerebrate ngiditi The ngiditj is abolished by 
destruction of the lestibular nudei or of the les- 
tfbulospmal tracts Intact i estibular nudei, there- 
fore, are essential for the deidopment and persist- 
ence of decerebrate ngiditi Section confined to the 
pjTaimdal tracts has no important effect upon 
decerebrate ngidib. , but unilateral section of the 
medulla aboie the decussation of the pyramids 
abolishes muscular ngiditi on the same side, 
whether or not the pjTanudal fibers are exduded 
from the section. 

Some of the pseudoaffectn e reactions char- 
acteristic of the thalamic or decorticate a nim al 
(p 967) are seen m the decerebrate preparation 
to a mmor degree. Bazett and Penfield record that 
m their chrome decerebrate animals stunulation 
of the preparation, as bi twistmg the ear, caused 
lashmg of the tail, kickmg and runnmg mo\e- 
ments were mduced b> merdi touching the ani- 
mal Pumng followed the mtroduction of milk 
mto the stomach Other reflexes whose centers 
are apparentli located m the medulla consisted 
of motions of chewmg and swallowing upon the 
passage of a stomach tube, and b eking moi ements 
upon Its remoial, growimg, mewmg or crying also 
occurred m response to mnous tipes of stimulus 
Auditon reflexes, consisting of mo\ ements of the 
head, limbs or tail, m respionse to certam sounds, 
especaalli to a small scratchmg sound resemblmg 
that made bi a mouse were also obsen ed 

A decorticate cat or dog (thalamus, hypothala- 
mus and basal gangba mtact) shows a nearlj 
normal distribution of muscular tone, but the 
decorticate monkei dei'clops well marked hj^per- 
tonus, though not tj-pical decerebrate ngiditj 
The hvpertonus is increased if the section excludes 
the hi-pothalamus and thalamus Onlj a moderate 
hj-pertonus is produced b\ destruction of the red 
nuden 

Excision of certam areas of the cortex— so-called 
suppressor areas (ch. 68) — ^mcreases musde tone. 

Euppre=^r area is also situated m the medulla 
wkch IS subordinate to the cortical areas, and 
which upon stimulation mhibits decerebrate ngid- 
itj On the other hand, a long tract is situated m 


the brain stem (fadhtatorj tract) whose dcstnic- 
bon reduces spastiatj though does not abolish it- 
It IS endent then that decerebrate ngiditj and 
muscle tone m general cannot be simplj' explained, 
nor be accounted for upon the basis of known 
function of a limited part of the central nen ous 
sj’stem The most impwrtant nen ous mechanisms 
mioUed m the production of decerebrate ngiditj 
appear to be the release of the vestibular nudei, 
and the fadhtatorj tracts from suppressor influ- 
ence 

DECEREBRATE RICrDITJ IX MAX 

States of hvpertonus risembhng decerebrate 
ngiditv are seen m certam nen ous diseases The 
spastiatv of the hemiplegic limbs, for example, 
bai; been compared with the experimental con- 
dition, but the hvpertonus is, as a rule, much less 
pronounced m the hemiplegic patient than in the 
decerebrate annnal Moreover, m hemiplegia, 
though the lower lunb is extended, m the arm 
It IS the flexor musdes which are hvpertonic. It 
mav be mentioned, however, m this connection 
that m the ape standmg upon its hmd limbs the 
flexors of the forelimbs are the postural musdes 
and hold the limbs m a semiflexed position against 
gravitv. It IS the antigravntv musdes, as alrcadj 
mentioned, which show ngiditv after dccerebra- 
tion ViTien, on the other hand, the animal goes 
upon all fours the extensor as well as the flexor 
musdes of the forelimb become hvpcrtomc like 
those of lower mammak and convert the hmhs 
into ngid supports for the bodj It has been shown 
bj Bram that when the hemiplegic patient assumes 
the quadnpedal jwsition the ngiditj also shifts 
from the flexors of the arm to the extensors, the 
arm is extended and offers resistance to passive 
flexion This suggests that the ordraaij flexed p>osi- 
tion of the hemiplegic arm is m reahtj , as in the 
decerebrate ape, a part of reflex bijicdal standmg 

In eitensiv e destructiv e lesions of the cortex or 
subcortical connections of the frontal lobes and not 
confined to the motor area (see p 967), manifesta- 
tions similar to those seen m the thalamic (decorti- 
cate) monkev appear Tome labvnnthme and neck 
reflexes can be readilv demonstrated (fig 65 6, 
p 968) 

Decerebrate ngidity in man more doselj com- 
parable to that seen m nnimals is seen as a tem- 
porarj or functional manifestation m certam con- 
vulsive states — tome fits — and as a permanent 
state m lesions of the pons or mid-hram .Ml four 
hmhs are ngidlj extended, with the arms thrust 
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strongly backwards and the forearms pronated 
The muscles show the lengthenmg and shortenmg 
reactions charactenstic of the decerebrate animal 
and tonic labynnthme and neck reflexes can be 
demonstrated m a strikmg manner 

Rigidity IS a pronounced feature of striatal dis- 
ease but it differs from decerebrate ngidity in that 
the flexors as well as the extensors are hypertonic 

The Spinal State 

Transection of the cord produces an immediate 
flaccid paralysis of the muscles behmd the pomt 
of section Immediately after section m the lower 
cervical region the limbs hang limply, the exten- 
sors bemg quite toneless, the stretch reflexes and 
other extensor responses cannot be ehated, the 
knee jerk is abolished The blood pressure falls to 
a dangerously low level and vascular and visceral 
reflexes are unobtamable This condition is called 
spmal shock Its duration vanes with the species 
The higher the position of the latter m the phylo- 
genetic scale the more profound is the shock and 
the slower is the recovery In the frog its dura- 
tion IS brief, m the rabbit, cat and dog the knee 
jerk returns within a few mmutes (rabbit) , or m 
an hour (cat) or longer (dog) , but m the monkey, 
not for several days Other extensor reflexes, how- 
ever, remam m abeyance for a much longer time 
In the cat and dog the picture immediately follow- 
mg spmal transection is the converse of that seen 
after decerebration The flexor reflexes though de- 
pressed for a short penod soon recover or show 
httle or no impairment, mdeed, flexor responses 
may be actually augmented Consequently, if the 
cord of a decerebrate preparation is sectioned, the 
exaggerated extensor tone characteristic of the 
latter is replaced (behind the section) by an im- 
balance in favor of the flexor muscles 

Spmal shock also follows section through the 
medulla below the vestibular nuclei (decapitate 
Preparaltan) 

In the cat and dog spmal shock is gradually 
recovered from over a penod of weeks The blood 
pressure is restored to normal and the vascular 
reflexes can agam be obtamed The reactions of 
the extensor muscles return, and the animal is 
able, though imperfectly and for a few minutes 
only, to support the .weight of the body when 
placed upon its feet (chronic spinal animal) 

Spmal shock is attributed to the removal of impulses 
which m the intact ammal descend from higher centers 
to reinforce the spmal centers That it is due to this 
and not simply to an inhibitory effect of the local 


injury itself seems clear from the fact that after an 
animal has recovered from spmal shock, a second tran- 
section made behmd Qower than the origmal one) does 
not cause a return of the shock state In the cat and dog 
the flexor reflexes are evidently dependent only to a 
mmor extent upon the higher centers, smce they are 
capable of being executed by the spmal centers alone 
The loss of the extensor reacbons results from the re- 
moval of vesbbular impulses (severance of vesUbulo- 
spmal tracts) but these reacbons can also eventually be 
earned out by the spmal centers In primates, on the 
contrary, m which a greater degree of motor funebon 
IS represented m the cerebral cortex, the unmediate 
effect of cord seebon upon reflex acbvity is much more 
profound, involving the flexors as well as the extensors 
The loss of the flexor reacbons is probably due to the 
greater dependence of these higher animals upon de- 
scendmg (corbcospmal) tracts as compared with lower 
orders seebon of these tracts is a more important 
factor m this respect than is seebon of the vesbbulo- 
spmal tracts Ultimate recovery of reflex acbvity m the 
monkey is shght, any which results is confined to the 
flexors and the knee jerk The muscles waste and the 
limbs remain flaccid The failure of recovery eventually 
to occur IS probably due to degenerabon of antenor 
horn cells below the level of the cord seebon (isolabon 
dystrophy), the long durabon of the shocked state per- 
imttmg detenorabon of the cells to proceed beyond the 
tune withm which repau is possible (see paraplegia m 
flexion, ch. 66 

The “Thalamus” Animal 

This term is given to an ammal whose cerebral 
hemispheres have been removed, leavmg the optic 
thalami mtact (see fig 65 10, Section I) Such prep- 
arations retam their nghtmg reflexes and can regu- 
late then body temperature They are also capable 
of carrymg out coordmated reflex acts and show, 
often to an exaggerated degree, reactions which m 
the mtact animal are associated with emobonal 
states (fnght, anger) Such reactions, which are 
termed pseudoaffective, are also exhibited by an 
animal whose cortex alone has been ablated (see 
ch 67) In contrast to the decerebrate animal, the 
distnbubon of muscular tone m the thalamic cat 
or dog shows httle departure from the normal, 
though pronounced extensor rigidity becomes evi- 
dent when the animal is held suspended m mid-air 

Primates, on the contrary, are unable to walk 
after bilateral decorbcation, and there are pro- 
found alterations m the muscular tone of the limbs 
The animal assumes a characteristic attitude 
When lymg upon its side the hmbs of the under 
part of the body are extended and the uppermost 
hmbs flexed The uppermost limbs show a pro- 
nounced grasp reflex Tummg the ammal on to its 
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opposite side reverses the picture The hmbs which 
were underneath and extended are now flexed and 
show the grasp reflex, while the hmbs previously 
uppermost, being now underneath, are extended 
Rigbtmg reflexes (except those dependent upon 
vision) and the tome labynnthine and neck re- 
flexes of Magnus and de Kleijn arc shown m a 
striking fashion (figs 65 5 and 65 6) When a board 


muscle receptors) The local or segmental static 
reactions involve essentially one limb or a pair of 
hmbs, examples -ire, the supporting reactions and 
the crossed cxtcimon rcjtcx The latter reflex has 
been desenbed on page 957 

(2) Kinetic [slalo kinetic or accelerator) reflexes 
The actual movements of the head bring these 
reflexes into action (stimulation of receptors in 
semicircular canals or utricle) 



Fig 65 5 Showing posture of a "thalamus” monkey 
The underneath hmbs are extended and the uppermost 
flexed When the animal is turned over, the previouslv 
extended hmbs (being now uppermost) are flexed, and 
those which were flexed (now underneath) are extended 
(After Bieber and Fulton) 

is laid upon the anunal’s upper surface, so as to 
equalize the pressure on both sides of the body, 
the hmbs assume symmetrical positions (p 969) 

Static and Stato-Kinetic Refiexes of 
Magnus and de Kleijn 

The reflex mechanisms governing the orienta- 
tion of the head m space, the position of the head 
m relation to the trunk and the appropnate ad- 
justments of limbs and eyes to the position of the 
head, are called mto action by afferent impulses 
discharged from receptors situated m (a) the ves- 
tibular apparatus (semicircular canals or utricle), 
(b) the neck muscles, (c) the retina, and (d) m the 
body wall or lunb muscles 
The postural reflexes are classed into two mam 
groups, sialic and kinetic 
(1) Static r^exes These are general and local 
or segmental The general static reacbons, so called 
by Magnus because they mvolve the enUre body, 
or at least four hmbs, ate (a) the righting reactions 
and (b) the slato-tomc reflexes The general stabc 
reactions are called mto play by the deviation of 
the head from its usual or “natural” posiUon m 
space (sbmulabon of receptors or utricle, p 983) 
or m relation to the trunk (sbmulabon of neck 



Fig 65 6 Dccorlicalc child Suprasellar cj si causing 
interrupuon of subcortical connecUons, complete quad 
nplegia with marked extensor rigidit) of the lower 
hmbs and semiflcxcd pronated positron of the upper 
Turning the head to one side causes extension of the 
arm of that side and mcrcascd flexion of the opposite 
arm (After L. E. Davis) 

When an animal's head moves m space as a 
result of a movement of the nock, or of a change m 
the position of the body as a whole, the reflex 
adjustments of limbs and eves which accompany 
a particular movement of the head are brought 
about through slato kmebc reacbons The atti- 
tude nhich IS thus struck is sustained bj a stato- 
tonic reflex so long as the head is m the new 
position The righting reflexes serve to maintain 
the normal upright position of the body or to re- 
store this jiosibon if as a result of some untoward 
movement or the application of an external force 
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the animal is thrown upon its side or back A 
more detailed account of these different postural 

reflexes follows 

s 

General Static Reflexes 

THE RIGHTING REFLEXES 

The orientation of the head m space, and the 
abflity to mamtam the body m a certain definite 
(normal) relation to the head is a characteristic of 
animal life A cat held back downwards and then 
allowed to fall through the an lands upon its feet, 
its head and body assummg, m a flash, the normal 
attitude A fish resists any attempt to turn it from 
its natural position and if placed m the water upon 
its back flips almost mstantly mto the normal 
swimmmg position Even a cray-fish nghts itself 
from the back-down position ® These nghtmg reac- 
tions are complex and involve five separate types 
of reflex 

(a) Labynnthme nghtmg reflexes acting upon 
the neck muscles 

(b) Neck nghtmg reflexes actmg upion the bod> 

(c) Body nghtmg reflexes actmg upon the head 

(d) Body nghtmg reflexes actmg upon the body 

(e) Optical nghtmg reflexes 

The first four of these are demonstrated best 
upon a “thalamus” animal (p 967) When a 
“thalamus” rabbit or a bhndfold normal animal 
IS suspended from the pelvis (fig 65 7) the head 
turns until it assumes its normal position m space 
1 e , mto the position it would occupy were the 
animal m its natural position T he maintenance o f 
the head m the ne w position is due to labyrtnUnne 
^hhng reflexes aHmg upon the neck muscles 
Tummg the body of the ammal through the air 
mto different positions is followed by compensatory 
movements of the head, its onentation m space 
bemg thereby mamtamed After extirpation of the 
labyrmths or destruction of the utncle alone, and 
suspension of the animal as before, the head shows 
no compensatory movements, it hangs hmply like 
that of a dead rabbit 

When the bhndfold or thalamic anirqal is laid 
restmg upon its side on a table the head is raised 
mto the usual upnght position as a result of the 

‘The otocyst of the prawn is homologous to the 
utncle of mammals It is open to the exterior and at 
moulting time its hnmg is shed The otoliths consist of 
grams of sand nhich the ammal itself introduces into 
the otocyst If, after moulting, the animals are placed 
in a dish containing fine iron fihngs these are mserted 
and vanous forced movements of the head and body 
can be induced by bringing a magnet mto relation with 
the ear 


lab3rrmthme reflexes just mentioned The contrac- 
tion of the neck muscles which rotate the head 
sets up m turn, propnoceptive impulses, which 
through a center m the upper cervical cord exert 
an influence upon the muscles of the body which 
rotate it (thorax first, then pelvis) mto the normal 
relationship to the head This is the neck righting 
reflex acting upon the body A Ihbyrmthectomized 
ammal when laid upon its side behaves m a some- 
what similar manner The reaction under the latter 
circumstances iS due, however, to the asymmetrical 
stimulation (pressure of one side of the body upon 
the table) of exteroceptors m the body waU, and 
the reflex contraction of the neck muscles This 
is the body righting reflex acting upon the head. If 



Fig 65 7 On left, position taken up by a thalamus 
rabbit with mtact labyrmths As it possesses the 
labjrnnthme nghtmg reflexes, it cames its head m the 
normal position On nght, position taken up by a 
rabbit like the precedmg but depnved of its labyrmths 
The head is not raised towards the normal position 
(after Magnus) 

a board of a weight equal to that of the ammal is 
laid upon its upper surface, the pressure bemg 
thereby disposed equally on the two sides, the 
compensatory movement of the head does not 
occur 

Agam, when a bhndfold animal or one which has 
been decorticated is laid upon its side, and its head 
held down to the table, to ehmmate the nghtmg 
reflexes of labyrmthme and cervical ongms, as well 
as the body nghtmg reflex actmg upon the head, 
the body nevertheless attempts to nght itself by 
raismg the hmd quarters This must be due to the 
asymmetncal pressure upon the body exerting a 
reflex effect upon the skeletal musculature, i e , a 
body righting reflex acting upon the body 

This reflex is well shown by the labiymthecto- 
mized dogfish, espeaaUy after bhndmg When 
placed in the water (pressure bemg equal on all 
sides) upon its side or back the fish depnved of its 
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labyrinths swims away m the false position When, 
however, it comes mto contact with the bottom or 
side of the tank (pressure then being exerted un- 
equally) the nghting reaction immediately occurs 
Even worms possess this means of orientation 
The optical righting reflexes are initiated through 
retmal impressions They are absent m the tha- 
lamic animal smee their center is cortical (occipital 
lobes) Visual impressions play a prominent role in 
the onentation of the head in some animals, such 
as the monkey, dog and cat If a labynnthecto- 
mized dog is held m the air m order to exclude the 
body nghtmg reflexes, it is capable of oncnting the 
head, but is not able to do so if blindfold The 
optical nghting reflexes are of minor importance as 
compared vfith the labiTmthmc m animals such 
as the rabbit and gumea pig whose cortical develop 
ment is more rudimentary, and who depend to a 
large extent upon subcortical visual centers For 
this reason, m the more mtclligent animals the 
optical nghtmg reflexes are abolished by decortica- 
tion Yet even the cray-fish depnved of its otocyst, 
which IS the horaologue of the utncle of mammals, 
nghts itself, though mth less faality than nor- 
mally, when placed upside down m water In this 
medium nghtmg reflexes due to unequally dis- 
tnbuted pressures upon the body surface must 
obviously he m abeyance, the nghtmg reaction, 
then, IS apparently entirely of retmal ongm That 
this IS so IS proved by bhndmg the animal, then 
the nghtmg reaction is lost completely 
To sum up, the nghtmg reflexes may now be 
given m their natural sequence When the animal 
IS placed upon its back the labynnthme reflex 
acting upon the neck muscles turns the head mto 
its normal relationship to the dimensions of space, 
the propnoceptive reflexes of the neck musdes 
then bnng the bod> mto its normal relation to the 
head IVhen restmg upon a ngid support these 
reflexes are reinforced by body nghtmg reflexes 
(on head and body) VTien the animal falls 
through air or water, these latter reflexes of course 
do not come mto play A labj-rmthectomized but 
otherwise normal animal, such as the cat or dog, 
recovers its upnght position when allowed to fall 
through the air, as a result of the operation of 
the optical nghtmg reactions, the righting abihty 
IS lost, however, if the eyes arc covered wnth a 
hood Also, aii air-breathmg animal depnved of 
Its labynnths, though a good swnmmer, drowns if 
thrown mto deep water, smee it cannot onent 
Itself by the sight of surroundmg objects Deaf 
mutes, whose labynnths are very frequently un- 


developed, though able to swim may become dis 
onented and drown if they fall or dive mto deep 
w'atcr 

Rightmg reflexes may be demonstrated m the 
human subject The baby of a few weeks old, for 
example, when lying prone raises the head into a 
nearly vertical position WTicn blindfolded and 
held by the pelvis in different positions m the air 
the head is moved toward the normal position 

Local and Seguental Static Reactions 
Sditorting Reactions 

Magnus speaks of the simultaneous reflex con- 
tractions of both extensor and flexor muscles and 
other opposing muscles whereby the joints arc 
fixed and the limbs converted mto ngid pillars for 
the support of the body against gravitj as the 
positive supporting rcadton This reaction is ini- 
tiated by — 

(a) Impulses discharged from the proprioceptors 
of the flexor muscles of the terminal segments of 
the limbs — digits and ankle or wnst, the pressure 
of an animal’s paw upon the ground bj stretching 
these muscles provides the adequate stimulus 
which calls forth simultaneous reflex contractions 
of the flexors and extensors of the knee (or elbow) 

(b) Mjotatic reflexes set up in the flexors of 
ankle and toes (plantar flexors), and of the corre- 
sponding forclimb joints, excessive extension at 
these joints is thus counteracted Anj tendency' 
toward over-extension at the knee or elbow is also 
provided against through the reflex set up when 
the flexors of these jomls arc stretched Similarly , 
any tendency' of the knee or elbow to bend under 
the vv eight of the body calls forth a my otatic reflex 
from the extensors, which prevents any weakening 
of the supporting action of the limb 

(c) Impulses set'up m the pressure receptors m 
the deeper lay'ers of the skin of the sole when m 
contact with the ground, thus exteroceptive re- 
flexes reinforce those of propnoccptiv c origin 
The exteroceptor clement is well shown m a de- 
ccrcbellated dog MTien such a preparation is 
placed upon its back and the head strongly flexed, 
the hmd limbs are flexed in all jomts Light pres- 
sure with the finger upon the toe pad then causes 
an extension of the limb, and if the finger be 
moved with the lunb as it extends so that only' 
very hght pressure upon the pad is maintained, 
one has the sensation of the limb bemg drawn out 
by the finger For this reason the movement has 
been called the "magnet reaction” 

The relaxation of the muscles and the unfixmg 
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of the joints which enables the limb to be flexed 
and moved to a new position is called the negative 
supporting reaction It is brought about by raismg 
the pad off the ground and plantar flexmg the toes 
and ankle The exteroceptive stimulus and the 
stretch stimulus to the plantar flexors are thus 
removed The reflex “unlodong” of the limb is 
not, however, simply due to the removal of these 
stunub, but has m addition a positive element, 
namely, the stimulus provided by plantar flexion 
and the consequent stretching of the dorsi-flexors 
of the toes and ankle — relaxation of the extensors 
of the knee or elbow and contraction of the flexors 
result 

The supportmg reactions, though seen best m a 
decerebellate animal, can also be demonstrated m 
the decorticate preparation or m one whose bram- 
stem has been divided above the medulla oblon- 
gata Segmental static reactions, e g , flexion re- 
flex and the crossed extension reflex have been 
described m chapter 64 

v/Stato-tonic or Attitudinal Reflexes 

(1) Tonic labyrinthine and neck r^exes acting 
upon the limbs These reflexes influence the tone 
of the skeletal muscles and thereby mamtam the 
different parts of the body m an attitude appro- 
pnate to a given position of the head They are 
mvestigated best m the decerebrate animal (p 
965), the nghtmg reflexes bemg then largely 
abolished The propnoceptors concerned are m 

(a) the labyrinth (tome labynnthine (utncular) 
reflexes) which are brought mto play by altera- 
tions m the position of the head m relation to the 
dimensions of space, (b) the neck muscles (tome 
neck reflexes) which come mto action when the 
position of the head is altered relatively to the 
body/ In order to study separately the part 
played by each of these reflexes m any given reac- 
tion, the foUowmg procedures are adopted 

A To exclude the neck reflexes 

(a) Immobilization of the neck of an animal by 
means of a plaster of Pans bandage m order to prevent 
movement of the head m relation to the trunk Any 
tome effects resultmg from a change m the animal’s 
position must then be due solely to alterations m the 
position of the head m space (labynnthme reflexes), or 

(b) section of the postenor roots of the first three or 
four pairs of cervical nerves 

B To exdude tonic labyrinthine reflexes 

(a) Fixation of the head alone m some suitable 
apparatus The tome effect resultmg from movement 


of the body must then be due to an alteraPon m the 
position of the body m relation to the head, i e , to 
movements of the neck, or (b) destruepon of the laby- 
rmths or seePon of the 8th nerves below the vesPbular 
nuclei 

The labjTinthme reflexes exert an influence upon 
the tone of the extensor muscles which is m the 
same direcbon (mcrease or decrease) m all four 
limbs The influence of the neck reflexes, on the 
other hand, is usually m opposite dmections m the 
fore and hmd pairs of limbs The greatest degree 
of extensor tone is exerted through the labyrmth 
mechanism when the animal is supme and the 
mouth cleft mdmed at an angle of 45° (fig 65 8) 



Fig 65 &. DiagrammaPc representaPon of the posi- 
Pons of an animal’s head, each marked with the angle 
which the mouth cleft makes with the horizontal plane 
(after Magnus) 

above the horizontal plane, and is least when the 
mouth deft makes an angle of 45° below the 
horizontal plane 

Extensor tone dunmishes as the angle mcreases, 
it is minimal m the prone position with the mouth 
deft at an angle of 45° below the horizontal plane 

In an animal on aU fours the labyrmthme effect 
IS therefore to mcrease or decrease the extensor 
tone m the musdes of all four limbs when the head 
IS strongly extended or flexed, respectively In 
the decerebrate lab 5 Tnnthectomized animal, the 
neck reflexes alone operating, flexion of the fore- 
limbs and extension of the hmd limbs occur when 
the neck is flexed toward the sternum (ventn- 
flexion) (see fig 65 4, p 965) Extension of the neck 
(dorsiflexion) produces the converse picture, i e , 
extension of the forelimbs and flexion of the hmd 
hmbs When therefore the neck is ventnflexed 
m the decerebrate animal with mtact labynnths. 
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the neck reflexes reinforce the tonic labyrinthine 
effect upon the forelunbs but antagonize that 
upon the hind limbs, the usual result is relaxation 
of the forelunbs vath strong extension of the hmd 
lunbs When the neck is extended the neck reflexes 
reinforce the labyrinthine effect upon the tone of 
the fore limbs but antagonize that upon the hmd 
limbs The effect of the neck reflexes upon the 
extensor tone of the latter agam predominates, 
the extension of the forelimbs is maintained but 
definite relaxation of the hmd limbs occurs 
Rotation of an animal’s head (tummg in the 
frontal plane of the skuU) causes mcreased ex- 
tensor tone of the fore and hind lunbs on the side 
of the body toward which the jaw is rotated (jaw 
limbsY and reduces the extensor tone of the oppo- 


ened m order to support the body’s weight A cat 
lookmg upwards to a bird in a tree extends the 
forelimbs and flexes the hmd lunbs, thus givuig 
the back a suitable inclination which miproves 
the position of the head and eyes, and places the 
body m a position preparatory for a spring (fig 
65 9) WTien looking mto a hole or beneath a cup- 
board the flexion of the forelunbs and extension of 
the hind quarters gives an opposite but no less 
advantageous inclination to the body Depression 
of the back m the region of the last cervical verte- 
bra bnngs the animal mto a crouching attitude 
Stato tonic effects ma> be demonstrated in cer- 
tam nervous lesions associated with a stale anal- 
ogous to decerebrate ngidity of animals (p 966) 
Tummg the head to one side, for example, causes 



Fro »9 Photogrsphs of a normal cat, showmg the ammal’s posture (on left) when its attention is attracted 
by an objKt placed above it Photograph of the same ammal (on right) when its attention is drawn to an object 
bdow m The difference ^tween the two positions of the forelimbs is very marked, because in them the neck and 
reinforce one another the hindlimbs are in much the same position m both cases, since the 
two Bets 01 reflexes cancel one another (after Magnus) ^ 


site lunbs {skull Imbs ) ' Inclmation of the head 
toward one shoulder (lateral flexion) as when an 
animal turns a comer is accompanied by similar 
effects — extension of the limbs on the side of the 
body toward which the jaw (or snout) is mdined 
Oaw lunbs) and flexion of the hmbs on the opposite 
side (skull lunbs) 

Pressure upon the last cervical vertebra reduces 
the tone m all four limbs {vertebra promtnens 
reflex) 

The significance of these reflexes and them im- 
portance m the coSrdmation of the postural 
musdes may be realized when the attitudes of the 
mtact anunal ate observed Thus when an anunal 
turns to one side the limbs of that side are stiff- 


' mtroduced the term jaw Umbs to in 

icate the hmte toward which the chin of man or S 

which the vertex of the s£ill i 
rotated, are called skull hmbs. 


an mcrease in tone of the extensors of the jaw 
lunbs and hj^otomcit} m the lunb musdes of the 
opposite side) r When the head is m the position 
for maximal labyrinthine tone, le, when the 


paucnc IS supine, and the neck extended the ex- 
tensor tone of the paraljzed limbs mcrcascs, but 
becomes reduced m the prone position 
(2) Tome labynulhinc and cervical reflexes acting 
upon the eyes Tome effects upon the eye musdes, 
analogous to those described for the skeletal 
musdes, result from changes m the position of 
the head Labyrmthme and neck reflexes are 
responsible Alteration m the position of the 
head with neck immobaized, or movement of the 
head m relation to the body after labynnthec- 
tomy, IS followed by compensator}' eye move- 
ments Tummg the head downwards causes an 

a ce^’ to Magnus, can also be shown m 

P"“®tage of normal mfants, and m hjdro- 
cephalus It may be well marked ^ 
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upward movement of the eyes which are held m 
this position so long as the head position is mam- 
tained, the tone of the superior recti and mfenor 
oblique bemg mcreased while that of the inferior 
recti and superior oblique is reduced A corre- 
spondmg compensator)”^ movement of the eyes oc- 
curs when the head is turned upward Simflarly, 
when the head is turned to one side the mtemal 
and external recti of the two eyes cooperate to 
deviate the eyes outward or mward m relation to 
the head Briefly, the eyes are moved m a direc- 
tion opposite to that taken by the head, thus their 
ongmal positions m space are mamtained and the 
visual field existmg pnor to the head movement 
remains unaltered It should be pomted out that 
the actual vwvement of the eyes is a stato-kmetic 
reflex (p 974) and due to a different mechanism 
(semicircular canals) from that which mamtains 
the eye position while the head is held m the 
altered attitude The latter is a statotonic reflex, 
dependent upon the utricle 

sumiAny OF the centers for general static 
REFLEXES 

Magnus found that all the static reactions men- 
tioned m the foregomg section could be obtamed 
unaltered after removal of the cerebellum, as 
could also most of the stato-kmetic reflexes to be 
described m the next section Nevertheless, this 
rather surprismg fact does not necessarily unply 
that m the normal mtact animal the cerebellum 
plays no part in these reactions A contrary con- 
clusion must be drawn from anatomical considera- 
tions and from observations m cerebellar disease 
m which disturbances referable to the labynnth 
(e g , abnormal positions of head, faUmg, etc ) are 
manifest. Moreover, Camis has demonstrated the 
amval of action currents m the cerebellar nuclei 
dunng experimental stimulation (mechamcal) of 
the labyxmth 

(a) The righting reflexes All the labjTinthme nght- 
ing reflexes, as well as the body nghting reflexes acting 
upon the head, have their centers in the midbrain 
According to Rademaker the lab 3 Tinthine righting 
reflexes are dependent ujion the red nucleus Destruc- 
tion of the red nuclei or section of the decussation of 
Forel (p 1017) is claimed by this observer to abolish 
the righting reflexes * The center for the optical righting 

® The conclusion that the red nucleus is the essential 
center for the lab>Tmtlune nghting reflexes has been 
recentlj' contested Keller and Hare found that sec- 
tioning the rubrospinal tracts did not abolish them 
(See also Ranson and assoaates ) 


reflexes is cortical, that for the body nghtmg reflexes 
actmg upon the head have their centers m the neigh- 
borhood of but not in the red nucleus itself (Magnus) 

(b) The siato-tomc labyrinthine reflexes actmg up>on 
the skeletal muscles have their center in the vestibular 
nuclei 

(c) The neck reflexes are centered m the upper two or 
three cervical segments of the cord (see fig 65 10) 

(d) The centers for the tonic labyrinthine and cervical 
reflexes acting upon the eyes are situated between the 
vestibular nuclei and the oculomotor nuclei 

Placing and hopping reactions These were first 
studied by Rademaker and have been more recently 
mveshgated bj” Bard Bard and Brooks descnbe five 
placing reactions 

COLLICULI 
^rzjctu AJrwudL 



Fig 65 10 Diastam to illustrate the effects of sec- 
tions through cat^ bram at vanous levels Lme I, 
thalamic animal, nghting, tonic labynnthme and neck 
reflexes retamed, httle disturbance of muscular tone, 
Lmes n and HI, decerebrate ngidity, Lme IV, be- 
hmd vestibular nucleus, decapitate animal, extensor 
ngidity abolished, tonic neck reflexes retamed Sec- 
tion at level of second or third cervical segment of the 
cord — spmal animal — abolishes the tome neck reflexes 
(after Magnus), III mdicates Shemngton’s ongmal 
section 

(1) If a cat IS held m mid-air with legs dependent 
and chin held up so that it cannot see anything below 
or m front, contact of the backs of the forepaws with 
the table’s edge is followed by a qmck movement of the 
limbs which bnngs the paws, soles down, precisely 
upon the surface of the table (2) If the forehmbs of a 
cat are held down i\hile the chin is brought m contact 
with the table near its edge, the forepav s v hen released 
are instantly raised and placed upon the table beside 
the dun, a movement which is usually followed by ex- 
tension of the hmbs and the assumption of a standmg 
position (3) If the fore- or hindhmbs of a cat standmg 
or sittmg upon a table are pushed over the table’s edge, 
they are immediately lifted and placed in their ongmal 
positions (4) If one abducts, without holdmg, the hmb 
of a standmg cat, it is instantly returned to its previous 
position (5) If a bhnd-folded cat is suspended in the 
air wth forehmbs free, and its head brought toward 
some obstacle, at the mstant that the vibnssae come 
into contact with the object the forepaws are raised and 
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accurately planted upon tie surface of tie object The 
first three of these reactjons are due to stimulation of 
receptors upon the body surface (exteroceptors) and 
probably also of propnoceptors m muscles and tendons 
The fourth is a purely proprioceptive reflex, the last is 
initiated from tactile receptors The hopping reactions 
consist of hmb movements which serve to mamtam the 
standing position against any force actmg upon it m a 
horizontal plane When, for example, a cat is held so 
that its body is supported upon one fore- or hindlimb 
and IS then pushed m one or other durection, the sup- 
porting hmb hops quickly m the direction of the dis 
placement, the foot being kept direcUy under the 
corresponding shoulder or hip The hoppmg reactions 
are probably dependent upon myotatic (stretch) 
reflexes (p 960) 



The placing and hopping reactions are controlled 
from the sensorimotor area of the cerebral cortex. 
Removal of this region by Bard and Brooks on both 
sides was found to abolish the placing reactions, and 
to produce an extreme degree of deficiency in the hop- 
ping reactions Decortication (complete removal of 
the neocortex) produced no greater defiaency The 
control exerted by the cerebral cortex is entirely con- 
tralateral, 1 e., the component movements of the reac- 
tions on one side of the body are governed solely by 
the opposite side of the brain 

Kinetic, Stato-kinetic or 
Acceierator Retlexes 

The term Linebc is attached to these labynn- 
thine reflexes because they are caused by the 
movement of the head, but smee it is not the move- 
ment itself, but accderalton above a certam rate, 
angular (rotary) or Imear (progressive), that is the 
adequate stimulus, acederaiory reflexes is a better 
name 


ANATOMY OE THE LABYRINTH 

Before a description of other labynnthme functions, 
e g , the stato kmetic reflexes, can be undertaken, a 
bnd descripuon of the structure of the labynnth must 
be given This structure consists of an auditory 
(cochlear) and a non auditory portion We are con- 
cerned here only with the latter uhich we shall refer 
to simply as the labyrmth The bony labyrinth com 
prises a senes of cavities tunnelled in the petrous part 
of the temporal bone The caviUes are the three semi- 
orcular canals, each of which opens by its two ex- 
tremities into on ovoid chamber known as the vestibule 
The bony labynnth lodges a senes of hollow mem- 
branous structures— the membranous labyrinth The 
membranous labynnth consists of (a) Three semi- 
circular canals lying m the correspondmg bony canals 
(b) Two sacs, the utricle and saccule situated m the 
vestibules (fig 65 12) 



Fio 65 12 Diagram of the labynnth C, cochlea, 
C R , canabs reumens, S, saccule, U, utncle Receptor 
areas mdicated m heavy black 

The SEincrRCULAR Canais One extremity of each 
canal shows an expansion known as the ampulla 
wherem is situated the specific sense organ The 
membranous labynnth is filled with flmd — the enio- 
lympli a similar fluid — the perilymph — hes between 
Its walls and the walls of the bony labvnnth The 
canals he m planes approximately at nght angles to 
one another and are called respectively external or 
lateral (horizontal), anterior or superior (vertical) and 
posterior (vertical) (see fig 65 11) It will be noted that 
the non-expaaded extremities of the vertical canals jom 
to form a common stem through which they communi- 
cate with the utncle (figs. 65 11, 65 12 and 65 13) 

The external canal is directed with its convexity 
outwards and backwards When the head is m the 
erect position this canal is only approximately hori- 
zontal, It IS mchned backwards and downwards at an 
angle of about 30° to the horizontal plane The ver- 
tical (antenor and postenor) canals both make an 
angle of about 45° with the frontal and the sagittal 
planes of the skull ’ The antenor canal of one ear is 

’ That 13, their planes cross both the frontal and 
sagittal planes diagonally 
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therefore nearly in the same plane as the postenor 
canal of the other ear, vrhereas the postenor or antenor 
canal of one ear is at nght angles to its fellow of the 
opposite side as well as to the other two canals of the 
same ear The external (horizontal) canals of the two 
sides he m the same plane. 



Fig 65 13 Diagram (not to scale) givmg a lateral 
view of the mtemal ear withm the skull V, vertical 
canals, H, horizontal canal. U, utnde, S, saccule, C, 
cochlea (redrawn from Quix) 



Fig 65 14 Drawmg of cnsta From Bailey^s Ets- 
lalogy, after Schafer 

The Ceista. This is the receptor organ of a semi- 
circular canal It is situated m the ampulla and con- 
sists of a mound of sensoiy hair cells between which 
are non-sensory supportmg cells The sensory cells are 
surmounted by a gelatinous dome-shaped structure — 
the cuptda, this contains fine longitudinal channels m 
which the hairs or aha are lodged (fig 65 14) 


975 

The Otolith Organs — the Uteicle and Sacchle 

In the wall of the ulrtde he the openmgs of the semi- 
circular canals The utnde commumcates through a 
fine canal with the cochlea and by a second small 
channel — the ductus utrtculosacculans — with the sac- 
cule. The sense organs of the utnde and saccule are 
called maculae Each macula is a plaque of sensitive 
hair-cells covered by a gelatmous matenal — the oto- 
lith membrane — contaimng crystals or concretions of 
a calcareous substance — the otoliths The macula of 
the utnde is situated on its antenor and medial walls, 
the two portions bemg jomed at an angle of 140° 
The sensitive hair cells are directed laterally and pos- 
tenorly The saccule commumcates with the cochlea 
through the canalis reuniens The saccular maculae are 
situated obhquely, fomimg an angle of 27° with the 
vertical plane and 22° with the horizontal The saccular 
maculae of the two sides mchne towards each other so 
that if contmued backwards they would meet behmd 
the head The dorsal lobe of the saccule also contains a 
macula whose hau-cells face downwards The saccule 
communicates with the utnde on the one hand and 
with the cochlea on the other Its commumcation with 
the latter is through the duct of Henson The sense 
organ of the saccule is also given the name of inacula*“ 
and IS constructed upon a plan similar to that of the 
utnde. 

THE NERVOUS CONNECTIONS OE THE LABYRINTH 

The central vestibular fibers are very widely dis- 
tributed throughout the central nervous system, and 
are far from bemg fuHy known, but the following 
connections are fauly well established. 

The impulses from the propnoceptors of the differ- 
ent parts of the non-auditory labynnth are conveyed 
to the medulla by the vestibular branch of the 8th 
nerve. The cell bodies of the vestibular fibers he m 
Scarpa's ganghon situated at the bottom of the m- 
temal auditory meatus These cells are bipolar Their 
afferent processes (dendntes) are distnbuted to the 
sense organs of the utnde, saccule and semicircular 
canals, and terminate m the hair cells Their axons pass 
for the most part to the superior, lateral, medial and 
inferior vestibular nuclei m the medulla (a few go directly 
to the cerebellum) from which relay fibers follow three 
pathways (fig 65 15) Thus there are 

(a) Ascenthng fibers from the supenor vestibular 
nudeus which jom the medial longitudinal bundle of 
the same side From the medial vesbbular nudeus 
impulses are relayed to the medial longitudmal fasacu- 
lus of the opposite side, from the infenor vestibular 
nudeus fibers ascend m the medial longitudmal fascicu- 
lus of both sides The fibers from these nuda terminate 

“ The term “lapdlus” is sometimes apphed to the 
otohthic organ of the utnde while that of the saccule 
IS spHjLen of as the “sagitta” 
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m the nuclei of the 3rd, 4th and 6th crai^ 
consUtute the vcsUbultKicular tract Through the^ 
connecuons reflex ino\eraents of the e>es are brought 

"'^(b) Descending fibers, from the lateral ^leter’s) 
and the inferior vesUbular nuclei Those from the 
lateral nucleus consUtule the vesUbulospmal tract (ch 


brum (temporal lobe) give nse to the sensaUon of 

vertigo y. 

As a result of his chmeal findmgs I H Jones con- 
cludes that the fibers from the vertical and from^e 
horizontal canals follow different paths Thow from 
the verbeal canals do not accordmg to this observer, 
enter the vesffbular nuclei but ascend to the pons where 


INTERNAL RECTI 

I 



Fig 65 15 Diagram of the pnnapal vestibular pathways (see text) C, cervical segments of the spinal cord 


66), while those from the inferior nucleus descend m 
the spinal extension of the medial longitudinal fasaculus 
as far as the upper cervical region of the cord, where 
thc> sjmapse with the anterior horn cells Through 
these conneebons impulses are conveyed to the skele- 
tal muscles 

(c) Fibers pass vaa the infenor cerebellar peduncle 
maml} to the flocculonodular lobe of the cerebellum on 
the same side, but also to the fasbgial nucleus of the 
same side These consbtute the vesbbulo-cerebellar 
tract. Impulses convc> ed along this pathwaj and thence 
through the superior cerebellar peduncle to the cere 


they divide mto two divergmg paths, one arm of the 
Y so formed joins the medial longitudmal bundle and 
IS distnbuted to the ocular nuda, the other passes to 
the cerebellum via the middle cerebellar pedunde 

EFFECTS FOLLOWING LABYRINIHECIOMY 
(in the dog) 

Viiilalerdl lahynntheclomy (1) Ocular Both eyes 
are turned toward the side of the operation The 
eye of this side also shows a domiward deviation 
while the eye of the sound side deviates upwards 
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(skew deviation) Horizo>ital nystagmus (p 979) 
with the slow movement towar/j the operated side 

(2) Lateral flexion and rolalton oj~ihe occiput to 
the operated side together with flexion of the 
thorax on the pelvis toward this side 

(3) The extensor tone of the hmb muscles is greater 
on the sound side than on the operated side, the 
limbs of this side bemg flexed and adducted, 
whereas those of the opposite side are extended 
and abducted 

(4) Spontaneous movements These are all to- 
ward the operated side and consist of (a) circling, 
1 e , tummg of the body around a vertical axis, 
(b) roUmg, i e , rotation around a horizontal axis, 
m the rabbit the rollmg movements are very 
violent, (c) side to side movements of the head 
(head nystagmus), (d) fallmg to operated side, 
(e) steppmg gait 

Many of the foregomg features, e g , nystagmus, 
rollmg and circlmg movements, are trntaltve m 
nature, i e , the result of irritation of nerve end- 
mgs by the operative trauma They therefore im- 
prove with time The others, e g , oscillating move- 
ments of the head, head torsion, steppmg gait, 
fallmg and asymmetrical distribution of tone, are 
deficiency phenomena “ These, for the most part, 
also improve since they tend to be compensated 
by visual and other non-labyrmthme reflexes, es- 
pecially m higher animals, who also learn to 
exercise cerebral control over the abnormal muscu- 
lar activity 

Bilateral labyrmthectomy produces irntative 
effects similar to those described above, the direc- 
tion of the movements bemg vanable and de- 
pendent upon which ear shows the greatest degree 
of irritation The labyrmthme static reflexes are, 
of course, abolished but m the more mtelhgent 
animals the defects Kif onentation are largely com- 
pensated for by visual reactions The normal reac- 
tions to rotation (p 979) are abolished 

LABYRINTHINE FUNCTION 

The semicircular canals are organs of dynarmc 
sense, the otohthic organs subserve both dynamic 
and static senses The hair cells of the cnstae m 
the canals respond to angular acceleration (rota- 
tion), and are therefore called rotary receptors The 
hair cells of the macula on the medial wall of the 

“ Cocame mjected into the labyrinth produces the 
defiaency phenomena characteristic of ]ab 3 Tmthec- 
tomy, but when apphed to the nerve stump after re- 
moval of the labynnth it prevents the occurrence of 
the irritative phenomena 


utncle, and probably the macula of the saccule, 
as well, are stimulated mainly by changes in posi- 
tion of the head, and by hnear acceleration They 
are called gravity receptors “ 

The semicircular canals The rotary receptors of 
the cnstae respond and give nse to a sensation at 
the commencement and at the cessation of a rapid 
rotary movement Though impulses at low fre- 
quency are discharged along the nerve fibers while 
the head is at rest, a sharp increase m impulse 
frequency occurs at the commencement of the 
rotary movement, and at its end The rapid dis- 
charge lasts for about 25 seconds The rotary 
receptors, therefore, give no information of a 
contmuous rotary motion of unvarymg speed, 
though any alteration m speed of rotation (angular 
acceleration) arouses a sensation The reason for 
this will be evident upon consideration of the stim- 
ulatmg mechanism 

Stimulation of the sensitive hair cells of the 
cnstae is brought about through the effect which 
the movement of the head exerts upon the endo- 
lymph withm the canal, the particular canal which 
IS stimulated depending upon the plane m which 
the rotation occurs The canals are of capillary 
diameter (01 to 0 2 mm m man), and the endo- 
lymph IS of relatively high viscosity (2 to 3 tunes 
that of water) The membraneous labyrmth is a 
practically closed system and is supported on the 
outside by penlymph, and the imyieldmg walls of 
the osseous labynnth 

When the head turns quickly from a position of 
rest, say to the nght (see fig 65 17 and table 91), 
1 e , m a clockwise direction, and m the plane of 
the horizontal canals (around a vertical axis), the 
endolymph withm the canal, owmg to its mertia, 
does not move at first with the walls of the canal 
This lag IS eqmvalent to a movement or flow of 
endolymph to the left — anticlockwise — m both 
canals But owmg to the relative positions of the 
two ampullae such a flow of endolymph causes the 
cupula — the gelatmous mass surmountmg the 
cnsta, and m which the hair cells are embedded — 
to swmg toward the utncle m the nght ampulla 
and away from the utncle m the left ampulla 
Deflection of the cupula causes, m turn, deforma- 
tion of the haur cells which acts as a stimulus when 
the swmg is toward the utncle (nght) but is 
“inhibitory” if it is away from the utncle Qeft) 

“Breuer (1874-1891) was the first to point out the 
difference m function between the senuarcular canals 
and the utncle. 
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These events are reversed when the rotation is to 
the left— anticlockwise 

Thus, a clockwise rotary movement of the head 
(e g a quick turn) around a vertical axis stimulates 
the right horizontal canal, an anti-clockwise mo- 
tion excites the left, or, put m another v, ay, the 
rotary receptors are stimulated only when the 
narrow part of the canal is leading and the ampulla 
traihng 

The receptors of the vertical canals, on the other 
hand, are stimulated only when the ampulla is 
leading and the narrow part of the canal bnngmg 
up the rear There is no explanation for this differ- 
ence between the honzontal and vertical canals 

The maximal response is given by a canal when 
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Responses of the six seraiarcular canals (of fish, the 
thomback ray) to rotation O exated, ® inhibited, 
O unaffected ant, vert. “ anterior vertical, post vert 
“ posterior vertical (after Lowenstein and Sand) 


It IS rotated m its own plane ** No response is 
aroused from a honzontal canal by rotation m a 
plane at nght angles to this But a vertical canal, 
though most effectively stimulated by rotation in 
Its own plane (diagonal) also gives a lesser response 
when rotated m other planes Thus a quick tilt of 
the head, forward or backward (rotation around a 
transverse axis), or laterally toward a shoulder 
(rotation around an anteroposterior axis) stimu- 
lates the vertical canals The threshold of exata- 


“It be recalled that the vertical canals an 
diagonally m the head, and that an antenoi 
vertical cMal is m the same plane with the postenoi 
therefore, m a manner anal 
ogous to that ot the honzontal canals, a dtagonal rotan 
movement forward wiU maximally stimulate an anteno 
®“PP^the activity in the opposite posteno 
^Stt movement would act m th. 


tion of a honzontal canaUSan angular acceleration 
between 2° and S^jicr^Sec. 

As any rotary movement is continued for longer 
than a few seconds, and the inertia of the endo- 
lymph IS overcome, the cupula regains its resUng 
(unbent) position, at the cessation of the move- 
ment the momentum of the fluid causes bending of 
the cupula in a direction opposite to that at the 
commencement of the movement This is why no 
sensation occurs, during prolonged rotation, but a 
sensation of turning m the opposite direction is 
felt when the rotation suddenly ceases 

The mechanism of the semicircular canals is 
admirablj suited to signal rapid turns of the head, 
1 c , a rotary movement m one or other plane But 
It is poorly adapted to report continuous rotation 
at a constant speed (for, as Adrian points out, 
this IS a movement to which the body throughout 
its life is rarely if ever subjected, and has therefore 
not developed suitable receptors for recording it) 
Continuous rotation tends to confuse rather than 
to inform, and also, because of the swing of the 
cupula in the reverse direction when the rotary 
movement ceases, an illusion of rotation (m the 
opposite direction) is CTcatcd The ballet dancer 
avoids the confusion in a pirouette by making a 
senes of alternating acceleration and deceleration 

A brief outline of the cxpcrwiails on Testibuhr 
fttticlion The foregoing account of vestibular 
mechanisms is based upon the work of manj in- 
vestigators Some of the more recent exponments 
will be bnefly outlined 

McNally and Tait studied the effect on frogs of 
tdtmg and rotation after denervation of one or 
more canals in vanous combinations, and after 
destruction of the utnclc or saccule Stcinhausen 
eluadated cspeaally the mov'cments of the cupula 
m the canals of the pike whose labyrinth can be 
visualized in the livnng fish after the introduction 
of India ink, the cupula showing up clcarlv against 
the darker background This structure was shown 
to completely partition the cavity of the ampulla, 
being m contact everywhere around its free ar- 
cumference with the membranous vv'all It was 
shown to move dunng calonc stimulation as well 
as dunng angular acceleration, but not dunng 
electneal stimulation Later, similar studies were 
made by Dohlman which confirmed Steinhausen’s 
findings Dohlman followed the endolymph move- 
ments by means of a drop of oil introduced into a 
canal Ross employed the right half of a frog’s head 
held m an apparatus, whereby the labyrinth could 
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be turned and fixed in any desired plane, and 
subjected to rotation The electncal changes were 
recorded from a filament of the auditory nerve 
Clockwise rotation caused a response from the 
horizontal canal, whereas an anticlockwise move- 
ment was meffective Stemhausen’s conception of 
a deflected cupula caused by an endolymph move- 
ment was verified Lowenstem and Sand employed 
the surviving isolated labynnths of the pike and 
ray (Raya clavata) and recorded the electncal 
potentials from mdmdual canals and found that 
the nerve endmgs of the cristae discharged impulses 
contmuously dunng rest at a low rate but at m- 
creased frequency dunng angular acceleration and 
deceleration Adnan, experimentmg with cats, 
recorded the potentials from smgle units by means 
of a fine wire electrode mserted mto the medulla 
in close proximity to the vestibular nuclei The 
mam findmgs of others in cold blood animals were 
confirmed 

EFFECTS OF STIMULATION OF THE 
SEMICIRCOLAR CANALS 

The semicircular canals respond to any one of 
the followmg forms of stimulation (1) Relation 
(angular acceleration) of the head on a vertical, 
transverse or anteropostenor axis (2) Caloric — 
synngmg the ear with a hot or cold solution (3) 
Galvanic (4) Mechanical 

Rotation 

The effects produced by rotation are (a) eye 
movements, (b) vertigo, (c) reactions of the neck and 
limb mtisdes, (d) reactions of the autonomic nervous 
system 

(a) Eye movements When an animal’s head is 
turned sharply on a vertical axis, i e , m the plane 
of the horizontal canals, the eyes deviate m the 
opposite direction, and then return with a quick 
jerk to the ongmal forward-looking position The 
movement causmg the slow deviation of the eyes 
IS really a rotary one through a small arc 

If the horizontal rotation is contmuous, a rhyth- 
mical to and fro movement of the eyes occurs 
when the rotary movement ceases This is called 
nystagmus It can be easily demonstrated m man 
by rotatmg him with eyes closed, m a revolvmg 
chair, at a rate of about 10 complete turns m 20 
seconds In order to stimulate the canals max- 
imally, the head should be mchned forward about 
15° when the rotary movement is almost exactly 
in the plane of the horizontal canals When the 


rotation is suddenly stopped (angular deceleration), 
and the subject opens his eyes, the rapid to and 
fro motion of the eyes is seen It consists of a slow 
deviation to one side, and a quick return to the 
normal position This post-rotary nystagmus lasts 
for about 20 seconds m a normal person, its quick 



Fig 65 16 Positions during rotation Upper, hon- 
zontal canals m plane of rotation Lower, vertical 
canals in plane of rotation V, vertical canals, H, 
horizontal canals 

component is m a direction opposite to that of the 
rotary movement By convention the quick move- 
ment or jerk to the normal position is taken to desig- 
nate the direction of nystagmus from whatever cause 
Thus, a right horizontal post-rotary nystagmus is 
caused by rotation to the left At the begmnmg of 
the rotation to the left the nystagmus would be 
m the opposite direction — quick movement to the 
right (figs 65 16 and 65 18) 
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There are two other iorros of nystagmus ver- 
tical and rolary—m v-hich the eyes oscillate up and 
down, and around an anteropostenor ans, respec- 
tively These types result from the sunultaneous 
exatation of both vertical canals Vertical nystag- 
mus IS mduced when the canals are stimulated with 
the sagittal plane of the head m the plane of rota- 
tion, that IS with the head mdmed about 90° to 
one or other shoulder The rotary typie follows 
i\hen the frontal plane of the head is bent forward 
90° or more, or backward 30° to 60° In each 
instance the post-rotary nystagmus is observed 
after the head has been brought upnght 

Cmiral cowitclions r«^onsi6(e /or nystagmits The 
slow phase of nystagmus is imUated from the setm 


ClTwax 



Fig 65 17 Diagram of ampullae (A) of honaontal 
canals and utnde, showing deflection of the cupula 
during rotation Plus and tmnus signs mdicate mcrease 
and decrease, respectii ely, m the impulse frer^uenqr 
from the hair cells, arrows indicate the direcuon of 
Mtatiou, C, cupula 

circular canals and has its center m the \estibular 
nuclei, from rvhich impulses are discharged, m part at 
least, through the median longitudinal bundle to the 
eje muscles The quick movement is enUrclj central, 
but the nervous pathways upon which it depends ore 
uncertain However, its neural mechanism must be in 
the brain stem between and includmg the nuclei for the 
third nerves and the vesubuli nuclei, for nj'stagmus 
occurs after transectioiis of the brain alxive and below 
these levels, respectively It is not abobshed bj ablation 
of the cerebellum Even the nuclei of the 3rd and 4th 
nerres may not be necessary, for m the rabbit nj'stag 
mus can be mduced after section just above the ab- 
ducent nucleus. Dorente de N6 bn<; located the center 
for the rapid phase m the formatio reticularis m the 
region of the abducent nucleus He also found that 
nj'stagmus could still be produced after section of both 
median longitudinal bundles There may be a double 
pathwaj from the vestibular nucleus to the nuclei of 
the ocular nerves — through the medial longitudinal 
bundle and through the formatio reticularis 

(b) Vcrtiso Vertigo consists of the familiar 
whirlmg sensaUon or giddiness, and the disturb- 
ances of equaibnum which follow spmnmg When 


the subject is rotated with head erect, his vertigo 
IS m the horizontal plane, i e , m the plane of the 
external canals but in the direction opposite to 
that of the previous rotation (sensation of counter- 
rotation) 

If the subject is rotated wW the head bowed forward 
at an angle of about 90°, m order to sUmulatc the ver- 
tical canals, and the bead maintained m this posiUon 
after rotation, the sensation is the same as if the head 
position had been upnght dunng rotation, i e , one of 
counter-rotation in the horizontal plane If, however, 
the head is brought upnght after rotation there is then 
a sensabon of fnlbng to one or the other side, i c , of 
rolabon of the bod> in the frontal plane, tbe sensabon 
IS of falbng to the side away from that toward which 
the body had been rotated RotaUoti vath the head 



ftVICK 

KOVncCTP 

Fig 65 18 Postrotarj nj’stagmus 


bent backwards to an angle of 60° and then brought 
upnght gives a sensabon of falling to the same side as 
t^t toward which the bodj bad been rotated (sec 
table 92) A sensabon of falling forward or backvraid 
(i e., rotabon m the sagittal plane) results from rotaUon 
with the head flexed on one shoulder and then brought 
upnght 

Vertigo arises from other causes than rotation 
It IS a common sjunptom m disease, constitutional 
or neurological, and occurs in alcoholic mtoxica- 
bon, seasickness, swinging, etc. Also, just as the 
labynnth influences the movements of the ocular 
muscles, so, conversely, labyrmthme function may 
be disturbed and vertigo produced as a result of 
some unusual or abnormal action of the eye mus- 
cles Vertigo and its associated phenomena are, 
therefore, common effects of eye stram or of mew- 
ing the landscape from a movmg tram, an ocular 
element is also an important contributory factor m 
the causation of sea-sickness For example, if one 
sees a moving picture, which if actually exjienenced 
would cause giddmess, a sensaDon of vertigo is 
aroused But with whatever condition vertigo is 
assoaated, whether cardiovascular, renal, toxic, 
gastrointestinal or neurological, its immediate 
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cause IS exatation of the semicurcular canals or of 
their central connections 

(c) Reactions of the neck and hmb muscles In 
animals Stimulation of the horizontal canals by a 
rotary motion causes alterations m tone and move- 
ments on both sides of the body which tend to 
resist the rotary movement, and enable the animal 
to mamtain its balance When, for example, a frog 
IS rotated on a round table, say to the left, the tone 


ates a simple means for their demonstration When a 
frog is rotated, say to the left, around its long axis h} 
suspendmg it by a thread fixed to its jaw, and givmg 
the thread a twist between the finger and thumb, the 
ammal’s nght hmd hmb is extended and abducted, and 
the toes spread, ivlnle the left hmd hmb is bent at knee 
and ankle, and the toes flexed As the movement to the 
left comes to an end, and turmng to the nght begms 
the hmb movements are reversed S imil ar movements 
may occur m the forehmbs 


TABLE 92 


posmoK or hxad 

STnruLUB 

TYPE AND DntECnON OF 
NVSTAoirus (rapid phase) 

sensation op 

VERTIGO, HEAD 
UPRIGHT AFTER 
ROTATION 

PAST POINTINO 

FALLING 

(after 

BRINGINO 

head 

upright) 

Upnght or for- 
ward 

Rotation nght 

Horizontal, left 

Turning left 

To nght 

To nght 

Forward 120'“ 

Rotation nght 

Rotary, left 

Falhng to left 

To nght 

To nght 

Backward 30°- 
60“ 

Rotation nght 

Rotary, nght 

Falhng to 
nght 

To left 

To left 

Inchned to nght 
shoulder 

Rotation nght 

Vertical, downward 

FaUmg for- 
ward 

Upward 

Backward 

Inchned to left 
shoulder 

Rotation nght 

Vertical, upward 

Falhng back- 
ward 

Downward 

Forward 

Backward 30°- 
60° 

Calonc 112°F to 
ear or 68°F to left 

Horizontal, nght 

Falhng to 
nght 

To left 

To left 

Forward 90°- 
120° 

Calonc 112°F to left 
ear or 68°F to left 
Galvamc 

Horizontal, left 

Mixture of horizontal 
and rotary Direc- 
tion same as that of 
current 

Falhng to left 

To nght 

To nght 

! 


With sbmuh opposite m sign to those given m the table, the reactions are reversed 


of the neck muscles is mcreased on the nght side 
and reduced on the left, the head tummg to the 
right The limbs, espeaally the hmd hmb, on the 
left are extended, those on the nght are flexed 
the animal may move around to the nght Ces- 
sation of the rotary motion causes a reversal of 
these effects upon the neck and hmbs In the snake, 
lizard, and reptiles with very long necks, the head 
may deviate to one or other side by as much as 
100'’ or more Sometimes a quick return to the 
normal position occurs, as m nystagmus 

Dusser de Barenne, who first descnbed these reflexes. 


Corresponding effects follow rotation, eg, a 
quick tilt, m the plane of a vertical canal Tait and 
McNally descnbed the respective vertical canals 
as affecting the hmb muscles on one or other 
"comer” of the body Thus, stimulation of the 
nght antenor vertical canal by a qmck tilt di- 
agonally forward and to the nght causes contrac- 
tion of the nght forelimb stimulation of the left 
antenor vertical canal by tilting forward and to 
the left causes a corresponding movement of the 
left forelimb Backward tilting to nght or left 
causes, respectively, contraction of the muscles of 
the right and of the left hind hmbs 
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The pasl-pbtnhng tesl of Baratiy Under ordinary 
circumstances a normal person if he places his 
finger upon a certam spot has no difficulty in 
hitting the mark again with his eyes closed After 
rotaUon, though able to place his finger upon a 
mark with his eyes open, he cannot find it again 
when his eyes are closed The finger deviates or 
past points to one or other side, or above or below 
the mark, the direcUon of the miss-aim bemg de- 
pendent upon the dnection of the previous rotation 
and upon the position of the head dunng rotation 
Csee table 92) Past-pomtmgis not reflex m nature 
but is a voluntary motor act, the error m judgment 
IS the result of the associated subjective phe- 
nomenon of vertigo, a subconsaous correction 
bemg made m the opposite direction for the false 
sensation The deviation of the finger and the 
vertigo are therefore m opposite directions 
Other post-rotary reactions If the body is ro- 
tated in the plane of the horizontal canals and the 
movement stopped, the head (eyes closed) then 
turns m the direction of the rotation If rotation 
IS earned out with the head m one or other plane 
of the vertical canals and the head after rotation 
IS brought upright while the eyes are dosed, the 
body leans to one or other side, backward or for- 
ward, accordmg to the position of the head during 
rotation The subject may actually fall in the 
duection to which the body leans The phe- 
nomenon IS virtually a past-pomtmg of the entire 
body The actual fall is, therefore, opposite m 
direction to the vertigmous sensation of falluig 
That IS, the subject has the illusion that he islcan- 
mg to one side (i e , a sense of bemg rotated in the 
frontal plane of the skull), and m order to correct 
his supposed false position and retam his balance, 
leans actually m the opposite direction, and there 
fore falls if he leans too far 
One particularly mterestmg reaction resulting 
from excitation of the semicircular canals is that 
which has been appropnately called the disc Utrow- 
iHgordtjco6oh(jatUtude(fig 65 19) Though occur- 
nng after rotation it is evoked most readily by 
caloric (espeaaUy cold) or galvanic stimulation of 
the canals A stimulus appbed, say to the left ear, 
causes a twisting of the thorax upon the pelvis and 
rotation of the head to the stimulated side When 
the arms are raised they are also turned toward 
this side with the left hmb lower than the nght 
After a short time the attitude is reversed, the 
body swmgs round and takes up a position in the 
opposite direction The attitude may reverse its 


direction several times It is due to reflex altera- 
tions m tone of the musculature on the two sides 
of the body 

(d) Reactions of the autonomic nervous system 
Excitation of the semicircular canals in man is not 
uncommonly followed by nausea, vomiting and 
pallor A fall m blood pressure of 10 mm or so may 
occur, together with slowing of the heart by 8 or 
10 beats per minute In the rabbit, syringing the 
ear causes vasodilatation and a fall in blood pres- 
sure During rotation the pupil constnets, pupil 
lary dilatation occurs ujjon cessation of the rotary 
movement 



Fig 65 19 So-called ‘discobolus’ position rcsulUng 
from calonc or gaUanic excitation of the labjainth 
(from Camis after Wodak and Fischer) 

Camis has shown that after labjTinthcctomj, the 
usual effect upon blood pressure of stimulating the 
central end of the \-agu5 is rc\ ersed For example, the 
effect of stimulaUng the central end of the \'agus in 
the normal dog is frequentlj a rise in blood pressure 
accompanied b> vasoconstriction of the \csscls of the 
hind hmb After unilateral labjTinthcctomy sumula- 
tion dI the central end of the r-agus on the operated side 
causes a fall m blood pressure together with a reduction 
of hmb \oIumc on the same side. Stimulation of the 
vagus in a bilaterallj labiTinthectomizcd animal re- 
sults m a fall in blood pressure and a reduction m 
volume of both limbs — a relationship between blood 
pressure and limb volume which is the reverse of the 
normal (p 295) There is no satisfactory explanation 
of these paradoxical reactions Camis suggests that 
labynnthectomy abolishes the acti\nt> of the vaso- 
constrictor center StimulaUon of the central end of 
the vagus w6uld then result in pure vasodilator effects, 
and a fall m blood pressure The reduction in the 
volume of the hmb may be simply a passive effect — 
the drainage of blood from its vessels BajJiss found, 
for example, that after removal of the abdominal 
sympatheUc (constrictors to the vessels of the abdo- 
men, and hmd limbs), a fall In blood pressure, accom- 
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pamed by a reduction m limb volume resulted from 
stimulation of the central end of the vagus i 

(2) Caloric shmulatum 

The effects of calonc stimulation we similar to thpse 
following rotation but possess an advantage ip tha-^ 
one or other ear can be exammed separately The ea^ 
to be tested is syrmgeii with hot (ll2°F ) or with cold 
(68°F) water “ When the head 'is bent backward 
through 60° the horizontal canals are brought mto a 
verbcal position The douche causes a greater dhangp 
m the temperature of the endolymph m the part of the 
canal lymg nearer to the external meatiis than m the 
part more deeply situated Convection currents are 
set up which sbmulate the receptors of the cnstae, hon- 
zontal nystagmus and vertigo result The change m 
temperature m the canal follows the imgation of the 
external meatus by about 3 seconds The direchon of 
the convection currents, which of course are due to 
changes m the specific gravity of the endolymph result- 
mg from heatmg or coohng, is determmed by the tem- 
perature of the douche flmd Thus a cold douche causes 
currents away from the ampulla, a hot douche causes 
ones toward the ampulla (see table 92) Calonc stimu- 
lation of the vertical canals is effected by douching 
with the head upnght 

(d) Galvanic stimulaUon 

In the employment of this method of stimulatmg the 
canals electrodes are placed one upon each mastoid 
process or, more usually, one on a mastoid process 
and the other on some mdifferent part of the body 
The current reqmred m normal persons is from 2 to 7 
milhamperes Owing to current spread all six canals are 
exated usually by electncal stimulation The nystag- 
mus has a rotary movement as well as a horizon tab The 
horizontal movement is with the current Thus, when 
the cathode is over the right labynnth the nystagmus 
is to the nght, though the head may turn to the left 
The resultmg nystagmus is a mixture of the horizontal 
and rotary forms, its direction bemg the same as that 
of the current Thus, when the cathode is over the nght 
labyrmth, the nystagmus is to the nght and vice versa 
The effects occur only ditrmg the make and break of 
the current In the absence of the labynnth the galvanic 
current produces its effects by sbmulation of the ves- 
bbular nerve Consequently when, as the result of dis- 
ease, labyrmthme funcbon has been destroyed, this 
method affords a means of determmmg the condibon 
of the nerve Whereas rotary, calonc and direct me- 
chamcal stimulabon mvolve essentially the same 
mechanism — movement of the cupula — the galvanic 
current is a direct electrical sbmulabon of the cnstae 
Steinhausen observed no movement of the cupula 
durmg this form of sbmulabon 

** Douches much nearer the body temperature than 
these wiU stimulate 


(4) Direct mechanical stimillation of the canals in 
animals 

^ Ett^d cemented a metal (yhnder over a hole made 
In the bony Wall of the horizontal canal A piston 
fitted into the cylmder could be operated by air pres- 
feureTDurmg the descent and ascent of the pneumabc 
hammer the membranous canal was compressed and 
decompressed respecbvely The endolymph dunng 
compression and o.compression moved, respecbvely, 
toward and a^ay from the ampuUa An endolymph 
movement toward the ampulla caused a movement 
of the head an^^ eyes to the opposite side Decom- 
pression caused a weaker movement m the reverse 
direcbon 

The otolithic organs, utricle and saccule, gravity 
receptors Thb role piayed by the otnde m tiie 
static reflexes has been dealt with in previous sec- 
tions (see nghting reflexes) But the graVity re- 
ceptors respond also to hnear acceleration, that is, 
td movements m a straight hne forward, backward, 
up or down, or laterally, as well as to slow tilting 
ot the head on its transverse or its anteropostetior 
axis The gravity receptors are also stimulated by 
a sudden cessation of a hnear movement (deceler- 
ation), or a sharp change m the speed of such a 
movement The receptors are stimulated when the 
otohths are hangmg down, and thus exertmg a 
gravitational pull upon the sensitive hairs It is 
possible, .that bendmg the hairs also acts as a 
stimulus The utncular organs are also stimulated 
by centrifugal force, and under certam conditions 
by angular acceleration 

In the cat, when the head is level the receptors 
cause a discharge of impulses at a relatively low 
frequency (at about 6 per second) When the head 
is tilted laterally (on its anteropostenor axis — 
cheek down) from the level position to an angle of 
20°, the impulse frequency mcreases up to 95 per 
second m the nerve on the side to which the head 
is tilted, but the restmg discharge on the opposite 
side ceases Thus, m a lateral tilt to the nght the 
otoliths on that side (cheek down) are dependent 
and presumably exert a gravitational pull, whereas 
those on the opposite side are resting on the mac- 
ulae, and are mactive The greater the degree of 
downward tilt from the level position the higher is 
the impulse frequency (see fig 65,20) If the head is 
held in the tilted position the impulse frequency 
dechnes slowly, for the gravity receptors are of the 
slow-adaptmg type Tiltmg around a transverse 
axis (snout up or down) also evokes a response, 
though less readily than does a lateral tilt 
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A pull upon the otoliths as a result of then 
inertia should also be caused b\ linear accelera- 
tion, 1 e , a progressive or translatory mo\ einent 
in an> of three directions, fore and aft, up or down 
(\ertical linear acceleration),'^ or sldewa^"s 
Records of the action currents from the lab\Tinth 
show that this actuallj occurs, horizontal or 
vertical acceleration stunulates the gra\nt> recep- 
tors m a lateral mor-ement on the side from which 
the moiement is made. Thus, a quick moiement 
to the left stimulates the receptors on the right, 
owing to the mertia of the otohths, acceleration 



saccules The auditory nerve from a frog’s lab>- 
nnth which has been denervated except for the 
saccule does not respond to vestibular stimuli by 
a discharge of impulses, but gives a response when 
a vnbraUng tuning fork is brought near it. Lorentc 
dc N6, on the other hand, traced saccular fibers to 
the vestibular nucleus, but none could be found 
connocting this organ with the cochlear nucleus 
Adrian considers that the saccules rather than the 
utricles arc more likcl> responsible for the re- 
sponses caused bj lateral tilting and for upward 
hnear acceleraUon, vvhilc the utncles are ciatcd 
bj downward and horizontal accelerations and 
tilting around a transverse axis A macula is 
situated on the medial wall of the saccule and faces 
laterallj, a position suitable for stimulation of 
gravnty receptors bj a lateral tilt Another macula 
lies m the roof of the saccule and faces downward 
and could be stimulated b> upward hnear 
acceleration 

In the guinca-pig the otolith membranes can be 
detached bj centnfugmg the animal (at a speed of 
1000 meters pier minute) All responses to linear 
acceleration or to different positions of the head 
are then lost, but those caused b> angular 
acceleration are retained 


Fig 65.20 Response of gravitj receptor (otohth 
organ), showing the rdabonship between degree of tilt 
of bead and frwpicncj of impulses m v estibular nerve. 
(After Adrian.) 


laterallj and to the left actmg like a gravntational 
pull upon the receptors of the nght side. Adnan 
found that rapid fore or aft, or up or down (v ertical 
linear acceleration) also caused responses from the 
labynnth The threshold of eiatation of the 
otohth organs bv hnear acceleration is around 12 
cm per sec. per sec. 

The saccule The role plaj ed b> the saccule in 
the responses just described has not been settled 
uneqmvocaU3 Though anatomically this struc- 
ture appears to be part of the vestibular mech- 
anism It has been thought by many to have a 
codilear rather than a vestibular function. 
hIcNally and Tait observed no loss of anj known 
V estibular function after denervation of the 


" In a ouiii. Imear movement forward or backwa 
or verticaUj, the granty receptors would be m ■ 
^ movement, which imp 

ttat thw can respond to a pull actmg m then- o 
plme, though probably less effectivelj than to i 
actmg at right angles But m this case bending of 
h^ra^^er than a pull upon them may be the effect 


VTSTIBULAE REACTIONS IN DISEASE 

Abnormal v estibular reactions are seen m vari- 
ous diseased conditions involvmg (a) the laby- 
nnth, (b) the V estibular nerv e, or (c) the v estibular 
centers or central pathwaj s (c g , Belter’s nucleus, 
medial longitudmal bundle, cerebellum) Nor- 
mall}, some slight nystagmus mav occur upon 
looking for a tunc to the nght or left, but if nvs- 
tagmus IS present when looking forward or if 
pronounced when the c> es are turned to one side, 
it IS pathological A spontaneous v ertical nv stag- 
mus suggests a lesion of the bram stem, it is not 
seen m disease of the labynnth itself or of the 
vestibular nerve The phenomenon of past-pomt- 
mg, unless mduced artifiaally , is always pathologi- 
cal and suggests a cerebellar lesion Spontaneous 
vertigo and fallmg m one or other direction may 
result from disease of the cerebellum, the laby- 
nnth or the pathways of the vestibular fibers On 
the other hand, a lesion m one or other of these 
situations may cause a failure of the usual reac- 
tions following rotary or calonc stimulation In 
deaf mutes, the labyrmthme reactions, as a rule, 
are absent Again, the reactions to artifiaal stimu- 
lation may be abnormal, for example, in a lesion 
of the bram stem vertical nystagmus may occur m 
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response to a stimulus which normally causes 
nystagmus of the honzontal type 

MENlilRE’s SYNDROME 

The features of this condition are paroxysmal 
attacks of vertigo, noises m the ears (tinmtus) and 
usually impairment of heanng of the inner ear type 
(ch 79) Loss of consaousness may occur There 
may be spontaneous horizontal nystagmus The sense 


organs of the cochlea (organ of Corti) as well as those 
of the semiarcular canals are affected m this disease, 
which leads Crowe to beheve that a co mm on factor, 
namely, alterations m pressure of the endolymph or in 
Its chemical composibon is the most hkely cause of the 
symptoms The volume of the endolymph is mcreased 
The surgical treatment of the condition consists of 
sevenng the vestibular portion of the 8th nerve m the 
internal auditory meatus, leavmg the cochlear division 
mtact (McKenzie, Dandy) 
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Chapter 66 

THE SPINAL CORD AND BRAIN STEM (MEDULLA, PONS 

AND MID-BRAIN) 


Outline ot the Internal Structure of 
the Cord 

In figure 66 5 the spinal cord is shown in cross- 
section The gray inallcr, centrally placed, is in 
the form roughly ol an H or the two wings of a 
butterfly It is composed of a mass of nerve cell 
bodies and nerve fibers (dendrons and axons), 
mostly umnyelmated, supported by a framework 
of neuroglia The ventral and dorsal portions of 
each lateral half of the gray mass (i e , each arm 
of the H) are commonly referred to, respccUvely, 
as the ventral (or antenor) and dorsal (or pos- 
terior) horns, but smce the gray matter extends 
throughout the length of the cord “column” is a 
more suitable term than “horn” In the ventral 
columns are situated the large bodies (lOOn in 
diameter) of the motor neurons whose axons leave 
the cord by the ventral roots Each axon ends m a 
group of skeletal muscle fibers — the neuromuscular 
structure constituting the so-called motor umt (p 
954) In the thoracic and upper lumbar segments, 
the gray mass lying between the ventral and dorsal 
columns shows a small lateral projection This is 
the lateral column or horn, it contains a cluster of 
nerve cells (the tntcrmedw lateral cell column) they 
give origin to sympathetic (preganghonic) fibers 
which leave the cord by the anterior (ventral) 
nerve roots The well-defined collection of cells 
occupymg the inner part of the base of the pos- 
terior horn IS known as Clarkes column, this group 
since it IS confined almost entirely to the thoracic 
region of the cord is also known as the dorsal 
nucleus It is homologous with the nucleus cuneatus 
of the medulla (p 990) To the outer side of the 
base of the posterior column is an area where 
strands of white matter and prolongations from the 
main mass of gray matter mtermmgle to form a 
dehcate mterlacement. This is known as the reticu- 
lar formation (formatio reticularis) and is most 
promment m the cervical region It is contmuous 
with the reticular formation of the medulla and 
pons At the apex of the dorsal horn is a cap of 
gelatmous material containing groups of small 
nerve cells possessing many dendntes and named 
the substantia gdatinosa of Rolando It is beheved 
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to receive the finest fibers (myelinated and un- 
myebnated) of the postenor roots The remaining 
part of the substance of the dorsal horns consti- 
tutes the chef sensory nucleus A canal pierces the 
bar or isthmus connectmg the two lateral masses 
of gray matter across the midline, it is known as 
the central canal The gray isthmus itscU is called 
the gray commissure Sometimes the parts in front 
and behind the central canal arc referred to as the 
antenor and postenor gray commissures, 
respectively (fig 66 1) 



Fig 66 1 Mam cell groups m the tboraac region of 
the spinal cord 1, substantia gelatinosa of Rolando, 2, 
intermcdio lateral cell column (s)mpatbclic), 3, cells 
(motoneurons) of antenor horn, 4, Clarke’s column 
(dorsal nucleus) of postenor horn, S, chtef sensorj nu- 
deus 

The while matter, which complctcl> surrounds 
the gray matter is composed of bundles of fibers 
both myelinated and unmj clinatcd, the former 
predommaUng A deep cleft on the s cntral aspect 
of the cord (the anterior median fissure) and a sepi- 
tum upon the dorsal aspect {posterior median sep 
turn) together, incompletely divide the white 
matter mto two lateral halves The bands of white 
matter l>nng in front of the gray commissure is 
called the anterior [ventral) white commissure, a few 
strands of white matter lying behind or within the 
postenor part of the graj commissure is sometimes 
called the posterior [dorsal) white commissure Each 
half IS further marked out, by the fibers of the 
ventral and dorsal nerve roots, into three white 
colons or funiculi, ventral (antenor), lateral and 
dorsal (postenor) The anterior [vaitral) funiculus 
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lies between the anterior median fissure on the one 
hand, and the ventral gray column (anterior horn) 
and the fibers of the ventral roots on the other 
Bounded m front and medially by the last two 
structures, and postero-medially by the dorsal 
gray column and the fibers of the dorsal roots lies 
the lateral funiculus The dorsal funiculus is situ- 
ated between the dorsal gray column (posterior 
horn) and the dorsal root fibers which form its 
antero-Iateral boundary, and the postenor median 
septum 

The Spinal Nerve Roots 

There are 31 pairs of spmal nerve roots, a pair 
from each spinal segment The antenor and pos- 
terior roots join ivithin the vertebral canal just 
beyond the ganglion to form a corresponding 
number of spmal nerves 

The anterior roots of the spmal ner\'cs are com- 
posed entirely of efferent fibers (p 911)* These 
are, (a) coarse, heavily myelinated, the axons of 
cells of the antenor horns, which are conveyed m 
the penpheral nerves to the skeletaj. muscles, and 
(b) fine, lightly myelmated fibers, m the thoracic 
and lumbar regions, these are preganglionic fibers 
of the sympathetic nervous system The postenor 
roots are constituted of afferent fibers from the 
skin, muscles and viscera They are the central 
processes of the large unipolar cells of the spmal 
ganglia There is no- important evidence that they 
contam efferent fibers (Sec Bell-Magendie law, p 
276 and also p 949 ) Two divisions of the posterior 
root, a medial and a lateral, are distinguished The 
lateral division is largely composed of small un- 
myelmated fibers, these, after entering the cord 

'Though doubt has been expressed from time to time 
concemmg the purely efferent nature of the fibers 
composing the antenor roots, no substantial evidence 
has been ever brought fonvard to show that this is not 
so It IS true that stimulation of the central end of 
an antenor root sometimes gives nse to pain, but this 
is due to the presence of recurrent fibers from the 
postenor roots and in no wav invaUdates the Bell- 
Magendie law Neurons have been found in the an- 
tenor roots resembling those of the postenor root 
ganglia, but there is no evidence that they are sensory 
in function Some authors have been led to beheve 
that the antenor roots transmit sensory impulses be- 
cause pain IS not always relieved by section of the pos- 
tenor roots There are three possible reasons for the 
failure of this operation In the first place, the pam 
may arise within the central nervous system itself, a 
filament of a postenor root may have escaped division, 
or mnervation from adjacent spinal segments may 
overlap to an unusual extent, pain would then con- 
tinue to be registered from the area innervated by ^e 
severed roots ' 


form the small triangular area at the tip of the 
postenor horn known as Lissauer’s tract (p 988) 
The fibers of the medial division, which are for 
the most part heavily myelinated, enter the 
postenor columns of the cord (see fig 66 5) 

The Segmental Distribution of the 
Spinal Nerves 

In the young mammalian embryo and m certam 
adult lower forms, e g , fishes, the body is demar- 
cated mto a regular series of transverse segments 
or melamcres The muscles {myotonies), skm {der- 
matomes) and viscera of each of these primitive 
blocks eventually receive innervation from the 
nerve roots of a corresponding spmal segment 
The antenor root of each spmal nerve supplies 
motor fibers to the respective myotome, and 
autonomic fibers to the viscera and skm, the 
posterior root supplies sensory fibers to the corre- 
sponding dermatome as well as to the muscles and 
viscera As a result of the outgrowth of the em- 
bryonic limbs the orderly arrangement of the 
metameres from before backwards becomes al- 
tered In the adult mammal, the primitive meta- 
menc disposition is observed only m the trunk 
The fibers of the spmal nerves supplying the 
limbs have jomed to form the brachial and lumbo- 
sacral plexuses and, after mtermmglmg freely, 
issue agam as the peripheral nerves The latter, 
m consequence, are composed of fibers derived 
frdm two or more spmal segments, and fibers 
from a given segment pass mto several peripheral 
nerves The muscles supplied by a given spmal 
segment do not necessarily lie m close proximity 
to one another (the coracobrachialis, for example, 
is innervated by the same segments as those 
which supply the muscles of the thumb) and a 
single muscle may derive its nerve supply from 
more than one spmal segment (see page 1006) 
As development proceeds and the limbs grow out 
from the trunk, the dermatomes become arranged 
in a series of narrow areas lying for the most part 
in the long axis of the limb (fig 66 2) The skin and 
muscles of the limbs also tend to move away from 
the visceral structures with which they were 
originally associated and, m the adult, structures 
innervated by a common spmal segment may be 
widely separated Thus, the diaphragm is mner- 
vated (through the phrenic) from the 3, 4 and 5 
cervical segments which also supply skm and mus- 
cle in the region of the neck and shoulder The 
heart receives sensorj'^ and autonomic fibers from 
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the upper thoracic segments, these segments also 
supply sensory fibers to the skin over the inner 
aspect of the arm and hand and upper part of the 
thorax The distnbution of the dermatomes and 
cutaneous nerves in the human subject are shown 
in figure 663 

Several methods have been employed by differ 
ent mvestigators m mapping out the dermatomes 
in animak and in the human subject The mw- 
tomical method is laborious and consists in tracing 
the fibers of a spinal root to thcu- terminations m 
the skm A physiological method (“isolation” or 
“sensory remainder” method) was employed by 


vascular reaction (vasodilatation) as the means of 
demarcating the dermatomes 

The Tracts oe the Cord 

The fiber tracts of the cord arc divisible into 
two mam groups (a) long tracts (projection tracts) 
which connect the cord with other parts of the 
central nervous system Some of these (ascending 
tracts) carry impulses to higher centers, other 
tracts (descending) conduct in the re\crsc direc 
tion — from higher centers to spinal neurons (b) 
short tracts (intersegmental or association tracts, 
ground bundles) which begm and end within the 



Fig 66 2 Upper Showing the drawing out of the metamercs of the embryo w ith the development of the upper 
limb-hud Lou'cr Showmg the segmental arrangement of the dermatomes (From Strong and Elwyn, after Luaam ) 


Sherrington in cats and monkeys The area of 
skm supplied by a given segment was demarcated 
by dividing the sensory roots above and below it 
The sensitive area of skin bounded above and 
below by an anesthetic zone mdicated the area of 
distribution of the undivided roots Owing to the 
overlap of fibers from adjacent segments, it is not 
possible to produce an anesthetic area by the 
division of the sensory roots of a single segment 
(fig 66 4) Head mapped out the segmental dis- 
tribution of the cutaneous nerves m the human 
subject from studies of cases of herpes zoster, a 
condition due to a lesion of the ganglion cells of the 
posterior roots Withm more recent years Foer 
ster, using Sherrmgton’s method has mapped out 
the dermatomes m man He also stimulated the 
posterior roots at operation and used the resultmg 


cord and connect different spmal segments The 
fiber tracts making up the substance of the re- 
spective funiculi are listed in table 92 and shown 
diagrammatically in figure 66 5 

Ascekding Tracts of the Cord 

(1) The Dorsolateral (or Postero) Fascicu- 
lus (Tract of Lissauer) This is seen in cross 
section as a small area lymg between the tip of the 
jxistenor horn and the periphery of the cord (fig 
663) It IS composed of fibers denved from the 
lateral division of the posterior nerve roots These 
fibers upon entering the cord connect immediately, 
or after a very short upward or downward course, 
wnth cells occupying the tip of the postenor hom, 
1 e , m the substantia gelatinosa of Rolando (p 
986) The fibers of this tract are mostly of small 
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and probably also for tatiih localization These 
sensations have, therefore, a double path to con- 
snousness for they are also conveyed uncrossed in 
the posterior columns of the cord 

The fibers going to form the lateral spino 
thalamic tract (secondary neurons from cells of 
substanUa gclatinosa of Rolando of the opposite 
side) ascend for a short way (within a single seg 
ment), and then cross in the antenor white com- 
missure This tract transmits impulses aroused by 
aU forms of thermal and painful stimuli 
The tuo tracts — antenor and lateral— come to 
gether in the medulla to constitute the spinal 
lemniscus which joins the medial lemniscus in the 
upper part of the medulla to enter the thalamus 
(ch 67) 



Fio 66 4 Diagram showing the overlapping of the 
skin area innervated through the fourth thoraac spinal 
nerve root by those supplied by the third and fifth 
The small aide indicates the position of the nipple 
(after Sherrington) 


(3) The Spinotectal Tract is placed m the 
lateral column ventral to the lateral spinothalamic 
tract Its fibers arise from cells m the posterior 
horn of the opposite side and termmate m the 
superior colhculus It subserves spinovisual 
reflexes 

(4) Spino-olwary Tract The fibers of this 
tract are the axons of cells m the dorsal horn of 
gray matter, they run with ohvo spinal fibers and 
end in the inferior olivary nucleus of the opposite 
Side They probably transmit ptopnocepUve im 
pulses which are relayed from the olivary nucleus 
to the cerebellum 

(5) Spinocerebellar Tracts (a) The donal 
(posterior) spiuoctrebdlar Irad (direct cerebellar or 
tract of Flechsig) is situated in the posterior part 
of the lateral funiculus to the outer side of the 
lateral corticospinal tract It is composed of the 
axons of the cells of Clarke’s column (p 986) of 
the same side and, possibly, to some extent of the 
opposite side The direct cerebellar tract reaches 
the cerebellum via the infenor cerebellar pedunde, 
Its fibers end mainly in the cortex of the anterior 
and posterior lobes of the cerebellum (ch 70) (b) 


The ventral (anlenor or indirect) cerebellar tract 
arises from cells in the base of the dorsal horn, 
mainly of the same side, but also of the opposite 
side of the cord It ascends in front of the dorsal 
spinocerebellar tract and is continued upwards 
through the brain stem as far as the mid-bram 
where it arches backwards and downwards (arci- 
form fibers) to reach the cerebellum via its supenor 
peduncle Its constituent fibers end m the cortex 
of the anterior and posterior cerebellar lobes The 
spmocerebcllar tracts carry impulses arising m the 
proprioceptors of the muscles, tendons and joints 
The mformation thus conveyed to the cerebellum 
IS essential for the latter’s function m adjusting 
the tone of the skcletil muscles and syncrgizing 
their movements (ch 70) 

(6) The Tasciculi Gracilis (Tract of Goll) 

AND CUNEATUS (TrACT OF BURDACTl) OCCUpj the 
dorsal (postenor) funiculus of the cord In the 
upper part of the cord the former tract lies on the 
medial side of the latter 
Both tracts arc composed of heavily myelinated 
fibers which arc the continuation upwards of the 
fibers of the medial division of the posterior nenre 
roots of the same side The fasciculus gracilis com- 
mences m the lowest level of the spinal cord After 
their entrance mto the cord, its fibers di\Tde into 
long ascending and short descending branches 
A few of the former fibers and all the latter, after 
a short course, enter the gray matter The long 
divisions become displaced medially as thev 
ascend, with the result that fibers arising at loner 
levels (c g , sacral region) come to he nearer the 
midhne than those entering the cord higher up 
the fasaculus cuncatus first appears m the mid- 
thoracic region Therefore, from the mid-thomcir 
region upwards, the more medially placed tract 
(fasaculus gracilis) is derived from the lower 
thoraQc, and the lumbar and sacral nerve roots, in 
this order, from the lateral to the medial border of 
the tract The ascending fibers of both tracts, ex- 
cept those mentioned above as constituting the 
ventral spinothalamic tracts, pass uncrossed to 
the medulla, endmg, respectively, in the nucleus 
gracilis and the nucleus cuncatus From these 
nuclei the axons of secondary neurons emerge and, 
passing mediallv as the tnlernal arcuate fibers, 
decussate wath those of the opposite side (sensory 
decussation) They ascend through the bram stem 
as the viedwl lemniscus (p 993) to terminate m the 
posteroventral part of the lateral nucleus of the* 
thalamus Other fibers (^external arcuate) from the 
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nudei gracilis and cuneatus are relayed to the 
cerebellum (p 993) nonsensory impulses brought 
to them by the correspondmg spinal fasacuh 


they are unmyelinated Within the cord they con- 
stitute Lissauer’s tract Immediately, or after a 
very short upward or downward course, they enter 



Fig 66 6 Diagram showmg the course of afferent impulses after their entrance mto the cord Red, pathway for 
pam and thermal sensations (ascend m dorsal spinothalamic tract of opposite side) Blue, pathway for touch, 
sense of posiPon and movement, and spatial discnnunation (ascend in postenor columns) , external arcuate fibers 
from postenor column nuclei to cerebellum also shown Green, pathwaj for touch, and tactile localization (after 
travelling for variable distances m posterior columns, fibers cross to ventral spinothalamic tract of opposite side) 
Black, \entral and dorsal spinocerebellar tracts, some fibers of latter (not shown) also cross to opposite side 


SOiniARY or THE PRINCIPAL PATHWAYS ASCENDING 
THROUGH THE CORD 

A Sensory (conveymg impulses to consaous- 
ness) (1) The fibers mediating thermal and painful 
sensaUons enter the cord m the lateral divisions of 
the postenor nerve roots Accordmg to Ranson 


the dorsal horn and connect with nerve cells m 
the substantia gelatmosa of Rolando The axons of 
the latter secondary neurons cross to the opposite 
side in the white commissures and ascend as the 
lateral spinothalamic tract This tract occupies a 
position m the brain stem lateral to the medial 
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lemniscus and ends m the lateral nucleus of the 
thalamus (cf figs 66^ and 66 6) 

(2) The fibers convejmg all other sensory im- 
pulses, e g , from the muscles and jomts (sense of 
movement and position), and those mediatmg 
the senses of vibration, touch, pressure, tactile 
locahzation and spatial discnmmation (compass 
test), enter the cord in the medial division of the 
postenor roots q.nd ascend m the fasaculus gra- 
cilis and fasaculus omeatus The fibers mediating 
aU these sensations, except some of those concerned 
with touch and probably inth tactile locahzation, 
pass without crossmg to the nuclei m the medulla 
where they connect vnth secondary neurons The 
axons of the latter constitute the internal arcuate 
fibers, they decussate with those of the opposite 
side and ascend to the thalamus as the medial 
lemniscus (or fillet) Tertiary’' neurons convey the 
impulses to the cerebral cortex 

In a transverse spinal lesion mtemiptmg solely 
the postenor fasacuh, even if bilateral, the sensa- 
tion of touch IS retamed, since the fibers which 
have entered the gray matter and crossed below 
the level of the lesion to ascend m the ventral 
spmothalamic tract and thus escape injurj^ (see 
also hemi-section of the cord) 

B Non-Sensory impulses from the muscles, 
tendons and jomts as well as non-sensory impulses 
aroused by a tactile stimulus, are conveyed mto 
the cord by fibers composmg the medial divisions 
of the postenor roots These fibers connect imme- 
diately with the cells of Clarke’s column and are 
contmued upwards m the dorsal (direct) and ven- 
tral (mdirect) cerebellar tracts of the same side, 
mainly, but also of the opposite side Some of 
these impulses, viz , those which enter the cervical 
cord, are conveyed by fibers of the cuneate fasacu- 
lus to the cuneate nucleus, to be relayed by second- 
ary neurons (external arcuate fibers) via the m- 
fenor peduncles to the cerebellum (see fig 66 6) 

Sensory Paths in the Brain Stem 
(Meduela, Pons and Mid-Brain) 

The medial lemniscus (or fillet) This is consti- 
tuted of fibers ansmg m the nuclei gracilis and 
cuneatus The fibers leave the ventral aspects of 
these nudei and arch forward and medially (as 
internal arcuate fibers) to the midline where they 
cross with correspondmg fibers of the opposite side 
(sensory decussation) They then turn upwards as 
a compact bundle known as the medial lemniscus 
or fillet This ascends through the medulla and 


pons dorsal to the pyramidal tracts, and through 
the tegmentum of the mid-bram 

The spinal lemniscus (or fillet) is formed by the 
fusion of the antenor and lateral spmothalamic 
tracts and is therefore a crossed path for impulses 
aroused by hght touch, pressure, pam, heat and 
cold In the upper part of the medulla the spmal 
lemmscus joins the medial lemniscus on its outer 
side, and is joined m the pons by the tngemmal 
lemniscus 

The trigeminal lemniscus (or fillet) conveys im- 
pulses from the area of distnbution of the tngem- 
mal nen^e of the opposite side (p 997) 

The fibers of the medial, spmal and tngemmal 
lemnisci termmate m the thalamus, from where 
tertiarj' neurons pass to the cerebral cortex (see 
fig 66 7) 

The lateral lemniscus constitutes the pathway 
for auditory impulses from the cochlear nuclei to 
the inferior colliculus and medial geniculate body 
(ch 77) 

The sensory pathways are constituted of three 
neurons For example, the pathway traversed by 
the sensorj’- impukes for touch or kinesthetic sense 
consists of a pnmary neuron whose ceU body hes 
m the postenor root ganglion, a secondary neuron 
ongmating m a posterior column nucleus (gracihs 
or cuneatus) and a tertiary neuron ansmg m the 
thalamus w'hich convey impulses to the somesthetic 
area of the cerebral cortex (ch 68) The cells of 
the Gassenan ganglia are the pnmary neurons of 
the tngemmal pathway, secondary neurons he m 
the sensor)' nucleus and in the spmal nucleus of 
the nerve (p 998), tertiary neuron fibers ascend 
to the cortex from the thalamus In the upper part 
of the pons and m the mid-bram these several 
sensory pathway's become fused together mto a 
compact bundle But a lesion in the lower part of 
the brain stem ma)' mvolve one of the sensory 
pathways exclusively of the others Thus an mjury 
localized to the outer part of the lower pons or of 
the medulla may by mjunng the spmal lemniscus 
cause loss of sensation to pam, heat and cold over 
the opposite half of the body leavmg muscle sense 
and tactile discnmmation mtacL Sensory loss of 
this nature accompamed by cerebellar symptoms 
occurs as a result of the occlusion (as by thrombosis 
or embolism) of the postenor infenor cerebellar 
artery Usually also, as a result of the mvolvement 
of the spmal tract of the tngemmal ner\'e (p 997) 
the face on the same side as the occluded vessel 
show's the dissociated sensory loss A lesion more 
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centrally placed may, by implicating the medial 
lemniscus alone, cause the con\cr^ Utm; of diwo 
aated sensory defect, namcl> , loss of the 'cnsc of 
position of the limbs and of spatial discnmination 
with retention of scnsibihtj to pain, heat and cold 



the tngcminnl medial and snit 

sensory nuc of Ingemmal, j/ spinal tract *iml m 
hber of mesencephalic root pas 


n,,r XI I. P°s'«nor columns of the cord 

lemniscus, pm, postei 

v^tral nuc of the thalamus, si, spinal Cm^s 
meial lemnisois, hi, lateral spinothalamic tract’ 
Wtenor spinothalamic tract, mid, mid line The ’i 
en^al is on the medial side of the medial lemn.s. 


In l^ions at higher levels in the brain stem 


Descending Tracts of the Cord 
P^S ilTr (Cerebrosrina 

Tracts From their origins j 
cerebrum and bram stem on each side (sj 


p 1002) to the lov er border of the medulla Here 
each tract divides into two bundlts of unequal 
sire, the larger of which crosses \ iih (he cor- 
responding bundle of the opposite side and de- 
scends in the posterior part of the later.il funiculus 
of the cord as the latrral corhcospti al tract (crossed 
pvrairidal tract) The remaining fillers, uncrossed, 
descend in the anterior funiculus as the atitcrtor 
corltcosptml trad (direct p\ran idal trad) Thc> 
constitute onlv from 10 to 20 per cent of the total 
number of corticospinal fibers llic direct pjram 
idal tract is v ell marl cd in the cerv ical region but 
Its fibers dw mdlc graduallv in number, in 'ucce-ssiv e 
segments being scarce or absent In-lo v the mid- 
thoracic region, though a few ma\ lie found as low 


as the sicral region A [iroporlion of the fibers of 
this tract also cro's cvcntualK to the oppcfite side 
of the cord, passing at dilTerent lev t Is through the 
antenor while commissure (cf fips 66,5 and 6(>,S) 
Besides the well recognired antenor (direct) com 
cospmal tract there is, as sho n b> Schafer and 
latch bv Fulton and Sheehan another tract of un 
crossed pvramidal fibers to be found in the lateral 
column of the cord Through these t\ o tracts 
(anterior and lateral) of uncro'scel fdjcrs the shelc 
tal muscles of each 'idcof the 1xk]> re'ccivc impulses 
from both motor areas of the cortex 
All corticospinal filers v hethcr cros,sed or un- 
crossed connect v itli the large motor cells of the 
central grav columns (anterior horn cells) The 
connections arc of two tapes, fa) direa synapses 
(20 to 30 per cent) \ ith the motor neurons, (b) in 
direct connections v ith the-se cells through an 
intcrpuncial neuron whose cell bodv is also in 


Side It has been e-stini deal that from 75 to 90 per 
cent of corticospinal fillers terminate in Uic 
cervical (o5 per cent) and thoracic (20 per cent) 
regions of the cord, and about 25 per cent m the 
lumbar and sacral regions 

Contrao to previous belief, the corticospinal or 
pyramidal tract is made up only to a verv minor 
extent of the axons of the luge pyramid il cells of 
Betz, see pp 1002 and 1030) 

(2) The \ estiuclospinal Tract<^ n.csc are 

the “ descends in the forepart of 

^ifr °Vt. 1 tract Its fibers 

chiSvT.i "rtclcus (Dieter’s) 

S v'ml K T" some are crossed) 

Se filT “'=ral region 

The fibers terminate by formmg synapses with the 
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motor neurons either directly or through an mter- 
nunaal neuron The vestibulospinal tract forms a 
section of the pathv ay from the labynnth and the 
cerebellum to the skeletal muscles 

(3) The Tectospinal Tracts of each spinal 
half arise from the contralateral supenor and 
infenor colliculi and descend at first as a single 
compact bundle through the reticular formation 
of the bram stem Upon reaclung the cord the 
fibers are segregated mto two fasaculi, a ventral 
and a dorsal, which descend m the ventral and 
lateral white columns respectively The fibers 
synapse with the spmal motoneurons, either 


scend through the reticular formation of the pons 
and medulla to enter the lateral funiculus of the 
cord ventral to the lateral corticospmal tract 
In man, they cannot be traced below the mid- 
thoraac segments of the cord Here the rubro 
spmal fibers connect either directly or through 
internunaal neurons with the motor neurons, to 
which they relay impulses from the cerebellum and 
stnate body 

(5) The Olivospinal (Bulbospinal) Tract of 
Helwteg Its fibers arise from cells m the neigh- 
borhood of the infenor ohvarj^ nucleus and descend 
m the ventral and lateral part of the lateral funicu- 


TABLE 93 


FUNICULUS 

ASCENDDiO TRACTS 

DESCENUINO TRACTS 

INTERSEQMENTAL TRACTS 
(GROUND BUNDLES) 

Ventral (antenor) 

Ventral (antenor) spinotha- 
lamic 

Ventral (antenor) cortico- 
spinal (direct pyramidal) 
Vestibulospinal 

Ventral (antenor) tectospinal 
Reticulospinal 

1 

Ventral (antenor) interseg- 
mental fasaculus 

Lateral 

1 

Lateral spinothalamic 

Dorsal (postenor )spinocere- 
bellar (Flechsig) 

Ventral (antenor) spinocere- 
bellar 

Spinotectal 

Dorsolateral (posterolateral) 
fasaculus (Lissauer) 

Lateral corticospinal (crossed 
pyramidal) 

Rubrospinal 

Olivospinal (Helweg) 

Dorsal tectospinal 

Lateral intersegmental fas- 
aculus 

Dorsal fpostenor) 

j Fasaculus gracilis 
j Fasaculus cuneatus 


Septomargmal fasaculus 
Dorsal (postenor) interseg- 
mental fasciculus 


directly or through intemuncial neurons, espeaally 
m the cervical region, wherein are situated the 
centers for the neck muscles Impulses from the 
retina are received by the superior colhculus which 
through such impulses, and its spmal connections, 
serves as a center for the mtegration visual im- 
pressions with body movement, especially of the 
head {visitosptnal reflexes) This center is probably 
of less importance m man, with his highly devel- 
oped visual cortex, than m anunals Auditory re- 
flexes may also be mediated by this tract and the 
infenor colhculus 

(4) The Rubrospinal Tract arises from the 
large cells (nucleus magnocellulans) m the pos- 
tenor part of the red nucleus (p 1017) The fibers 
unmediately upon leavmg the red nucleus cross to 
the opposite side {Ford’s deenssatton) and de- 


lus It descends no farther than the cervical region 
The fibers synapse with motor neurons The func- 
tions of this tract are unknown It and the thal- 
amo-olivary tract constitute a possible path 
whereby impulses from the thalamus may reach 
the spinal centers 

(6) The Reticulospinal Tracts arise from 
cells scattered through the reticular formation 
mainly of the upper part of the pons but also of 
the midbram and medulla They are two m num- 
ber, one m which crossed fibers predominate de- 
scends in the antenor fumculus, the other com- 
posed mainly of uncrossed fibers, m the lateral 
funiculus They connect with the motor neurons m 
the antenor horns and probably with cells m the 
lateral horn These tracts relay impulses from the 
striate body and cerebellar cortex and from the 
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small-celled nucleus (n parv'ocellulans) of the red 
nucleus (via the ruhrorchcular tract) 

Intersegmevtal Tracts of the Cord and the 
Medial Longitudinal FAsacuLus 

There is m each funiculus of the cord lying 
dose to the gray matter an mtersegmental fascicu- 
lus or ground bundle These, as already men- 


brain stem The ground bundle of the anterior 
funiculus [anterior mtersegmental or sulcomarginal 
fasciculus) IS composed of fibers which connect the 
antenor horn cells of one side with those of the 
opposite side both at the same and at different 
levels In the cervical region, it is composed largely 
of the spinal fibers of the medial longitudinal 
fasaculus 
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as the oval area or bundle of Fleiclistg These fibers form 
areas of different sizes and shapes on cross section at 
various spmal levels In the cervical and upper thoracic 
regions the fibers appear on section as a crescentic area 
at about the center of the postenor funiculus Here 
they are spoken of as the comma tract of Schultz, of 
tractus mterfascicularts In the lower thoracic region 
they form a narroiv zone bounding the posterior aspect 
of the cord and are knoivn as the dorsal peripheral 
strand In the sacral region this tract lies against the 
postenor part of the median septum and is called the 
tnangular area of Phihppe-Gombault The descendmg 
fibers of the branches of the medial division of the 
postenor roots as they descend also, like the long 
ascending branches, become displaced toward the 
midlme 

The posterior intersegmental fasciculus is seen m 
cross section as a small area Ijnng behind the postenor 
gray commissure Its fibers connect the postenor horn 
cells of different segments (see fig 66 5) 

The Longitudinal Fasctculus (or Bundle) 

The medial (postenor) longitudinal fasciculus 
(or bundle) is a tract of great physiological import 
tance and is present in all vertebrates It is com^ 
posed of fibers which connect the 3rd, 4th and 6tb 
cranial nerves with one another and with the 
vestibular nuclei, and makes connections wnth the 
motoneurons of the cervical segments of the spinal 
cord (fig 65 15) The tract lies near the mid-Iine and 
extends from the cervical segments of the cord, 
where it is continuous with the anterior interseg^ 
mental fasciculus (antenor ground bundle, to the 
floor of the 3rd ventnde In the medulla it lies 
immediately subjacent to the floor of the 4tli 
ventnde, in the pons it courses through the 
formatio reticulans, and in the mid-bram, lies in 
relation to" the gray matter of the floor of the 
Sylvian (cerebral) aqueduct It also received fibers 
^ from the lateral lemniscus (auditory path, p 1189) 
and from the supenor colliculus, through which it 
IS m communication wath the optic pathway (p 
1170) The essential function of the medial longi' 
tudmal bundle is the coordmation of reflex move- 
ments of the ocular and neck musdes in response 
to labyrinthine, auditory and visual stimuli 

The Central Connections of the Trigeminal, 
Facial, Glossopharyngeal, Vagus, Acces- 
sory AND Hypoglossal Nerves 

THE trigeminal PATHWAY 

The tngeminal nerve appears on the ventral 
surface of the pons a httle to one side of the mid- 
Ime, and somewhat below the superior pontme 


border The neiw^e has three roots (a) a large 
sensory, (b) a small motor, and (c) a mesencephalic 
(fig 66 9) 

The fibers of the sensory root convey impulses 
from the antenor part of the scalp from the skin 
of the forehead and face, with the exception of an 
area over the angle and lower border of the man 
dible It also supphes the mucous membrane of the 
mouth (antenor two-thirds of tongue) and nose, 
the cornea and conjunctivae and the dura mater 



Fig 66 9 Diagram of the central connections of the 
tngemmal nerve 


This root arises from the cells of the Gasserian 
(semilunar) ganglion, which corresponds to a spmal 
ganglion The processes of the ganglion cells divide 
into penpheral and central branches The former 
enter mto the composition of the penpheral divi- 
sions (ophthalmic, maxillary and mandibular) of 
the nerve, the central branches (which constitute 
the sensory root of the nerve) enter the pons m 
dose assoaation with the fibers of the motor root 
and divide mto an ascendmg and a descendmg 
group m a manner homologous with a spmal root 
fiber The ascending fibers convey impulses of hght 
touch, tactile discnmmation and localization, and 
of the sense of position and passive movement 
They end m a nudeus {mam or upper sei sory 
nucleus of the trigeminal) situated m the pons, 
deep and lateral to the motor nudeus The axons 
of cells m this nudeus ascend with those from the 
spmal nucleus of the tngemmal (see below) to form 
the trigeminal lemniscus The descending fibers con- 
stitute the bulbospinal tract of the tngemmal They 
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subserve sensations of pain and temperature o\er 
the entire tngemmal area They descend through 
the pons and medulla and may be traced as far as 
the 2nd cervical segment This tract dwindles 
graduallj m its descent, its fibers termmatmg 
around cells in the substantia gelatinosa of Rolando 
which m this situation is referred to as spttml 
nudeiis oj the Irigcmiml The fibers of the man- 
dibular, maxillary and ophthalmic divisions of the 
tngemmal end m the nucleus in this order from 
above downwards, that is, in an order the mverse 
of that m which they are distnbuted to the skin of 
the face From the spmal nucleus the axons of 
secondar,’ neurons emerge which cross the mid-lme, 
ascending, they }om fibers ansmg from the upper 
sensory nucleus to form the (rtgeimiia! (einiitsciis (or 
fillet) The tngemmal lemniscus lies m close asso- 
ciation mth the medial and the spinal lemniscus 
(spinothalamic tracts) (p 989) , its fibers termmate 
in the pwsterox entral nucleus of the thalamus 
A number of reflexes are mediated through the 
afferent fibers of the tngemmal nerve, e g , corneal, 
ninkmg sneezing and oculocardiac 

The mam sensory nucleus of the tngemmal cor 
responds to the nuclei of the postenor columns of the 
cord (nuclei graahs and cuneatus) and hke the latter 
sends fibers to the cerebellum through the mfenor 
cerebellar peduncle The spinal tract of the tngeimnal 
ma) be looked upon as corresponding to the tract of 
Lissauer (p 988), and the spmal nucleus as an exten- 
sion upwards of the substantia gelatinosa of Rolando 
whose cells, as we hate seen, gite nse to the lateral 
spmothalarmc tract 

The motor root fibers anse from a nucleus m the 
upper part of the pons underlj mg the lateral part 
of the floor of the 4th ventricle The nucleus re- 
cedes fibers from the corticobulbar tract of the 
opposite side and also probably from the same side 
The motor root after its emergence from the bram 
travels penpherall> with the sensors' root and, 
passing deep to the Gasserian (semilunar) gan- 
glion, joins the mandibular (3rd) div'ision of the 
tngemmal to supplj the muscles of mastication 
(temporal, masseter and pterygoids) 

The mesencephahe root consists of a small bundle 
of fibers which run m company with the fibers 
of the motor root Entenng the pons thev ascend 
to the mesencephahe nudeus of the tngemmal, an 
elongated collection of nerve cells extending from 
the level of the motor nudeus to the upper region 
of the mid bram. It was thought at one time that 
the mesencephalic root and nudeus were motor m 


funcUon, but it is now generally admitted that 
they ate composed of afferent neurons The nu- 
deus is looked upon as a group of cells homologous 
with the Gassenan (semilunar) ganglion and the 
postenor root ganglia of the spinal nerves, but 
whidi has migrated or been “drawn” into the bram 
at an early penod of phylogenetic dexclopmcnt It 
IS believed to receivcpropnoceptne impulses from 
the muscles of mastication and possibly from the 
ocular musdes 

Lesions IwoLVl^G toe Trigemtnal Path- 
W'AXS Either the penpheral portions or the cen- 
tral connections of the nerve mav be the scat of 
disease A lesion of the nerve penpheral to the 
ganglion is more likely to mvolve only one of its 
three d^sions Pain, loss of sensibility over the 
distribution of the div ision affected, may result or 
be more widespread if the ganglion cells arc in- 
volved Herpetic eruptions over the areas of dis- 
tnbulion of all three divisions mav result from 
mvolvement of the ganglion Paralysis of the 
musdes of mastication may follow injury or disease 
of the mandibular division, or analgesia of the 
cornea with ulceration (neuropathic keratitis) may 
result from an affection of the ophthalmic div ision 
Loss of sensation of taste (as well as of ordinary 
sensibilitv) over the antenor two thirds of the 
tongue on the corresponding side is a common ac- 
companiment of degenerative changes affecting the 
mandibular division of the 5th nerve The taste 
fibers to this part of the tongue are denv ed from the 
chorda tvmpani branch of the faaal, but travel via 
the lingual branch of the mandibular division of 
the tngemmal The loss of taste is due to pressure 
upon the chorda fibers by the degenerating lingual 
fiJaments, and is, as a rule, only' temporarv Taste 
fibers are not constituents of the 5th nerve itself 
Removal of the Gassenan ganglion, for instance, 
does not result in permanent loss of taste on the 
operated side Degeneration of the nerve central to 
the ganglion may' occur in tabes Lesions (c g , 
tumors, v'ascular changes) m the pons, medulla or 
uppier cervical cord may' mjurc the upper sensory 
nudeus, the motor nudeus, the tngemmal lem- 
niscus (crossed) or the bulbospinal tract of the 
nerve When the motor nudeus is involved weak- 
ness and wasting of the musdes of mastication 
result, implication of the ascending sensory fibers, 
or of the mam sensory' nudeus m the pons, is 
followed by loss of the sensation of light touch and 
the discnminativ e aspects of cutaneous sensibility 
over the same side of the face, but the retention of 
sensibility to pain, heat and cold The neighbonng 
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spinothalamic tract (crossed) may suffer comci- 
dently with the ascendmg sensory fibers, w'hen 
thermanesthesia and analgesia over the trunk and 
limbs of the opposite side combined with loss of 
tactile sensation over the face of the same side wall 
result (see also p 1009) Synngomyelia extending 
into the upper cervical region or into the bulb 
(s 3 mngobulbia) is likely to cause, as a result of 
pressure upon the spinal tract of the nerve, disso- 
aated sensory loss over the face is the reverse of 
that caused by a lesion of the main sensory nucleus 
of the tngeminal — loss of the appreciation of pam 
and changes m temperature, with retention of 
tactile sensibihty 

The tngeminal nerve, or one of its divisions, vs 
sometimes the seat of a severe and intractable 
type of pain which recurs m paroxysms (irigemtiiol 
neuralgia) and may be accompanied by reflex 
spasms of the faaal muscles (he doulorcux) The 
cause of the affection is unknown In some in- 
stances it may be of thalamic origin In treating the 
condition, mjections of alcohol mto the division of 
the nerve mvolved are sometimes employed The 
injection is made mto the nerve at the mfraorbital 
foramen or foramen rotundum in the case of in- 
volvement of the maxillary division, and at the 
foramen ovale of the sphenoid or at the supra- 
orbital notch, respectively, m disease of the man- 
dibular or ophthalmic division Injections into the 
ganglion itself, or section of the sensory root 
before it enters the ganglion (i e , mtradurally) is 
more hkely to be followed by permanent relief, 
injury to the motor root is avoided, and regenera- 
tion of the sensory fibers (which do not possess a 
neurilemma) proximal to the ganghon does not 
occur 

THE FACIAL NERVE 

The facial nerve consists of a large motor and a 
small sensory portion The two portions or roots 
appear at the lower border of the pons and enter 
the mtemal auditory meatus m company with 
the auditory nerve 

The sensory root of the facial, which is also 
known as the nervus tniermedius of Wrisherg, con- 
tains not only afferent fibers but secretory aPd 
vasodilator (parasjmpathetic) fibers as wnll 

The sensory fibers arise from the cells of the 
gemcular (gemculate) ganglion (fig 66 10) The 
penpheral processes of these cells are distributed 
through the chorda tympam branch of the facial 
nerve to the taste buds and mucous membrane of 
the anterior two-thuds of the tongue, and through 


the nerve to the pterj^goid canal (formed by the 
union of the greater superficial petrosal and the 
deep petrosal nerves), and the sphenopalatine 
ganglion to the lacnmal gland and the mucosa of 
the soft palate and postenor part of the nose The 
chorda tympam branch joins the trunk of the 
Imgual nerve through which it is conveyed to the 
floor of the mouth * Deep sensibility (pressure, 
pam) from the facial muscles is also, accordmg to 
Loyal Davis, conveyed by afferent fibers which 
are distnbuted with the motor fibers but pass 
centrally in the nervus mtermedius Others claim 
that all pain, deep and superfiaal, is earned by 
the tngemmal The central processes of the gan- 
^lon. cells end in the sensory nucleus situated in 
the upper part of the tractus solitanus Fibers 
arise from the latter and ascend in the medial 
fillet of the opposite side to reach the thalamus 
(antenor nucleus) From here the pathway for 
taste impulses is contmued by tertiary neurons to 
the lower part of the somesthetic area of the 
cerebral cortex 

The parasympaihehc fibers arise from the supe- 
rior sahvalory nucleus (p 488) which lies m close 
relation to the motor nucleus of the facial After 
leaving the bram stem m the sensory root the 
parasympathetic secretory and vasodilator fibers 
pass via the great superficial petrosal nerve and 
nerve to pterygoid canal (formed by the union of 
the great superficial and deep petrosal nerves) to 
the sphenopalatine ganghon from where they are 
relayed to the lacrymal gland, and to the vessels 
and glands of the palate and postenor part of the 
nose The secretory and vasodilator fibers to the 
submaxiUary and subhngual glands leave the fa- 
aal with the taste fibers m the chorda tympam 
branch 

The motor part of the facial is conveyed through 
the facial canal of the temporal bone to the 
stylomastoid foramen After its emergence from 
the latter it is distributed to muscles of the face, 
auncle, and forehead The motor fibers arise from 

* The nervus mtermedius, the genicular ganghon, 
the chorda tympam and piart of the great superfiaal 
petrosal nerve are sometimes grouped together under 
the name glossopalatine nerve The ongm and dis- 
tribution of the secretory and sensory fibers of which 
this nerve is composed are closely sirmlar to those of 
the glossopharyngeal, and it is considered fay some as 
an aberrant part of the latter nerve 

A small proportion of taste fibers may take an 
altematue route, namely, via the chorda tympam to 
the otic ganghon and thence by way of the internal 
sphenoidal and great superficial petrosal nerves, genicu- 
lar ganglion and nervus mtermedius to the bram stem 
(Schwartz and Weddell) 
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a nucleus m the lower part of the pons and pass 
backwards to the lower end of the nucleus of the 
abducent nerve. Then ascending to the upper end 
of the latter they bend and sw'eep downwards and 
forward to where they leave the brain As the 
faaal fibers take this arched course to the point 
of their emergence from the brain stem, the\, 
together with the abducent nucleus, form a 


Facial Paralisis The effects of interruption 
of the faaal pathway \ary in certain important 
features according to the level at which the injury 
occurs The nature of the motor loss following a 
lesion of the supranuclear fibers is described on 
page 1005 In the paralysis resulting from injury' 
to the trunk of the faaal nerve all the muscles of 
the affected side of the face arc completely para- 



prommence m the floor of the 4th ventricle known 
as tiic facial coUiciilits 

Connections the motor nucleus of the facial 
nerve receives 


(a) Fibers from the corticobulbar tract of the 
and of the opposite side. 

(b) Fibers from the lateral, tngemmal and rr 
emnisa, and from the spinothalamic tracU Thi 
these connections reflex facial mo^ements in an 

e initiated from various recepUve areas o 


lyzed The subject is unable to dose the c\e ow- 
ing to paralysis of the orbicularis oculi, or to 
frown, the eyebrow droops The mouth is drawn 
over to the sound side by the unparaly zed musdes 
and, unlike the parah-sis in hemiplegia, the mus 
des of the affected side do not take part m the 
aaal expression of emotional states, e g laugh- 
ing or crying 

Facial paralysis may result from a lesion m- 


u.oior nucleus or the mtra ponUne 
of the motor fibers (tumors, hemorrhage, etc.) 
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(b) The nerve as it crosses the posterior fossa of 
the skull to reach the internal auditorj meatus, as in 
fractures of the skull or tumors in this situation, the 
sensorj’ portion and the auditorj' nerve are commonly 
involved as well, when loss of the sensation of taste 
over the anterior two-thirds of the tongue, and deafness 
on the affected side will result 

(c) The nerve in its course through the temporal 
bone as in fracture of the skull or in otitis media, 
inflammation of the nerve within the facial canal 
(aqueduct of Fallopius) — Bell’s palsy — may occur 

(d) The nerve after its emergence from the stylo- 
mastoid foramen, as it lies behind the angle of the jaw, 
inflammation, parotid tumors, or accidental injuries 
may implicate the nerve in this situation 

THE GLOSSOPHAR\NGEAE NERVE 

The glossopharyngeal nerve contains motor, 
sccretor}’, v'asodilator and sensorv' libers The 
nerve emerges m three or four filaments from the 
side of the upper part of the medulla m the groove 
between the olive and the restiform body The 
motor fibers arc distributed almost entirely to 
the stylopharyngcus muscle, a few terminate in 
the circular and longitudinal muscle of the upper 
part of the pharyrts The secretory and v'asodila- 
tor fibers (via its tjTnpanic branch, the tjunpanic 
plexus, the small superficial petrosal ncrv'c and 
the otic ganglion) (p 489) supplj the parotid 
gland The sensory fibers arise from cells in the 
superior (jugular) and inferior (petrous) ganglia 
of the glossopharyngeal ncrv'c The penpheral 
processes of the cells of the latter ganglion supply 
the taste buds of the postenor third of the tongue 
Those from cells of the superior ganglion mediate 
ordinary sensations (touch, thermal etc), from 
this part of the tongue and mucosa of the pharynx 
and postenor part of the mouth, the central proc 
esses (superior ganglion) terminate in the dorsal 
nucleus of the vagus and (infenor ganglion) m the 
lower part of the traclus solilanus Fibers (second- 
ary neurons) pass from the latter nucleus and, 
crossing to the medial fillet of the opposite side, 
ascend to the thalamus, from where axons of ter- 
tiary neurons pass to the cortical area for taste 
The motor fibers arise from the upper part of the 
nucleus avibigutts situated in the reticular forma 
tion of the medulla Secretory fibers are the axons 
of cells lying in the inferior sahvatory nucleus 
which lies below the superior nucleus of the same 
name 

THE VAGUS NERVTE 

The vagus nerv^e contains motor, secretory, 
vasodilator and sensory fibers The secretory and 


vasodilator fibers and the fibers to the involuntarv 
muscle of the bronchi, heart, esophagus, stomach, 
small intestme, gall-bladder, etc (parasympa- 
thetic fibers, p 1095) anse from cells in the dorsal 
nucleus of the vagus (prmapal autonomic nucleus) 
This gray mass extends upwards from the lower, 
closed part of the medulla to beneath the floor of 
the 4th v'cntncle at the level of the stnae ihedifl- 
larcs The voluntary motor fibers anse m close 
relationship with the motor fibers of the glosso- 
pharyngeal, namely, from the cells of the nucleus 
ambiguus lying below the glossopharyngeal neu- 
rons They supply (through the supenor laryngeal 
branch) the cricothyroid and arytenoid muscles of 
the larjmx, and the inferior constnetor of the 
pharynx The pharyngeal and recurrent laryngeal 
branches of the vagus also convey voluntary 
motor fibers many of which are derived from the 
bulbar nucleus of the accessory nerve (see below) 
to the pharyngeal muscles (with the exception of 
the stj’lopharjmgeus), and to the muscles of the 
soft palate (except the tensor palati) and larynx 
(except the cncothyroid) The cell bodies of the 
sensory fibers he in the inferior ganghon of the 
vagus (ganglion nodosum) The peripheral proc- 
esses of these cells convey impulses from the lungs, 
heart, larjmx, pharynx, esophagus, stomach, small 
intestine and gall-bladder They also, through the 
anterior laryngeal branch, innervate the taste buds 
of the epiglottis and valleculae (the depressions 
lying at the sides of the fold running from the 
epiglottis to the base of the tongue) The taste 
fibers end centrally by sjmapsing with cells m the 
gustatory nucleus ljung in the upper and medial 
part of the tractus solilanus These impulses are 
relayed upwards along the same paths as those 
conv'cying other taste impulses Afferent vagal 
fibers from visceral structures termmate in the 
dorsal nucleus This latter is, therefore, both 
motor and sensory m function and constitutes an 
important visceral reflex center It contams the 
cardio-mhibitorj'^ and vomitmg centers 

Vagal afferent filaments traveUing in Arnold’s 
nerve mediate the general sensations of the skin 
lining the external auditorj' meatus and a small 
area behind the auride Irritation of these fibers 
may cause reflex cough (p 354) These senson' 
fibers have their cell stations m the jugular gan- 
glion 

THE ACCESSORY NERVE 

The accessoiy (spinal accessory) nerve is en- 
tirely motor and is made un of n hnlhar or.^ « 



1002 


THE NERIOOS S\STEM 


Stcitor Vlll 


spinal root. The h dbar root anses from the lower 
(caudal) end of the nudeus ambiguus from cells 
situated below those which gi\ e ongm to the motor 
fibers of the ^•agus The bulbar fibers jom the \-agus 
■within and below the jugular foramen, and are dis- 
tributed, as aheadj menUoned, m the phamigeal 
and recurrent branches oi the latter nen e , these 
fibers of the accessort nerwe inner%-ate the musdes 
of the lan-nx, with the exception of the cncothi - 
ro d, the musdes of the pharvnx and those of the 
soft palate, with the exception of the tensor palati 
(which IS supphed b> the 5th ner\-e) The spinal 
root IS composed of the axons of a group of cells 
m the antenor grav column of the cord extcndmg 
from the 1st to the 4th or 5th cerrucal segment 
mdusixe. These fibers suppU the stemomastoid 
and trapezius musdes The <^mal part of the nerr e 
exchanges fibers with the bulbar part m the jugular 
foramen. 

THE HYPOGLOSSAL VEP\X 

The hx'poglossal ner\e is also purd\ motor Its 
fibers are den\ ed from a nudeus situated near the 
mid hne m the floor of the fourth \ entnde and 
medial to the nudeus ambiguus It supphes the 
thrTohj Old, st\ loglossus, hj oglossus and gemoglos- 
sus musdes, and the mtnnsic musdes of the tongue 

The Pathways top \ olustahx Moioh Impcxses 

The corticospinal fibers corn ex impulses which 
bnng about \ oluntarx mo\ ement from the cerebral 
cortex (p 1032) through the white matter of the 
hemisphere. Corn ergmg as thex descend thex form, 
together with fibers ascending to the cortex, a 
fan-like structure knom as the com a radiala 


number of fibers and decussates with the corre- 
sponding bundle of the opposite side, the smaller 
bundle descends uncrossed (direct pjTatnidal tract, 
see p 994) 

The cortico'TJinal or pjTamidal fibers are not 
denxed entireU or e\en predommantlx from the 
cells of Betz, of the motor area as was once bc- 
hexed, for the numbers of fibers in the pxuamids 
exceeds bx some thirtx times the number of Betz 
cells, onh hcl'xcen 2 and 3 per cent of tl c cortico- 
spinal fibers arc tic axons of the cells of Bciz^ 

The fibers denxed from the Betz cclh are of 
much larger diameter (10-20 micra), more hcaxul> 


nz 



Fig 6611 Diagram of the motor nudei of thecranial 
nerves and their cortical connection (in part after 
Ranson) 



Thex enter and stream through the corpus stnatum 
formmg here a compact bundle, the iriernal cap- 
sule In the naid-bram thex occupx , on each side, 
the rmddle two-fifths or so of the base of the 
cerebral pedunde. In them descent through the 
pons thej become broken up mto sexeral smaller 
bundles bx the fibers of the pontine nudei, but are 
collected together agam at the lower lex el of the 
pons and contmued downwards as a compact 
bundle or column, called the pvrairid, on the 
X entral aspect of the medulla, and m contact at the 
midlme xvith its fellow of the opposite side. It is 
from these structures that the name “pvraimdal”, 
altematelj apphed to the corticospinal tracts, has 
• been denx-ed \t the lower limit of the medulla 
each pjTamidal tract dixtdes mto two bundles of 
unequal size. The larger of these (crossed px-ram- 
idal tract) contains four-fifths or more of the total 


mxelinated and of more rapid conduction than 
the more numerous fibers, which suggests that 
thex are concerned xvith the finer mu'^nllaf mox c- 
ments, and the smaller fibers with the grosser more 
general moxements, or xvith musde tone Lassck 
found that oxer 90 per cent of these small fibers 
had a diameter of onlx from 1 to 4 microns, and 
less than 2 per cent more than 10 microns Some of 
these fibers are mx ehnated, some unmx clinated 
Their sites of ongin are not altogether knoxvn, but 
some are denx'ed from the motor area, others 
from the premotor cortex, and j et others from the 
postcentral parietal, and probablj other regions of 
the cortex. 

* to Lassek, the number of Betz cells in 

human motor cortex of one hemisphere is around 
34,0(M whereas the number of fibers in the corre- 
spondmg p>-ramid is oxer 1,000,000 
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The manner m which the corticospinal fibers 
are connected with the cells of the spinal cord, and 
the convergence upon the latter of impulses from 
higher levels, e g , red nucleus, supenor coUiculus, 
labyrinth, cerebellum, etc , have been touched 
upon m the account of the fiber tracts m the cord 
The motor neuron as a part of the reflex arc has 
been dealt with m chapter 64 
The fibers passmg from the lower part of the 
motor area of the cortex to the cranial nudei 
constitute the corhcobulbar tract This bears pre- 


responding areas of the cerebral cortex to the 
nuclei of the pons 

(b) Coritcorubral tract, from the frontal lobe to the 

red nucleus 

(c) Frontotkalamtc tract from the frontal lobe, 

mainly from area 9 of the prefrontal area to 
the thalamus 

(d) Corticostnatal fibers from the premotor area of 
^ the cortex to the caudate nucleus and the 

globus palhdus 

(e) Ocapitotectal fibers from the visual cortex to 

the supenor coUiculus 



Fig 66 12 Horizontal section of nght hemisphere, showmg corticobulbar and corticospmal fibers, and the 
location of the visual and sensory fibers A, antenor limb of capsule, B, postenor limb, G, genu ) 


cisely the same relationship to the cells of the 
cramal motor nudei as does the corticospmal tract 
to the antenor horn cells of the cord The cortico- 
bulbar fibers, however, cross at vanous levels 
throughout the bram stem (See fig 66 11 ) 

THE INTERNAL CAPSULE 

In a horizontal section of the cerebrum, the 
mtemal capsule is seen as a compact band of 
white matter lymg between the thalamus and 
caudatfe nudeus on its inner aspect and the lenti- 
form nudeus on its lateral aspect (cf fig 66 12) 
In addition to the corticospmal and corticobulbar 
tracts the foUowmg are the prmapal tracts which 
compose it 

I Descending 

(a) Corticopontine tracts consisting of four bundles 
of fibers, frontopontine, temporopontine, parr- 
etopontine and occipitopontme from the cor- 


n Ascending 

(a) Thalamic radiations consist of four bundles 

ascending from the thalamus, anterior, supe- 
rior, posterior and inferior, which connect the 
thalamus with vanqus parts of the cerebral 
cortex The antenor group terminate m pre- 
frontal areas, and the supenor group in the 
somesthetic area (postcentral g 3 Tus) 

(b) Auditory radiations — ^fibers ascending from the 

medial geniculate body to the temporal 
cortex (gemculo-temporal fibers) 

(c) Optic radiation — fibers ascendmg from the 

lateral gemculate body to the visual area in 
the ocapital cortex (gemculocalcanne) 
fibers 

(d) Rubrocortical fibers from the red nucleus to the 

cortex 

The mtemal capsule is bent m the horizontal 
plane to form a convexity directly medially The 
region of the angle so produced is called the knee 
(genu), the portions m front and behmd this are 
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known, respectively, as the anterior and posterior 
Imbs The shorter antenor limb hes between the 
caudate nucleus and the thalamus, the posterior 
limb between the lentiform nucleus and the thala- 
mus The extension backwards of the posterior 
hmb IS known as the retrolenticular part 

The antenor hmb is occupied by the fronto 
pontine fibers and the anterior thalamic radiation 
(thalamofrontal fibers), the Jrontolhalamtc trad, 
coiiicostnaial and corhcorubral, tracts In the ante- 
nor three fifths of the postenor hmb arc trans- 
mitted the corltcohulbar and corticospina l (pyram- 
idal) fibers The fibers of these two''tracU arc 
segregated into groups in accordance with the 
muscles which they govern, those canynng im- 
pulses for the eye muscles, the muscles of the 
tongue, and face and upper and lonerjimbs ar- 
range m this order front before b^Swards, and 
those transmittmg impulses destined for the prox- 
imal part of a limb are placed m front of those for 
the more distal muscles The remammg part of the 
postenor hmb, and the retrolenticular part carry 
m antero postenor order the supirior and posterior 
thalamic radiations, the auditory {genmdoiemporaf), 
and the inferior thalamic radiations, corticothalamic, 
temporopontine and parieiopontine fibers, and the 
optic (gaticulo occipital) radiations 
The internal capsule is supplied with blood 
through the lateral stnate branches of the middle 
cerebral artery One of these (Icnticulo striate), 
somewhat larger than the others, was called by 
Charcot the “artery of cerebral hemorrhage” (see 
below) 

A Comparison of the Effects Produced by 
Injury of Supraspinal Paths with Those of 
THE Spinal Centers or Peripheral Nerves 
(Motoneurons) 

It has been the teaching for many years that 
the voluntary motor pathway comprised two 
Imks, the upper of which was a corticospinal (or 
corticobulbar) fiber, and the lower a ventral 
horn cell of the spmal end, i e , the spmal moto- 
neuron The former was called the upper motor 
neuron, the latter the lower motor neuron, which is 
also the final common path to the skeletal muscles 
(eh M) The chmeal mamfesUUons attnbuted to 
the upper neuron” were characteristic of it, and 
^stmet from those of the other The so called 
upper motor neuron” is now recognized as con- 
^istmg of two links m parallel, the corticospinal 
^ramidal) tract and an extrapyramidal pathway 
the climcal manifestations will depend upon 


whether the one or other component or both to- 
gether arc interrupted 

The clinical signs which were supposed to be 
due to interruption of the corticospinal fibers 
alone, and, therefore, characteristic of it, arc listed 
below 

(1) Paralysis of muscle groups which ordinanlv 
carry out a certain caordinatcd movement and not of 
individual muscles 

(2) Hypcrloma (spastraty) of the parahzcd 
muscles 

(3) Exaggeration of tendon reflexes, knee jerk 
increased, ankle clonus present 

(4) Positive Babinski response (p 1013) 

(5) No permanent wasting, except as a result of 
prolonged disuse 

(6) Absence of the reaction of dcgcncraiinn- 

It has been found, hov c\ cr, that some of these 

effects, c g , hypertonus, and increased tendon 
reflexes, arc not seen m an injury confined to the 
pyramidal fibers and that the complete picture 
appears only when the extrapyramidal fibers con- 
ncctmg the premotor cortex (area 6) wnth the 
spmal cord arc invoKcd as well A lesion of the 
extrapyramidal system alone, eg , ablation of the 
premotor area (chapter 68) causes hsTcrtonus, 
moderate increase m the tendon reflexes, a positixc 
Rossolimo reflex and lateral dc\ lation or “fanning" 
of the toes, but the plantar response is of the nor- 
mal flexor type, i c , tlic Babinsky ("extensor" 
response) is absent Injury' to both systems, as in 
cerebral hemorrhage, causes spastialy , i e , a type 
of hypertonus resembling that of the decerebrate 
preparation, exaggeration of the tendon reflexes 
and positive Babmski and Rossolimo reflexes 
There is also “fanning” of the toes (sec also 
p 1014) 

CEREBRAL HEilORRHAGE 

The corticospinal pathway is most commonly' 
injured as the result of a vascular lesion, hemor- 
rhage or thrombosis (usually of a Icnticulo-striatc 
branch of the middle cerebral artery) within the 
mtemal capsule Cerebral hemorrhage of this 
nature is commonU called apoplexy or a “stroke” 
The lesion is usually unilateral and its effects 
involve the muscles on the opposite side of the 
body The unilateral paralysis of the limbs is called 
hemiplegia After the state of shock, which lasts 
for a variable number of days following the injury', 
has passed off, the follow ing features are obsen cd 

(l) Loss or impairment of vohaitary powers m- 
volving the muscles of limbs, trunk and face of 
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the opposite side is evident There is often httle 
or no actual paralysis, merely a muscular weak- 
ness (paresis) The finer movements, such as those 
of the hands and fingers are especially affected 
The vohtional movements of the lower part of the 
face are mvolved to a greater degree than those 
of the upper, e g , raismg the eyebrows and closure 
of the eyehds, the reason bemg, very probably, 
that the part of the facial nucleus govermng the 
latter movements receives fibers from both hemi- 
spheres When voluntary efforts are made to move 
the lower part of the face, as m showmg the 
teeth, or pursmg the lips, marked impairment of 
muscular power may be evident, yet emotional 
expressions, e g , laughmg, smilmg or crymg, 
though mvolvmg the same muscles may show 
httle departure from the normal For example, 
the patient, though unable to raise the comer of 
his mouth when asked, may smfle naturally a 
moment later The impulses which brmg about 
movements of the faaal muscles m these more 
automatic movements of facial expression appar- 
ently travel by pathways other than pyramidal, 
and have escaped mterruption 

(2) Movefnenls of the jaw, tongue and soft palate 
on the opposite side to the pyramidal lesion show 
some weakness but smce they are bilaterally m- 
nervated this, as 9. rule, is not pronounced There 
may be some deviation of the jaw upon openmg 
the mouth, and of the tongue when protruded, to 
the hemiplegic side The soft palate is lower on 
the henuplegic side and the uvula tends to be 
drawn away from this side (1 e , toward the side 
of the cerebral lesion) 

(3) Hypertonia of the muscles — spashaty This 
mvolves on the paralyzed side the flexors of 
the elbow, wrist and fingers, adductors of the 
shoulder and pronators of the forearm In the 
lower limb the extensors of the hip and knee, the 
adductors of the hip and the plantar flexors of 
the ankle are hypertomc. The attitude resultmg 
from this distnbution of the hypertonia is simflar 
m character to the decerebrate ngidity of anunals 
(p 964) The muscles show the lengthemng and 
shortemng reactions of the decerebrate prepara- 
tion The hypertonus has an elastic quahty, this, 
as well as its unequal distribution, distmguishes 
it from the “lead pipe” type of rigidity seen when 
the lesion is confined to the extrapyxamidal neu- 

, rons 

In cerebral hemorrhage the injury is not confined 
to the Pyramidal fibers, but mvolves as well extra- 
P3TOmidal fibers which descend with the latter m 


the mtemal capsule AU the signs hsted on page 
1004 are, therefore, present The muscles do not 
waste and the electncal reactions (p 914) are 
normal (See also the premotor area of the cortex, 
ch 68) 

(4) Reflexes The tendon jerks at knee, ankle 
and elbow are exaggerated on the hemiplegic side 
and there may be ankle clonus The plantar re- 
sponse IS “extensor” m type‘ the abdommal and 
cremastenc reflexes (p 1014) are reduced or abol- 
ished 

The corticospmal neuron may be mvolved m 
mjury or disease (hemorrhage or thrombosis, 
tumor, etc.) m any part of its course from the 
cerebral cortex to the spinal centers The effects, 
though showmg the general features just descnbed, 
e g , loss or impairment of muscular power, hyper- 
tonia and exaggerated reflexes, present certam 
features peculiar to the level of the lesion When 
the latter imphcates the tract where, as m the 
mtemal capsule, the fibers form a compact bundle 
the penpheral effects are likely to be more wide- 
spread, 1 e , to be- hemiplegic, than when the motor 
area of the cortex or the corona radiata is m- 
volved Then the paralj^is tends to be more 
localized and may affect only one hmb — mono- 
plegia ® Agam, when the lesion mterrupts the fibers 
anywhere above the nuclei of the motor cranial 
nerves (supranuclear lesion) the muscles mner- 
vated by the latter will, of course, be mvolved as 
descnbed above with the muscles of the limbs and 
trunk The fibers from the cortex of the motor 
nudei cross at different levels but all above the 
decussation of the corticospmal fibers If, there- 
fore, a lesion mvolves the pyramidal pathway 
below, say, the nucleus for the seventh cranial 
nerve but above the decussation of the cortico- 
spmal fibers the paralysis wiU mvolve the hmbs 
and trunk of the opposite side and perhaps those 
of the tongue, soft palate and throat, but the faaal 
muscles will escape When the lesion mvolves the 
facial nucleus itself together with the pyramidal 
tract, crossed or alternate hemiplegia results This is 
known as the Millard-Gubler syndrome and con- 
sists of paralysis of the limbs and trunk of the 
spastic type on the side opposite to the lesion, 
together with the faaal paralysis of the lower 
neuron type on the side of the lesion Similarly, 
the hyperglossal nucleus may be mvolved together 

* This IS m reahty a flexor reflex (see p 1013) 

^ Paralysis mvolvmg all four limbs is called quadrt- 
plegia, if only the upper limbs are paralyzed thte term 
diplegia is us^, or paraplegia when only the lower limbs 
are paralyzed 
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with the p 3 rraimdal tract above its decussation 
Wasting and paralysis of the tongue musdes on 
the same side as the lesion, and spastic paral 3 rsis 
of the limbs on the opposite side will result Agam, 
the glossopharyngeal nucleus mav be imphcated 
with consequent paralysis of the stylopharyngeus 



Fig 66 13 Diagram illustrating the effects of Irsir 
" 1, lesion ofSirt^^iog 

paraplegia (in part from Vill.ger’JK^^'g, 


tonrme Posterior third o 

iTn nucleus, since it b, 

dose proximity to the pyramidal tract is 
Mmetimes involved with the latter The' lev 
fte lesion would then be indicated by paraly. 
the ocular musdes innervated by the S 

4 66 13 ) 


It is evident that the paral 5 rsis is more likely to 
be bilateral if the lesion is situated m a region 
where, as in the bram stem or spmal cord, the 
corticospinal tracts of the two sides are approxi- 
mated, than if It IS located at a levd where these 
tracts are widely separated, as m the corona 
radiata or mtemal capsule, then unilateral effects 
are usual Injury to the crossed pyramidal tract on 
one side of the cord, should it octur, will result 
m paralysis of the musdes on the same side 
Complete mtcmiption of both pathways m the 
cord will of course result m paralysis on both 
sides of the body below the level of the lesion — 
paraplegia (p 1011) 


LESIONS OF THE SPINAL MOTONEDEON (lOWEE 
MOTOR neuron) 


Destruction of the motor cells situated m the 
anterior horns of the cord of the motor nudei of 
the cranial nerves, of the antenor spmal nerve 
roots or of the penpheral nerve trunks, results m 
complete paralysis of the musde fibers supplied 
by the injured motoneurons The paralysis is of 
the flaccid type, of which the following are the 
mam chmeal features 

(1) Paralysis not of movements essentially, but 
of mdividual musdes or even parts of musdes (see 
motor units, ch 66) 

(2) Hypotonus, Wadity 

(3) Loss of tendon reflexes 

(4) Atrophy (wastmg) and degeneration of 
musdes 




-Dl — ' 

(0) Flantar response if present is of the normal 
flexor type 

The paralysis does not, as m lesions of the upper 
neuron, show a hemiplegic distribution When the 
lesion mvolves the anterior horn ceUs as m an- 
tenor poliomyelitis, or the antenor roots of the 
spmal nervM, the paralysis assumes a segmental 
pattern Individual musdes or scattered groups of 
musdes are commonly mvolved Injury to the 
anterior horns usuaUy results m a bilateral paraly- 
sis, though different musdes on the two sides of 

mven ^ Furthermore, since a 

given musde receives its mnervation from more 
than one spmal segment, and conversely a smgle 
p P^rts of several musdes 

m the ’ ^ t I 

eral musdes, leavmg other fibers m the same 

paSjis oT"rt than complete 

paralysis of certam musdes will result Even when 



Chapter 66 


SPINAL CORD AND BRAIN STEM 


1007 


the lesion involves several spinal segments, the 
muscles mnervated by those at the upper and 
lower lunits of the spmal region mvolved, will 
show partial paralysis, smce they will stfll be 
supplied by undamaged nerve fibers from adjacent 
health}’- segments 

The entrance of the ventral roots mto the 
formation of the brachial and lumbar plemises is 
accompanied by a regrouping of their constituent 
fibers which are contmued mto the vanous periph- 
eral nerve trunks A lesion of a peripheral nerve, 
therefore, produces a paralysis which is non- 
segmental m character It corresponds to the dis- 
tribution of the muscular branches of the nerve 

Cutaneous sensory loss wdl show a segmental 
pattern when the postenor roots of the spmal 
nerves are involved, but when a penpheral 
nerve trunk is implicated the distribution of the 
sensory defect will conform to that of the cutane- 
ous branches of the nerv'e (see also figure 66 3) 
Injury to the ascendmg tracts m the cord will, 
of course, cause sensor}' loss below the level of 
the lesion (p 993) and will vary m kind accord- 
mg to the particular fibers which have been inter- 
rupted 

ETJNCnOVAL, MORPHOLOGICAL AND CHEBHCAL 
CHANGES IN DENERVATED MUSCLE 

A lesion which involves an} part of the lower motor 
neuron — antenor horn cell — such as may result from 
antenor pohomjehtis or penpheral nerve injury, is 
followed by degenerative changes which extend to 
and mclude the nerve termmals withm the muscle 
A muscle thus completely denervated exhibits con- 
stant, fine, rapid, rhj'thmical contractions This so- 
called fibnllation of the denervated muscle does not 
appear untd several days after the abnormal electncal 
reactions (reaction of degeneration, p 914) have al- 
ready developed and complete degeneration of the 
nerve has occurred The muscle fibers contract asyn- 
chronously, the contractions mvolve only a part of the 
length (0 5 to 1 mm ) of the fiber and give nse to small 
irregular action potentials The fibnllation can some- 
times, though not commonly, be seen through the skin 
Havmg once appeared, fibnllation persists for a }ear 
or more and untd the contractde elements have under- 
gone complete atrophy According to Denny-Browm, a 
reduction in tension developed by the muscle when 
sbmulated maximally can be detected wathin 2 mmutes 
after section of the nerve, but other investigators have 
been unable to observe any loss of contractile force 
untd after a much longer mterval (30-40 hours) An 
outstanding functional effect of denervation is the 
great mcrease m the sensitivity of the muscle to the 
intravenous or mtra-artenal mjection of acetylchohne 


Normal muscle is exated by the mtra-artenal mjec- 
tion of from 0 2 to 2 0 mg of acetylcholine, whereas 
denervated muscle responds to a dose of from 0 002 to 
0 02 y It IS generally beheved that this hypersensitivity 
to acetylchohne is responsible for the Vulpian and 
Shemngton effects, and most probably also for the 
“fnght reaction” descnbed by Bender (p 1101) The 
denervated muscle is also hyperexatable, though to a 
less pronoimced degree, to potassium chlonde. 

The denervated muscle soon commences to atrophy, 
reduction in its bulk becommg apparent withm a few 
da}’s after section of the nerve Atrophy progresses 
rapidly and is followed by degeneration of the con- 
tractde elements Microscopic changes m the muscle 
fibers consist of swelhng and vesiculation of the nuclei, 
a reduction m sarcoplasm, and fadmg, followed by 
disappearance of the stnations of the myofibrdlae 
Ultimately all contractde tissue disappears and is 
replaced by fibrous tissue and fat As these morpho- 
logical changes are occumng, the muscle gradually 
loses its plastic or ductile quahty, flexors and adductors 
shorten and become more or less “set” m their new 
positions The antagomstic muscles lengthen adap- 
tively This state of the muscles is called contracture 
The chemical changes m denervated muscle compnse 
a reduction m glycogen, phosphocreatme and adeno- 
smetnphosphate, but they do not become pronounced 
until the onset of fibrillation The breakdown and 
subsequent resj'nthesis of glycogen by the denervated 
muscle dunng a work penod is normal for a time 
follownng nerve section but when fibnllation super- 
venes, the abdity of the muscle to restore its glycogen 
after contraction is greatly impaired The atrophymg 
muscle shows a large mcrease m calaum, a smaller 
mcrease m chlonde, and a decrease m potassium The 
changes m chlonde and potassium can be accounted 
for by the reduction m muscle mass and its replacement 
by mterstitial tissue and fluid The mcrease m calaum is 
too great, however, to be explamed entirely m this way 
The cause of fibnllation m denervated muscle is 
unknown, but it is not improbable that it is a mam- 
festabon of its hypersensitivity to acetylchohne The 
observation of Magladery and Solandt that qumidme, 
which abohshes acetylchohne hypersensitivity, also 
suppresses fibnllation is highly suggestive, yet as Dale 
and his assoaates have sho-wn, direct stimulation of 
denervated muscle does not cause the release of acetyl- 
chohne It follows, therefore, that if the stimulating 
effect of this agent is responsible for fibrillation it 
must be earned to the muscle m the blood stream The 
increased sensitivity to acetylchohne may be due to a 
lack of cholinesterase for, accordmg to Mamay and 
Nachmansohn, this enzyme, which normally is con- 
centrated m the neighborhood of the nerve endmgs m 
skeletal muscle, disappears after denervation The 
lack of cholinesterase might also explam the failure of 
eserme to cause anything more than a transient aug- 
mentation of fibrillation 
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The atrophy following nerve degeneration has not 
been explained satisfactorily Langley and Rato be- 
haved that the ceaseless activity of the fibrillating 
muscle was the prunary cause, thus attributing it to 
overwork and eihausUon Though other mvesUgators 
stni incline to this view it has not received general 
acceptance One reason for questioning this explana- 
tion IS that the tension developed bj the fibrillating 
muscle IS less than that of the ordmary tonic contrac- 
Uon of normal muscle, yet the oxj’gen consumption of 
the denervated muscle is greater than that of normal 
controls One would not expect atrophy to result 
under such condiUons There is little evidence for the 
earher behef in trophic nerves in the ongmal meanmg 


Analgesia 
tAcreio-anestheaia 
and partial loss 
of tactile stnse 



SIDE 

OF LESIOH 
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Motor and 
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Loss of Joint 
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Eio 66 14 Diagram showing effects following hemi- 
BccUon of the cord in the lower thoraac region Narrow 
white band at level of lesion mdicates total anesthesia 
and analgesia. 


of the term, namely, that certam nerve fibers exerted a 
specific nutnPonal or trophic control over the muscle, 

HEinsECnON OF THE CORD BROWN-SEQDARD’S 
PARALYSIS 

A lesion which completely interrupts the con- 
tinuity of one-half of the cord causes the following 
disturbances 


I Motor paralysis 

Upper neuron type of paralysis of the musdes 
bdow the level of the lesion and on the same side 
occurs as a result of the severance of the cxirtico- 
spmal tracts The musdes supphed by the seg- 
ments actually mvolved m the lesion will, as h 
result of destruction of the anterior horn cells 
exhibit a flacad paralysis (lower motor neuron 
tiTpe) 'The flacad paralysis is, however, small m 


extent unless the lesion involves the cervical or 
lumbar enlargements (fig 66 14) 

II Vasomotor paralysis 

As a result of the onterruption of pathways m 
the lateral fumculus connecting the vasomotor 
center with the spmal sympathetic centers (mter- 
mediolateral cell column) dilatation of the cutane 
ous vessels below and on the side of the lesion 
occurs The skin of the paralyzed side is at first 
redder and wanner than normally , later it becomes 
cj'anosed and cold 

III Sensory changes 

(a) Sense oj position and movement and of tadile 
discrimination (compass test), stereognosis and the 
perception of vibration, being mediated by fibers of 
the pmstenor columns of the cord which do not 
cross to the opposite side, are lost below the level 
of and on the same side as the lesion The loss of 
the sensations from the musdes and jomts causes 
ataxia on the side of the lesion The non sensory 
impulses from the musdes smee they pass to the 
cerebellum by paths (direct and mdirect spmo 
cerebellar) contammg both crossed and uncrossed 
fibers are not completdy interrupted on either 
side. The partial blocking of these impulses, how- 
ever, contnbutes to the ataxia 

(b) Painful and thermal sensations are conveyed 
by fibers which cross shortly after their entrance 
mto the cord (lateral spinothalamic tract) There 
IS therefore complete analgesia and thermoanes- 
thesia on the side opposite to the lesion, except for 
a narrow band unmediatdy below the level of the 
mjury m which these sensations are retamed, for 
the fibers over which the impulses travd ascend for 
a segment or so bdore crossmg to the mjured side 
and, thus escapmg mterruption, proceed upwards 
above the lesion Destruction of fibers of the poste- 
rior roots as they enter the cord causes a narrow 
band of complete anesthesia and analgesia at the 
levd of the lesion 

(c) Touch and tactile localization It has been 
pomted out (p 993) that fibers mediatmg these 
sensations cross at ■different levels m the cord 
Therefore, a unffateral lesion ofttbe cord mterrupts 
fibers which have crossed from the opposite unin- 
jured side of the body as well as those ascendmg 
from the same side, Le , uncrossed fibers of the 
posterior columns These sensations on the side of 
the lesion are still mediated, however, by fibers 
which have escaped mterruption through havmg 
crossed bdow the lesion ascend m the ventral 
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(antenor) spinothalamic tract of the umnjured 
side, while those from the side opposite to the 
lesion are earned by the fibers of the postenor 
columns of that side The sensations of touch and 
tactile localization, therefore, are not lost on either 
side of the body as a result of a unilateral lesion 
of die cord, though some impaurment on the same 
side as the lesion may be detected 

Finally, there may be a narrow zone of hyper- 
algesia and hyperesthesia on both sides due to 
the imtation of the sensory fibers within the cord 

SYRINGOMYELIA 

This commences as a proliferation of neurogha 
(gliosis) in the spmal gray matter The newly formed 
tissue breaks down with the formaUon of cavities 
filled mth a gelatinous material The process may 
extend for considerable distances up and down the 
cord The startmg pomt of the disease is most fre- 
quently the base of the postenor gray column The 
lower cervical and upper thoraac regions are most 
commonly affected The disease may extend into the 
bulb (synngobulbia) when signs of imphcation of the 
cranial nuclei appear 

Dtssoctated sensory loss and muscular weakness with 
a segmental distnbution are among the charactenstic 
features of the disease Owmg to the site of the changes, 
the fibers mediatmg pam, heat and cold, where they 
make connections with the cells of the postenor horns, 
are first destroyed If the lesion is unilateral, thermo- 
anesthesia and analgesia of the skin supplied by, and 
on the same side as the diseased segments result Other 
sensations, e g , touch, muscle sense, are unaffected 
until later in the disease Involvement of the spmal 
nucleus of the tngemmal results m the charactenstic 
sensory loss over the face, the areas supphed by the 
ophthalmic, maxiUary and mandibular divisions being 
affected successively m this order (p 998) When both 
dorsal horns are mvolved, or as a result of expansion 
of the cavity the antenor gray commissure is pressed 
upon and the fibers injured at their pomt of crossing, 
the thermoanesthesia and analgesia are bilateral The 
muscles innervated by the antenor horn cells of the 
diseased segments become weak and wasted, these 
effects often appear first m the small muscles of the 
hand So long as the disease does not cause injury to 
the white matter, the sensory and motor effects are 
hmited and have a segmental distnbution Involve- 
ment of the corticospmal tracts will result in spasticity 
below the level of the lesion, while pressure upon the 
spmothalamic tracts and dorsal columns will be fol- 
lowed by sensory loss below the level of the lesion The 
degree of sensory loss, its type and distnbution and 
whether homolateral or contralateral vary accordmg to 
the extent to which the mdividual tracts are affected 
by the disease As a result of the loss of the protective 


sensations (pam and temperature), subjects of synngo- 
myeha are prone to suffer mjunes which, not bemg 
perceived at the time, are neglected and ultimately 
lead to senous lesions, e g , pamless disorganizabon of 
a jomt (arthropathy, Charcot’s jomt) Involvement of 
the sympathetic centers m the lateral columns leads to 
vasomotor disturbances, excessive sweatmg or absence 
of sweating, cyanosis, etc So-called trophic disturb- 
ances, e g , ulcers, whitlows, gangrene, etc , are largely 
the result of vasomotor abnormahties and the loss of 
sensation which, as just mentioned, permits an mjury, 
trivial perhaps at first, to be disregarded 

SUBACUTE COMBINED DEGENERATION OF 
THE CORD 

This condition involves the white matter of the 
cord and is almost always associated with permcous 
anemia The degenerative process consists of a break- 
down of the myehn sheaths, subsequent destruction of 
the axons and their replacement by newly formed glial 
tissue The changes are most pronounced m the corti- 
cospmal and cerebellar tracts and m the postenor 
columns The spmothalamic tracts, as a rule, are 
mvolved to a less degree The chief climcal features 
are, therefore (a) muscular weakness and spastiaty, 
(b) impairment of the sense of position and passive 
movement of the limbs with consequent ataxia and a 
positive Romberg sign, (c) loss or impairment of 
sensitivity to touch, pressure, localization, spatial 
discnmination, vibration, pam and temperature The 
relative extent to which these sensations are lost is 
vanable The cutaneous sensory loss is at first over 
the distal regions of the extremities — hands and wrists, 
feet and ankles Paresthesias (tmglmg, pnekmg and 
bummg sensations) frequently precede the sensory 
loss (d) The reflexes vary The tendon jerks are fre- 
quently exaggerated as a result of mvolvement of 
the corticospinal tracts, but they may disappear as 
the disease progresses The plantar response is usually 
of the “extensor” type, espeaally m the later stages 

The seventy of the nervous mamfestations do not 
always run parallel with that of the blood picture, the 
neurological features may be pronounced though the 
anemia is of mild degree, or vice versa Subacute com- 
bined degeneration of the cord, though associated with 
pemiaous anemia, is not due to the anemia itself 
This IS shown by the well recognized fact that the 
blood picture may be restored to normal by the ad- 
mmistration of fohe acid, but the neurological condition 
progresses unchecked, whereas the latter is arrested by 
the hematmic pnnciple (vitamm Bu) See also ch 9 

TABES DORSALIS, LOCOMOTOR ATAXIA 

In this condition, which is the result of syphihs, the 
fibers of the dorsal roots after their entry mto the cord 
(i e , the central processes of the primary sensory 
neurons) are attacked The ganglion cell bodies of 
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the dorsal roots, as a rule, are not afiected The es 
sential lesion within the cord, therefore, involves the 
entrance lyine of the lateral division of the dorsal roots 
(dorsolateral fasaculus of Lissauer), and the dorsal 
fasciculi (gracilis and cuneatus) The endogenous fibers 
of the cord escape, but although it is those tracts 
composed of exogenous fibers which are specifically 
attacked by the disease, the functions of the cerebellar 
and spmothalanuc tracts are also seriously disturbed 
as a result of degeneration of the pnmarv neurons 
leadmg to them The descendmg tracts remam as a 
rule ptacucally unafiected The reason for the selecUve 
destruction of the exogenous fibers of the cord is un 
known, possibly it is compression of the fibers by pro- 
liferation or mflammatory swelling of the memnges at 
the pomt of entrance of the posterior root The central 
fibers of the tngemmal nerve which are homologous 
with the fibers of the posterior spmal nerve roots may 
also be imphcated 

The sensory changes are those which might be ex- 
pected to result from a gradual degeneration of dorsal 
root fibers Somewhat similar efiects are produced m 
monkeys by section of the postenor nerve roots 

The chief mamfestations are as follows (a) Dunng 
the degenerative process paresthesias of various types, 
hyperesthesia and stabbmg pains ate common (b) Im 
pairment, or loss to a vanable degree, of all forms of 
sensation follows Loss of the rapid conduction com 
ponent of deep pam occurs early Loss of the sense of 
position and of passive movement, and blockage of 
afferent cerebellar impulses result m marked incofirdi- 
nation of the muscles — ataxia. Movements are jerky, 
exaggerated and imperfectly controlled, the subject 
being unable to move his hands and feet m the desired 
direction or to assume a given position at will, e.g , 
bnngmg his finger to the nose or placmg the heel of one 
foot upon the toes of the other The gait is ataxic, the 
feet are kept wide apart, raised unnecessarily high and 
brought don-n m a stamping fashion, the patient may 
learn to overcome this tendency by shufflmg 
Involvement of sensory cranial fibers causes corre 
spending mcofirdinate actions of the fanal, ocular and 
hngual muscles When standing with the eyes closed 
the patient, bemg thus deprived of an important aid 
in maintammg his equihbnum, tends to sway and 
may fall (Romberg’s sign) (c) The mtenuption of the 
pathway's for propnocephve impulses from the skeletal 
muscles (p 942) results m extreme hypotonia, but there 
IS no true paralysis (d) The tendon reflexes are abolished 
as a result of the destruction of the afferent limb of the 
propnocepUve reflex arc. The ahdommal reflexes are 
present (e) “Lightning pains” and trophic disimbanca 
The former are severe stabbmg paroxysmal pains 
usually localized to an area supplied by one or more 
spmal segments Vasoddatabon, small hemorrhages or 
herpes zoster may occur m. the painful area These 
vascular and cutaneous effects have been attributed to 
anUdromic impulses reachmg the penphery via sensory 


fibers The skin of the affected area may break down 
with the formation of scwialled trophic ulcers Painless 
destruction of jomts (Charcot’s joint) is not uncommon 
m tabes The loss of the sense of pain which causes the 
patient to suffer mjunes of which he is unaware, the 
extreme hypotonia of the muscles which normally 
support the yoint, and the vascular disturbances re- 
sulting from damage to autonomic fibers combine to 
produce such jomt condiUons They are usually classed 
among the trophic disturbances, the term implyung that 
the interruption of trophic impulses is responsible How- 
ever, the existence of true trophic fibers, i e , speafic 
fibers which preside o\ er the nutation of the penpheral 
tissues, IS questionable, (f) Tabetic crises These arc 
apparently the result of the involvement of afferent 
autonomic fibers which enter the cord by the dorsal 
roots They consist of paroxysmal attacks of pain and 
functional disturbances in one or other of the viscera 
Gastric crises are the commonest. They consist of se- 
vere epigastric pain and vomiting Rectal crises con- 
sisting of pain in and increased activity of the rectum, 
vesical crises with bladder pain and difficult urination 
or laryngeal crises, in which spasm of the adductors of 
the larynx with dyspnea may occur (g) Ocular signs 
The pupils are ns a rule constacted and often unequal 
The Argyll Robertson pupil (p 1177) in which the 
reflex to accommodation is retained but the reaction 
to light is lost, IS a characteristic ocular feature of 
tabes The pupQ also frequently fails to respond by 
dilatation to stimulation of the skin of the neck (oho- 
spmal reflex) The loss of this reflex is usually attab- 
uted to degeneration of the central sympathetic 
pathway through which the ddator pupiUae muscle is 
innervated (p 1175) Some droopmg of the upper hd 
(ptosis) may also result from the blockage of sympa- 
thetic pathways which normally transmit impulses to 
the smooth muscle in this situation, compensatory 
contraction of the frontalis muscle with wrinkling of 
the skin of the forehead results Damage to the fibers 
of the 3rd, 4th or 6th nerves results in paralysis of the 
ocular muscles, the external rectus most commonly 
Squint and double vision (diplopia (p 1184)) are 
consequences Primary optic atrophy occurs 

Disseminated {multiple) sclerosis This is a chrome 
disease of the nervous system characterized anatomi- 
cally by the occurrence of small patches of demy ehna- 
tion followed by overgrowth of glial tissue throughout 
the white substance of the brain (especially in the 
regions beneath the lateral ventricles), and spmal cord, 
as well as m various cranial nerves The lesions in the 
cord are most numerous in the corticospinal tracts and 
less pronounced, as a rule, m the postenor columns 
Clinically , the disease is marked by an insidious onset, 
irregular course, with remissions and relapses of un- 
predictable duration, and a great variability of signs 
and symptoms between mdividual cases Progressive 
weakness of the muscles of the legs, with the charac- 
teristics of an upper neuron lesion, eg, increased 
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tendon jerks, “extensor” plantar response (Babinski) 
and loss of abdominal reflexes result from the mvolve- 
ment of the pjrramidal tracts, or paresthesias, loss of 
vibration and muscle senses from lesions in the pos- 
tenor columns The loss of tactile and other sensations 
IS variable Impairment of vision, or even bhndness, 
may result from involvement of the optic nerve, 
chiasma or tract Nystagmus, slumng or staccato 
speech may occur from the disease affecting other 
cramal nerves or tracts, and an mtention tremor 
(Charcot’s tnad) appear as the disease advances 
Muscular weakness progresses mexorably to paraplegia 
m flexion Often a peculiar feature of the disease is a 
psychological one — the extremely cheerful attitude of 
the patient m the face of the complete hopelessness of 
his condition 

COMPLETE TRANSVERSE DIVISION OF THE CORD 

A sudden, or rapidly progressive, complete m- 
terruption of the contmuity of the cord may 
result from mjury (e g , gunshot wound, fracture- 
dislocation of the spme, etc ) or from acute mflam- 
mation (e g , transverse myelitis) Immediate and 
complete loss of voluntary power below the level 
of the lesion results Paralysis of both lower limbs 
resultmg from this or any other nervous lesion is 
spoken of as paraplegia Complete division of the 
cord in the lower cervical region wiU result in 
paral)^is of all four limbs, qmdnphgta A lesion 
of this nature m the upper cervical region is of 
course rapidly fatal smce the diaphragm and 
other respiratory muscles are isolated from the 
respuratorj"^ center The subsequent history of the 
subject of a complete transverse spmal lesion has 
been divided mto three stages by Riddock 

I Stage of spmal shock Immediately following 
the mjury there are complete loss of visceral and 
somatic sensations, and flaccid paralysis below the 
level of the lesion The skeletal muscles are quite 
toneless The tendon jerks, plantar response and 
abdominal reflexes are abohshed The cremasteric 
and bulbocavemosus reflexes, though absent as a 
rule, may at times be elicited The anal reflex is 
present A zone of heightened sensitivity (hyper- 
esthesia) immediately above the level of the lesion 
IS present and spontaneous pams m this region, or 
a feehng of tightness encirdmg the body may be 
expenenced by the patient There is retention of 
urme and feces due to tome contraction of the 
sphmeters This stage is analogous to the state of 
spmal shock m lower animals but is much more 
severe and prolonged (ch 67) In man spinal shock 
lasts for from one to three weeks 

II Stage of reflex activity — paraplegia in flexion 


Recovery of the isolated spmal centers commences , 
the flexor muscles gradually regam a part of their 
lost tone The first reflex to appear is the so-called 
extensor plantar response or sign of Babmski (set 
p 1013) At this tune the abdommal (rectus mua 
cles) and other superficial reflexes can also usually 
be evoked with ease Later the tone of the extensor 
muscles is restored to some extent and the tendon 
jerks reappear The knee jerk returns usually in 
from 3 to 7 weeks after the mjury and may become 
somewhat greater than normal, but shows certam 
abnormal features The extension of the knee is 
not mamtamed m the normal way for a bnef pe- 
nod, mstead, the quadriceps after its contraction 
relaxes suddenly agam and allows the leg to fall 
like a dead weight The ankle jerks are weak or 
may not appear at all Clonus is very rarely ob- 
tamable It wiU be recalled that after spmal 
transection m lower ammals, though flexor reflex 
activity soon returns after spmal transection, 
extensor reflexes, apart from the knee jerk which 
returns fairly promptly, are restored very slowly 
“Spmal man” also shows a preponderance of the 
flexor reflexes The flexor responses are, as men- 
tioned above, well-developed before the knee jerk 
appears and become progressively more active, 
whereas, extensor responses, for the most part 
cannot be ehated Strokmg of the skin of the sole, 
for example, may result m a response mvolvmg a 
number of flexor muscles accompamed by inhibi- 
tion of their antagonists Sometimes contraction of 
the extensors of the opposite lunb (crossed exten- 
sor reflex, p 957) occurs The hypertomcity of the 
anal and vesical sphmeters becomes less pro 
nounced The bladder and rectum may empty 
automatically, that is, reflexly When the stage of 
reflex activity is fully developed, spontaneous 
reflex spasms of the paralyzed limbs occur and 
quite a mild stimulus apphed to the paralyzed 
limbs or to the gemtal region results m a wide- 
spread reflex contraction of flexor muscles This 
response, which has been called the “mass refleoc” 
by Head and Riddock, wfll be considered more 
m detail presently Though the tone of all muscles 
IS lower than normal, the flexors are less hypotonic 
than the extensors, and the limbs tend to be drawn 
mto flexed positions The paralyzed state is there- 
fore referred to as a paraplegia in flexion The 
duration of the stage of reflex activity is indefinite 
The tracts whose destruction is essentially re- 
sponsible for the features of paraplegia in flexion 
are the corticospmal and vestibulospinal It will 
be remembered that after destruction of the ves- 
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tibular nuclei the extensor dominance of the de- 
crjebrate animal is abolished, whereas the flexor 
responses are retamed and may even be increased 
III Stage of fathirc of reflex acltvtty This stage 
IS ushered m when, as a result of some infecUve 
comphcation (e g , bed-sores, cystitis, pyehtis, etc.) 
and the consequent absorption of toxins, the spmal 
reflex centers are rendered functionless As a rule 
it precedes death by a short mterval The extensor 
reflexes (e g , knee jerks) are the first to disappear 
Then the flexor responses are ehcited with gradu- 
ally mcreasmg difficulty and the “mass reflex” 
does not occur Finally all reflex activity is abol- 
ished and the muscles waste Retention of unne 
and feces occurs, or there may be contmual dnb- 
blmg of urme, and fecal mcontmence Degenera- 
tion ol the cells of the spinal gray matter, as a 
result simply of their isolation from higher centers 
(isolation dystrophy) which, accordmg to Shemng- 
ton, occurs m the spmal monkey, does not appar- 
ently occur m spmal men for, as mentioned above, 
the stage of reflex activity may m the absence of 
infective conditions contmue for mdefinitely long 
penods If toxemia commences m the first stage 
(spmal shock) this may merge mto the third stage, 
the second stage of reflex recovery bemg absent 

mCXHtPIXTE DIVISION OF THE CORD 

A bilateral lesion of gradual onset destroymg 
the pyramidal tracts above the lumbar region but 
leavmg the vestibulospmal fasaculi mtact causes 
paraplegia in extension The muscles are spastic 
and extensor activity predominates The tendon 
jerks are exaggerated and patellar and ankle clonus 
can be readily diated Whereas paraplegia m 
flexion IS analogous to the spmal state of animak, 
paraplegia m extension is more comparable to 
decerebrate extensor ngidity The “extensor” 
plantar response, which is m reality a flexor pro- 
tective reflex, is present, but much less mtense and 
mvolves fewer muscles, than that seen m para- 
plegia m flexion. It is accompanied by a crossed 
extensor reflex The mass reflex is absent The 
abdominal reflexes are lost Paraplegia m extension 
will also result from a bilateral lesion of the cor- 
ticospinal tracts throughout any part of their 
course from the cortex downwards, and m a urn- 
lateral lesion (hemiplegia) the features are of the 
same nature On the other hand, a lesion of the 
cord even though mcomplete, if it mvolves the 
vestibulospinal tracts as well as the pyramidal, 
gives nse to the features characteristic of para- 
plegia m flexion 


The "mass rejfex” 

This, as already mentioned, occurs m conditions 
m which the spinal centers having been released 
from higher control establish mdependent acUvity 
and flexor responses predominate A relaUvely 
weak stimulus causes, as a result of irradiation 
withm the cord, a diffuse reflex response in which 
are included a large number of voluntary flexor 
muscles as well as the musculature of certain 
viscera The response shows no ‘local sign,” le , 
there is no arcumsenbed area from which it is 
ehatablc alone, and it shows little or no modifica- 
tion upon varying the site of application of the 
stimulus It can be evoked from anywhere over 
the limbs, genital regions or abdomen below the 
level of the lesion The type of stimulus to which 
il Ttsponds IS one whith wwild be pfawifwl wr v>w 
pleasant (c g , scratching, pinching, packing, etc.) 
could It be felt by the subject It is a magnification 
of the normal withdrawal or protective reflex 
(flexion reflex, p 957) The mass reflex compnses 
the foUowmg reactions 

(a) A flexor spasm of the muscles of the abdomi- 
nal wall (recti) and lower extremities as a result of 
stimulation of the skm of the abdomen, genital 
region or limbs 

(b) Sweating caused by stimulation of the skin 
or of the vesical or rectal mucosae, its distribution 
IS, roughly, that of the sensory loss 

(c) Evacuation of the bladder, even though only 
partially full, and of the rectum follows stimulation 
of the skin, or of the respective mucous surface 
Evacuation of the bladder is affected normally by 
contraction of the detrusor muscle and relaxation 
of the sphmeter (p 483) Immediately after com- 
plete section of the cord the detrusor muscle may 
be capable of contracting reflexly as a result of the 
stimulus caused by distension of the bladder wall, 
but mhibition of the sphincter fails to occur, and 
retention of unne results MTien, however, the 
sphincter is dilated by means of a catheter, the 
bladder wall contracts and evacuation occurs read- 
ily After a time, relaxation of the sphmeter, as 
well as contraction of the detrusor muscle, occurs 
through the reflex center in the sacral cord, when a 
sufliaent quantity of urme (500 to 600 cc.) has 
collected to distend the bladder and so act as a 
stimulus This reflex which characterizes the so- 
called automatic bladder and is brought about by 
mtravesical stimulation is very readily facilitated 
by extra-vesical stimuli Thus, as mentioned 
above, a scratch upon the sole of the foot or in the 
genital region causes a spasm of flexor muscles 
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and, even though the quantity of unne present m 
the bladder at the tune be quite inadequate to 
stunulate through distension alone, the extra- 
vesical stunulus has such a facilitating effect upon 
the vesical reflex that evacuation results The fa- 
dhtation caused by an extra-vesical stimulus is 
always more readily demonstrable upon the de- 
trusor contraction (i e , when a catheter is m 
position) than upon the sphmcter Though they 
have not been studied m the same detail the 
mechanisms concerned m the reflex evacuation of 
the rectum are no doubt similar ® 

THE PLAOTAR REFLEXES 

This IS the most appropriate place to consider 
these and other superficial reflexes 

The normal plantar response to a hght scratch 
applied to the skm of the sole is plantar flexion 
of the four outer toes with no movement, or, more 
usually, plantar flexion of the great toe The toe 
movements are accompamed by dorsiflexion of 
the ankle and contraction of the tensor fasaae 
femons The center for the reflex hes m the fiirst 
sacral segment, its physiological significance is 
unknown In a lesion of the corticospmal paths 
(see also p 1004) at any level above the first sacral 
segment, the normal response is replaced by one 
m which dorstflexion of the great toe and often 
spreadmg or fannmg of the outer toes occurs It is 
ehated best from the outer border of the sole This 
response is called after its discoverer the svgn of 
Babtnskt (fig 66 15) From thed orsiflexion of the 
great toe, which is due to the contraction of the 
extensor longus halluas, this reflex is also fre- 
quently referred to as the extensor response^ 
This term, however, is mcorrect smce the upward 
movement of the great toe is part of a general 
flexor response homologous with the flexor reflex 
ehatable from the hmd limb of a lower animal (p 
957) (see Walshe) The dorsiflexors of the toes, 
though classed anatomically as extensors must, 

‘Holmes has denied that the evacuation of the 
bladder m response to penpheral stimulation is an 
mtegral part of the mass reflex, i e , due to irradiation 
of impulses to the imctuntion center m the cord, he 
attributes it simply to the sudden rise m mtraabdom- 
mal pressure caused by the associated reflex con- 
traction of the abdommal muscles 

’ An "extensor” plantar response is present normally 
m infants up to the first year or so, i e , to the age of 
walkmg, and is then probably due to the undeveloped 
state of the corticospmal tracts It is also present m 
normal adults during deep sleep (p 1066) and m the 
apneic stage of Cheyne-Stokes respiration, bemg ap- 
parently due m the latter instance, to anoxemia of the 
motor cortex 


when compared ph 3 ^iologically with similar mus- 
cles m the limb of an a nim al such as the dog, be 
mduded among the flexors In lesions of descend- 
mg spmal tracts (e g , hemiplegia, paraplegia m 
extension) m which extensor reflex activity over- 
shadows the flexor reactions, the so-called extensor 
plantar response is minimal, consistmg mainly 
of the toe movements just descnbed The flexor 
nature of the reflex is shown, however, by the 
associated contraction of the ham-strmgs, i e , 
semitendmosus, semimembranosus and biceps fem- 
ons, which mvanably occurs (see also p 1012) 
Even when the toe movements do not occur, 
some shght contraction of the ham-strmgs can 
usually be detected Its flexor nature is also mdi- 



Fig 66 15 Upper drawmg, normal plantar response, 
lower drawmg, Babmski response 

cated by the fact that an undoubted extensor 
reflex such as ankle clonus is readily inhibited by 
evokmg the Babmski reaction (reaprocal inhibi- 
tion) In hemiplegia m which the Babmski sign 
IS present, stimulation of the sole of the sound 
side m some mstances causes plantar flexion of the 
xoes on the affected side together with contraction 
of the extensors of the knee and hip This crossed 
response differs, however, from the normal plantar 
response (which of course is not crossed) m that 
contraction of the tensor fasaae femons (a flexor) 
does not occur It is looked upon as a true extensor 
response correspondmg to the crossed extension 
reflex m the hmd limb of the experimental animal 
when a flexion reflex is set up m the homolateral 
limb 

In the restncted forms of the extensor response 
as seen m hemiplegia, the receptive field of the 
reflex is also stnctly circumscribed, bemg ehatable 
only from the sole — the outer border or the base of 
the hallux more especially 

In paraplegia m flexion m which flexor activity 
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predominates the so-called extensor response is 
maximal and, as we have seen, is simplv part of a 
widespread flexor reaction The receptive field of 
the reflex is extensive and the application of a 
stimulus IS followed by contraction not only of the 
extensor longus halluas (with dorsiflexion of the 
hallux) and ham-stnngs but by an associated con- 
traction of the true flexors of the lower limb, the 
extensor longus digitorum, tibialis anticus, gracilis, 
sartonus, rectus femons and iliopsoas The ex- 
tensors undergo reaprocal inhibition The flexor 
nature of the “extensor” response is therefore 
undoubted It is a noaceptive reflex, the limb, 
when the reflex is fully developed, being withdraivn 
from the stimulating (nocuous) agent by a flexion 
at hip and knee and dorsiflexnjn at the ankle 

OTHER SOTEREICIAL REFLEXES 

(a) Oppenheim's reflex is simply a modified Babinski 
response, it is associated mth the same conditions as 
the latter and has a similar significance It consists in 
dorsiflexion of the hallux which results when n fiinn 
downward shdmg pressure is apphed to the skin over 
the postero-mtemal border of the bbia 

(b) "Fanmng" of the toes, onginally described by 
Babinski, occurs in lesions of the premotor area or of 
extrapyramidal fibers It consists of lateral deviation 
of the toes when the sole is stroked 

(c) Noacepttoe reflexes of upper Itmb A flexor reflex 
of the upper limb correspondmg to the sign of Babinski 
of the lower limb is often eUatable in lesions involving 
the pyramidal tracts above the thoracic region, as in 
hemiplegia. It consists of flexion of the fingers, often 
sccompamed by flexion of wnst and elbow and nb 
ducUon and external rotaUon of the shoulder, when a 
mildfv nocuous stimulus is apphed to the palm or 


surfaces of the finger SomeUmes an extensor response 
— elevation, adduction and internal rotation of the 
shoulder, extension of the elbow, pronaUon of the 
forearm, flexion of wnst and hyperextens on and adduc- 
Uon of the fingers— may be elicited in a pjTamidil tract 
lesion by stimulation of the skin of the axilla or side 
of the chest 

(d) Abdominal reflexes lightly scratching the si m 
of the abdomen of a normal person causes a reflex 
contraction of the abdominal muscles The reflex is 
abolished in pyramidal lesions or in one (c g , acute 
anterior poliomy chtis) in\ olving the centers located in 
the 7th to 12lh thoracic segments They do not appear 
until between the 0th and 8th month of age when the 
infant can sit up unsupported 

(c) Cremasteric reflex consists of contraction of the 
cremaster muscle and elevation of testicle which re 
suits from a light stroke applied to the skin on the 
inner aspect of the upper part of the thigh It is abol 
ished in pyramidal lesions or as a result of destruction 
of the center in the 1st or 2nd lumbar segment. 

(0 Biilbocavernosits reflex has its center in the 3rd 
and 4th sacral segments It consists of contraction of 
the bulbocav emosus muscle (detected by palpation) 
in response to stimulation of the glans penis It is 
absent in a lesion involving any part of its reflex arc, 
motor or sensory limb, or center 

(g) Anal reflex is the contraction of the external 
anal sphincter in response to scratching the neighbor- 
ing skin Its center is situated in the 4lh and Sth sacral 
segments and the coccygeal segment, it is lost after 
interruption of its reflex arc 

(h) Ctiileal reflex Scratching the skin of the buttock 
causes contraction of the gluteal muscles It depends 
upon the intcgntv of the 4lh and Sth lumbar seg- 
ments 

The deep or tendon reflexes, such as the knee jerk, 
ankle jerk, etc., have been discussed m chapter 65 
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THE EXTRAPYRAMTDAL SYSTEM THE THALAMUS AND 

HYPOTHALAMUS 


There are at least two pathways other than the 
pyramidal or corticospmal through which the 
cerebral cortex exerts an influence upon the ac- 
tivity of the skeletal muscles, namely through 
the pons and cerebellum — the corhcopantocere- 
bellar — and through the stnate body and the 
subthalamic nuclei — the corhcostrionigral The first 
mentioned of these two systems will be considered 


and will be considered here Though this system is 
assoaated functionally with the pjrramidal system, 
and its fibers as well as those of the latter system 
pass through the mtemal capsule to reach their 
subcortical connections, they take a different 
course to the spmal cord, traversmg the reticular 
formation of the brain stem, and the reticulospmal 
tracts The extrap 3 Tamidal system is much more 



Fig 67 1 The corpus stnatum and its connections, claustrum and external capsule not shown 


in chapter 70 To the corticostnomgral system, 
together with the paths to the spmal cord, the 
term “extrapyrarmdal” is most usually restncted,‘ 

* Strictly speaking, the term “extrapyramidal” 
should mclude all descendmg paths, other than py- 
ratmdal, that are concerned with the motor functions, 
and some authors do so A Brodal, for example, recog- 
nmng the difficulties of defimtion, states, “From a 
practical point of view it appears most appropnate to 
regard the extra-pyramidal system as consisting of all 
tracts and nuclei which form the substrate for motor 
functions, other than the pyramidal tract and its site of 
origin in the cerebral cortex ” This defimtion would em- 
brace the corhcopontocerebellar tracts 


extensive than the pyramidal The highest level 
of this system is situated mainly m the premotor 
area of the cerebral cortex Impulses which travel 
by extrapyramidal pathways can be evoked from 
parts of the frontal cortex Ijong m front of the 
motor area (area 4) The responses which result 
are more complex and general m nature than those 
imtiated from the motor area itself (ch 68) They 
consist of movements assoaated with postural 
adjustments, turmng of the eyes and head, move- 
ments of the lunbs and twistmg of the trunk 
Such movements can stiU be ehated after excision 
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of the motor area, but not after projections from 
the premotor area (area 6) are mterrupted b> 

undercuttmg (Figs 67 1 and 612) 



Fig 612 The corpus stnatum 1, thalamus, 2, cau- 
date nucleus, a, head, b, tail, 3, lentifonn nucleus, 4, 
fibers of mternal capsule 


lying on the medial side of the anterior limb of tte 
mternal capsule Its head bulges mcdidly into the 
antenor horn of the lateral sentncle The tail ends 
m the am^s^aloid nucleus, a small globular m^ of 
Era> matter whose cells constitute a part of the 
oUactori pathvsaj The IcnUjorm occupies 

a correspondmg posiUon on the outer side of the 
mternal capsule (fig 6612, ch 66) The wedge- 
shaped Icntiform nucleus is disnded again into an 
outer and an inner part, the pulamcn and the 
globus palltdus, respectively Beneath the antenor 
hmb of the internal capsule the lentiform nucleus 
becomes contmuous with the head of the caudate 
nucleus On the outer side of the lentiform nucleus 
IS a narrow band of white matter— the exlernal 
capsule, lateral to this again is an elongated island 



The corticostnomgral sj'stem embraces four 
masses of gray matter, (a) the corpus slnalum 
(basal ganglia) (b) thered nucleus, (c) the subslanha 
nigra and (d) the hod\ of Luys (subthalamic nu- 
cleus) These sei eral nuclear masses are connected 
together by numerous fiber tracts, and giro rise m 
turn to descending fibers through which connections 
are made with the spinal motoneurons 

The Corpus Striatum 

The corpus stnatum is a mass of gray matter 
Ijnng at the base of the hemisphere m close rela- 
tion to the thalamus It is mcompletely divided 
mto two mam parts — the caudate and lentiform 
nuclei — b> the antenor limb of the mternal cap- 
sule. The caudate nucleus is a gray mass with a 
large pear-shaped head and a long curved tail 


of graj matter — the claustnim (fig 612) The 
corpus stnatum, amjgdaloid nucleus and claus- 
trum are together known as the basal ganglia (or 
(nuclei) 

The fiber system of the corpus stnatum The fiber 
connections may be divided mto the following 
groups 

(1) Fibers arising and ending mthn Ike corpus 
stnatum (intemunaal) These pass from (a) the puta- 
men to the globus palhdus (b) from the caudate 
nucleus to the putamen and globus palhdus, and (c) 
from the lateral to the medial zone of the globus 
palhdus (fig 67 1) 

(2) Fibers arising in the corpus slnalum and ending 
elsewhere (slnofugal fibers) The great bulk of the fibers 
leaving the corpus stnatum anse from the globus 
palhdus. (a) Slnothalamic from globus palhdus to the 
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kteral nucleus of the thalamus Through these, and 
the thalamo-ohvary and ohvospmal tracts a possible 
pathwa} exists for stnatal impulses to reach the spinal 
cord (b) Siriositbthalanitc {ansa lenttcularis) These 
arise m the globus palhdus and pass to the red nucleus, 
substantia mgra and the body of Luj's (c) There is no 
direct connection, apparently, between the corpus 
stnatum and the spinal centers though, accordmg to 
Morgan, a direct path (stnobulbar) to the bulbar 
nuclei exists These fibers arise m the globus palhdus 
They terminate aroimd cells m the reticular formation 
of the pons and medulla and m the trochlear, abducens, 
tngemmal (motor), glossopharyngeal and hj'poglossal 
nuclei, of the same and the opposite side The reticulo- 
spinal and rubrospinal tracts provide pathways 
whereby stnatal impulses reach the spmal centers (d) 
PaUtdohyPolhalamtc from the globus palhdus to the 
hypothalamus No fibers passmg from the stnate body 
to the cortex were found by WTlson, who made a 
comprehensive study of the stnatal connections 
Others, however, state that such exist 

(3) Fibers ending in the corpus stnalum but arising 
elscichere {striopetal fibers) (a) Thalamtts to caudate 
nucleus, putaman and globus palltdus (b) Body of Luys 
to globus palltdus (c) Red nucleus to globus palhdus 
(d) Cortex to caudate nucleus Area 6 (premotor) sends 
fibers to this part of the corpus stnatum and possibly 
also to the putamen and globus palhdus 

(4) Fibers joining the corpora striata of the two sides 
{commissural fibers) These pass from the globus pal- 
hdus of one side to the correspondmg nucleus of the 
opposite side 

(5) Fibers passing through the corpus striatum {fibers 
of passage) Ascendmg and descendmg fibers of mtemaJ 
capsule — corticospmal, thalamocortical, etc. 

The corpus stnatum is also almost certamly m com- 
mumcation with the cerebellum through relay stations, 
e.g , red nucleus 

The Red Nucleus 

The red nucleus is a large oval mass of gray 
matter in the tegmentum of the mid-bram l}Tng 
beneath the thalamus and extending backwards 
from about the middle of the latter structure to a 
level beneath the postenor border of the supenor 
coUiculus (figs 67 1 and 67 3) The fibers of the 
third nerve stream through it Two groups of 
cells are found withm it The cells of one of these 
groups are large {nucleus magnocellulans) and are 
situated at the postenor part of the red nucleus 
The other, situated antenorly, is composed of small 
cells {nucleus parvocellulans) Phylogenetically, the 
nucleus parvocellulans is a later acquisition Fibers 
arising from the nucleus magnocellulans of one 
side issue from the ventral aspect of the red 
nucleus and, crossmg with those of the opposite 


side (Forel’s decussation) descend as the rubrobul 
bar and rubrospinal tracts Fibers descend from the 
small-celled nucleus to synapse with cells m the 
reticular formation of the pons and medulla, 
they constitute the rubroreticular tract The fol- 
lowmg IS a summary of the connections of the 
red nucleus 

A Efferent tracts (nibrofugal) 

(a) Rubrobulbar and rubrospinal tracts from nucleus 
magnocellulans to the motor cells of medulla and 
cord 

(b) To the refacular formation of the pons and me- 
dulla (tractus rubroreticulans) 

(c) Rubro-ohvary tract to the mfenor ohvary 
nucleus 

(d) Rubrothalamic tract to the lateral nucleus of 
the thalamus 

(e) Rubrostnatal to globus palhdus 

B Afferent tracts (rubropetal) 

(a) Corticorubral tract, from the frontal lobe and 
premotor area to the nucleus parvocellulans 

(b) Palhdorabral tract from the globus palhdus 

(c) Cerebellorubral tract (p 1077) composed of fibers 
which arise mainly m the dentate nucleus of the 
opposite cerebellar hemisphere and reach the red nu- 
cleus via the supenor cerebellar peduncle This cere- 
bellar pathway is relayed to bulbar and spmal centers 
by the rubrobulbar and rubrospmal tracts, and to 
the thalamus for relay to the cerebral cortex 

Little is known definitely with regard to the 
functions of the red nucleus It appears, however, 
to be an essential part of the extrapyramidal 
pathway controlhng the performance of complex 
muscular movements It may be regarded as a 
center wherem impulses received from vanous 
sources (cerebral cortex, corpus stnatum, cere- 
bellum, etc.) are organized before their trans- 
mission (via rubrobulbar, rubrospinal and rubro- 
reticular tracts) to the motor centers of the cra- 
mal and spmal nerves 

The Substantia Nigra 

The substantia mgra is the crescentic gray 
mass seen m transverse section lying ventral to 
the red nucleus and between the basal and teg- 
mental portion of the cerebral peduncles (figs 
67 1 and 67 3) It is composed of large cells which 
are deeply pigmented with melanm and have a 
high content of iron It is connected by both 
afferent and efferent fibers with the globus palhdus 
and the frontal region of the cerebral cortex It 
also receives fibers from the body of Luys (sub- 
thalamic nucleus) and from the medial and lateral 
lemnisci, the supenor coUiculus and the mam- 
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miliary bodies It is thus m receipt of afferent 
impulses from the general body surface and from 
the organs of hearing, sight and smell It sends 
fibers to the red nucleus and to the formatio 
reticularis of the pons The substantia nigra is 
regarded as a center for the integration of those 
afferent impulses which are essential for the per- 
formance of shilled movements It shows its great- 
est development m man and the higher apes 

The Body of Lttys or Subthalamic Nucleus 

The anterior limit of this structure hes on a 
level with the mammillary bodies It should not 
be confused with the hypothalamic nudei (p 
1026) It lies lateral and ventral to the red nucleus 
and dorsal to the substantia nigra Tibers link 
It to both these structures and to its fellow of the 
opposite side It receives fibers from, and sends a 
few fibers to the globus paUidus (p 1016) 


lateral lesions were made the animals used by 
preference the arm and hand of the ipsHateral 
side and showed clumsmess of movement on the 
opposite side There was, however, no paralysis 
or even paresis In chimpanzees, stnatal injury is 
followed by athetoid movements (p 1020) closely 
sunilar to those seen m persons suffermg from 
disease of this region Brown observed tremors m 
monkeys followmg large bilateral lesions m the 
putamen or smaller bilateral lesions of the globus 
pallidus Liddell and Phillips observed sbght but 
persistent hypertonus in the extensor muscles of 
the opposite side and flexor hypertonus on the 
same side followmg electrolytic lesions in the 
corpus stnatum Placmg reactions were imperfect 
and dosuie of the contralateral eyelid was defec- 
tive The highest mtegrative level of the cortico- 
stnonigral system consists of cells situated chiefly 
in the premotor area (area 6) (ch 68) 


The Effects of Experimental Stimulation 
AN n Injury of the Corpus Striatum 

Phasic movements m any way resemblmg those 
which can be eliated by excitation of the motor 
cortex cannot be mduced by stimulation of the 
basal ganglia or of the subthalamic region When 
such movements occur they are attributed to the 
escape of current to the internal capsule A slow 
movement of the legs of cats was observed by 
Miller upon unipolar faradization of the caudate 
nucleus or by the application of warmth or of 
strychnine, which appears to be due to exatation 
of this nucleus itself But outstandmg result of 
stimulation of the striate body is observed dunng 
muscular movements mitiated from the cortex or 
when the limbs are held by tonic postural con- 
tractions, then inhibition promptly occurs Among 
the most definite experimental results are those of 
Mettler and his associates They observed the 
following effects of electrical stunulation of the 
corpus stnatum in monkeys (a) Movements m- 
duced by excitation of the motor cortex were 
inhibited by concurrent stimulation of the caudate 
nucleus, putamen or claustrum, (b) stimulation of 
the globus paUidus added to movements mitiated 
from the motor cortex, an element of “plastic 
tonus” which exerted a “holding” action upon the 
movements and prolonged then reaction time 
Expenraental lesions of the stnatal region m 
dogs or cats result m no noticeable motor defect, 
nor m monkeys is any pronounced effect observed' 
Ivinnier Wilson found that when extensive uni- 


Functions of the Extrapvhamidal System 


The corpus stnatum is one of the oldest parts 
of the cerebrum, and the globus paUidus {paleo- 
slnatum) is older phylogcneticaUy than the 
putamencaudate portion [neoslnaltim) The con- 
nections of the paleostriatum are chiefly efferent, 
the neostnatum is mainly receptive In lower 
vertebrates (e g , fishes, amphibia, reptiles and 
birds), m which the cortical mantle is absent or 
rudimentary and the pyramidal system has not 
yet come mto being, the corpus stnatum* is the 
highest motor center, bemg looked upon as ho- 
mologous with the motor cortex of higher forms 
Upon this "old motor center” and its connections 
with lower levels the motor activities of sub- 
mammahan forms very largely depend In the 
bird, for mstance, after removal of its rudimentary 
cortex, visual and auditory sensations seem un- 
affected and it continues to carry out normal 
movements of feedmg, courtmg, fightmg, etc. 
These mstmctive reactions are imperfectly ex- 
ecuted after removal of portions of the stnate 
body As the phylogenetic development of the 
cerebral cortex and the pyramidal tracts pro- 
gresses, corticahzation of function proceeds accord- 
ingly But the functions of the extrapyramidal 
system, thou^ m some ways subordmated to 
those of the motor cortex, are by no means lost 
The phylogenetically older system contmues to 
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carry out those more or less automatic or semi- 
reflex movements concerned with the maintenance 
of posture, defence, feedmg, etc In the cat or dog 
for example decortication is followed by relatively 
little disturbance of the motor functions as com- 
pared with the effects of this operation in pnmates 
The motor disability of the decorticated monkey 
IS profound, whereas the dog a short time after 
decortication is able to walk about, and responds 
to stimulation b}' growling or barking, and can 
feed itself, even choosing appetizing from disagree- 
able food The extrap>Tnmidal paths undoubtedly 
play an important r61e m the ordmary motor 
actmties of these animals In man the cortical 
representation of the extrapyramidal system is 
placed in the premotor area (p 1033) From the 
results of ablation expenments involving the 
premotor cortex (p 1034), this frontal region in 
pnmates appears to have become mtimately 
associated, through intracortical connections wnth 
the motor area, scr\nng to synthesise larger com- 
plex actions from the smaller more discrete move- 
ments governed by the latter area Wilson’s view 
of the functions of the extrapyramidal stnatal 
system m the human subject is that through the 
convergence of its paths upon the spinal moto- 
neurons it mamtams a postural background or 
substructure, against or upon which voluntary 
movements arc executed Impulses travelmg these 
paths exert, he believes, a steadying effect upon, 
but do not themselves initiate, such movements 
Kappers, how ever, considers that the habitual or 
automatic acts of daily life arc mediated through 
this extrapyramidal system and points out that 
such types of movement suffer the greatest im- 
pairment in stnatal disease 

CuNiCAL Manifestations of Disease of the 

ExTRAPYRAinDAL SYSTEM 

The chief clinical features of extrapyramidal 
disease are (a) muscular ngidity resultmg m 
disturbances of posture and movement, (b) m- 
voluntary movements, e g , tremor, athetosis, 
chorea, (c) absence of any true paralysis The 
corpus stnatura and other parts of the extra- 
pyramidal system seem to be peculiarly susceptible 
to the actions of certam toxic substances The 
foUowmg are some of the syndromes met with 
(1) Progressive hepato-lenlictdar degeneration, (2) 
Parkinsonism — paralysis agitans, etc , (3) chorea, 
(4) athetosis, (S) tortion spasm 

Progressive hepaloAenlicular degeneration (Wil- 


son’s disease) This was desenbed by Wilson in 
1912 It mvanably termmates fatally but its 
duration vanes from a few months to several 
years The following are its chief features 

(a) Mnsetdar rigidity is wide-spread and progressive. 
It involves face, trunk and hmbs Flexors as well as 
extensors are affected, but the former more conspicu- 
ously than the latter The hypertonus offers a "Jead- 
pipe-like” resistance to passive movement and results 
m slowness and difficulty of movement Eventually, 
contractures occur and the patient is rendered almost 
immobile as though carved from stone, he can be 
lifted or mo\ cd en bloc The ngidity of the facial muscles 
gives a fixed, blank expression The mouth is some- 
times held widely open, the smile or laugh is pecuharly 
stiff and vacuous The hypertonus of the muscles of 
articulation and deglutition leads to dysarthria (p 
1049) and dj'sphagia The ngidity is temporarily abol- 
ished by the injection of novocaine into the muscles 

(b) Involuntary movements These consist chiefly of 
tremor (about 6 osallations per sec ) which is mcreased 
by exatement or any attempt at \ oluntary’ movement, 
sometimes athetoid movements (p 1020) occur 

(c) The reflexes are normal There are no sensorj' 
changes and although the muscles often show some 
weakness and arc easily fatigued there is no actual 
paralj'sis 

(d) Cirrhosis (mulltlohular) oj the liver is found at 
autopsy, but dunng life there may be no signs of hver 
disease In some instances, howeier, symptoms pomt- 
mg to the liver precede the nervous manifestations 

(c) Emotionalism Involuntary laughing or crymg, 
and some mental deterioration 

(f) Greenish brown pigmentation of the cornea (in 
Desccmel's membrane) occurs in a proportion of cases 

Degeneration of the cells of the putamen and some- 
times cavity formation are found at autopsy The 
caudate nucleus and globus palhdus are affected to a 
much less degree A toxin of some sort is probably re- 
sponsible for the disease It is possible that the toxic 
substance is absorbed from the ahmentaiy canal, and 
damages both hepatic and nervous tissue 

The Parkinsonian syndrome The principal 
features of this syndrome are the following (a) A 
coarse tremor involving head and limbs The hand 
may show "piU-rollmg” movements, i e , rhyth- 
mical movements of thumb upon the first two 
fingers, alternating movements of flexion and 
extension at the wrist, or of supination and prona- 
tion of the forearm, are frequently present When 
the limb is engaged in some voluntary act the 
movements often temporarily disappear m that 
limb but become more pronounced m other parts 
The tremor becomes more pronounced durmg 
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emouon Since it afiects those muscles concerned 
mainly with the mamtenance of posture and 
disappears dunng sleep, it is not actually a tremor 
of rest as is sometimes stated It disappears on the 
paralj-sed side if hemiplegia supervenes, ablation 
of the motor area of the cortex, or section of the 
lateral corticospinal tracts also abolishes it m the 
contralateral side It is therefore dependent upon 
an mtact p>Tamidal tract, (b) Muscular rigidity 
•which leads to slowness and stiffness of movement 
and a fixed mask-like faaes (Parkinson’s mask), 
emotional expression is “mped” from the face 
The patient winks mfrequently, and speech is 
slow The ngidity is different both in its quabty 
and distnbution from that characteristic of the 
decerebrate ammal or of the hemiplegic patient 
(p 1004), nor has it the even, smooth, plastic Qead 
pipe) quality seen m hepato-lenticular degenera- 
tion Flexors and extensor muscles are affected 
about equally, and the resistance of a limb to 
passu e movements has been desenbed as resem- 
bling cogwheels movmg slowly upon one another, 
as though groups of muscles gave way m succes- 
sion to the stretchmg force The uppier limbs are 
held in charactenstic attitudes of adduction at 
the shoulders, flexion at the elbows, flexion or 
slight extension at the wnsts, flexion at the meta- 
carpophalangeal jomts and slight flexion at the 
mterphalangcal )oints (c) The gait is slow and 
shufflmg mth short steps, or it may be “festmat- 
ing” m character, i e , the patient is bent forward 
and hastens along with short quick steps as though 
trying to "catch up to his center of granty” and 
prc\ ent his falling VTien pushed forward or 
back'ward he cannot stop quickly but moves by a 
senes of small rapidly repieated steps m the direc- 
tion m which he is pushed Propulsion and relro- 
pulston are the respective terms applied to these 
forward and backward moxements There is no 
true ^aralvsis, the reflexes and sensation are 
unaffected The condition is due to degenerative 
changes in the corpus stnatum, according to Hunt, 
the chief lesion is a progressive atrophy of the 
globus pallidus Degeneration of the muscle 
spindles also occurs 

The picture of Parkinsonism just dra'wn is one 
which is seen m cldcrlj persons, it occurs wnthout 
apparent cause and is slowlj progressive It is also 
spoken of as paralysis agilans, and is probably due 
to a senile x-ascular (artcnosclerotic) change m the 
striate nuclei Other forms of Parkinsonism. 
«^ltall> the same m their mamfestations'bur 
diffcrmg m detail may occur at any age and 


develop more rapidly as a result of epidemic 
encephalitis (encephahtis lethargies), and are due 
apparently to the action of the -virus of the disease 
upon the stnate body Rigidity is the most promi- 
nent feature of the postencephabtic type— choreic 
and athetoid movements may also occur The 
paUent may assume statuesque attitudes for long 
periods — catatonia — or mamtain the hmb m a 
position which has been passively imposed upon 
it. The substantia nigra is particularly chosen for 
attack in this type The locus coeruleus m the 
floor of the 4th ventncle is also affected m a pro- 
portion of cases, and this fact may account for the 
disturbances m the autonomic nervous sys- 
tem which IS sometimes a promment feature 
(McAlpme) 

Chorea There are two principal forms of this condi- 
tion 

(1) Sydenham’s Choeea (or St. Vitus’s dance) is 
not uncommonly a sequel to acute rheumatism Its 
chief features are (a) mvoluntary jerky movements, 
semi purposeful m character, mvolvmg the muscles of 
the limbs and face They are mtensified by exatement 
but disappear dunng sleep The mobility of the face is 
m marked contrast to the fixed “starched” expression 
of Parkinsonism There may be athetoid movements, 
the condition then bemg termed atheio-chorea (b) 
Hypotonia of the muscles 

Sydenham’s chorea may be bilateral or unilateral 
(hemichorea) Death is rare and there is consequently 
uncertainty concemmg its neuropathology The lesions 
are probably similar m nature to those responsible for 
athetosis Degenerative changes m the corpus stnatum 
(chiefly m the putamen and caudate nucleus), substan 
tia mgra and body of Luys have been described m fatal 
cases Hemorrhage into the body of Lujs of one side 
has been found m heimchoiea, or it may result from an 
irritative lesion of the premotor area 

(2) Huntington’s Chorea is a much more serious 
affeePon, bemg usually fatak It is hereditary, showing 
Mendehan dommance Of about 1000 cases ansmg m 
the United States pracPcahy all can be traced to some 
half dozen mdinduals, mcludmg three brothers who 
settled there m the 17th century The choreiform move- 
ments are often ■violent, there are dj’sarthna, ataxia of 
the limbs and progressive demenpa The changes m the 
central nervous sj'stem are, marked atrophy of the 
cerebral cortex and the corpus stnatum Of the latter, 
the putamen and caudate nucleus are mvolved, the 
globus pallidus escapes 

Athetosis {mobile spasm) This is the term apphed to 
mxoluntar> movements of a pecuhar slow -wnthmg, 
twistmg or squirmmg character mvolvmg the upper 
limbs and less commonly the face and lower hmbs They 
raa> be unilateral or bilateral They are increased 
when any voluntary movement is attempted but dis- 
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appear during sleep The muscles when not actually 
engaged m the abnormal movements arc hypotomc As 
seen m the hand the movements consist of alternate 
extension and flexion at the wnst and metacarpophalan- 
geal jomts, with the fingers usually held extended at the 
mtcrphalangeal articulations Involvement of the faaal 
muscles results m grotesque faaal expressions (gnmac- 
mg), mvolvement of the muscles of the mouth and 
throat causes disturbances of articulation and degluti- 
tion 

Not uncommonly the mvoluntary movements are 
both choreiform and athetoid m character, when the 
term choreo-atheiosis is apphed 

The neural basis of Aese conditions is not known 
precisely, but the following observations point very 
defimtely to the implicabon of the extrapyramidal 
system 

(a) In these diseases lesions have been reported m the 
premotor area, corpus stnatum, substantia nigra, sub- 
thalamic nucleus, and m the thalamus, connections of 
the latter with the stnate body bemg espeaally m- 
volved The stnatal structures may show a characteris- 
tic appearance known as statits mamtaratus or Hal 
marbri, m which the tissue on cross section is streaked 
or blotched like marble 

(b) Tremor, athetoid movements and rigidity have 
been produced expenmentally espeaally by large 
bilateral ablations of the caudate nucleus and putamen, 
but smaller excisions are efiective if area 6 is also re- 
moved 

(c) Bucy and Buchanan have reported the case of 
a child whose athetoid movements w ere abolished per- 
manently by the exasion of the central part of the 
precentral gyrus (i e , area 6 of the premotor cortex, 
p 1032) leavmg the motor area almost mtact 

Bucy also found that barbiturates which depress 
area 6 (premotor area) but have httlc effect upon the 
projections of the motor area, temporanly abolish 
athetosis He beheves that the abnormal movements 
are due to release from suppressor influence (p 1039) 
of extrapyramidal projeebons from the premotor area 
(see below) 

(d) Division of the antenor columns of the spinal 
cord (which transmit the rcbculospmal tracts) without 
mjury to pyramidal fibers abolishes the athetoid move- 
ments (Putnam) 

Bucy proposes the theory that the choreo-athetoid 
movements are due to the release of cxtrapyranudal 
acbvity of an abnormal nature in area 6 and 4 by the 
mtemipbon of a neural circuit which normally exerts 
a suppressor funebon (ch 68) upon these areas This 
circuit, starbng m areas 8 and 4, descends to the caudate 
nucleus, passes to the globus palhdus, thence through 
the ansa lenbculans to the midbram, then ascends to 
the anterolateral part of the ventrolateral nucleus of 
the thalamus, and finally (via thalamocorbcal fibers) 
returns to the cortex, endmg mainly m area 6, but also 
m area 4 


Torlum spasm is a very rare condibon and need only 
be defined It consists of spasm of neck, trunk and hmb 
muscles which twist the body mto bizarre atbtudes 
The muscles, followmg the spasm, are hypotomc 
Pathological changes m vanous parts of the extrapy- 
ramidal system have been described 

The Thalamus 

This large gray mass is related medially to the 
3rd ventncle which hes between the thalami of the 
two sides The thalami are joined across the mid- 
Ime by an isthmus, the imssa intermedia The 
posterior limb of the mtemal capsule hes upon the 
outer side of the thalamus and separates it from 
the lentiform nucleus Above the thalamus is the 
lateral ventncle, a part of whose floor it forms 
In front is the head of the caudate nucleus, the 
arched body of the latter is related to the upper 
part of the lateral surface of the thalamus Below 
the thalamus are the corpus of Luys (subthalamic 
nucleus) and the forepart of the red nucleus (figs 
67 1 and 67 3) 

There are five mam nuclear masses m the 
thalamus 

A verticle septum of fibers known as the internal 
medullary lamina divides the pnnapal part of the 
thalamus mto A, a medial and B, a lateral mass, 
each of which con tarns two mam nuclear groups 
C In the massa mtermedia and the adjacent part 
of the medial mass are discrete groups of nerve 
cells known as the nuclei of the midline D Clus- 
ters of nerve cells are present in the mtemal 
medullary lamma itself — the intralaminar nuclei 
E Pulvinar 

A Nuclei of the medial mass I Anterior nuclei 
These form a mass which bulges mto the lateral 
ventncle They receive fibers from the mammi llary 
bodies (mamillothalamic tract of Vicq d’Azyr) 
which convey olfactory impulses They send fibers 
to the paracentral lobule and the postenor part of 
the cmgular gyg ts on the medial aspect of hemi- 
sphere 2 Dorsomedial nuclei These consist of a 
dorsolateral group of small cells, and a medial 
collection of large cells The former projects to 
prefrontal areas of the cerebral cortex The large- 
celled portion IS connected by both afferent and 
efferent fibers with the hypothalamus, it also 
projects to the corpus stnatum, and has nch 
afferent connections with other thalanuc nuclei 
The dorsomedial nuclei are thought to serve as an 
association center where visceral and crude so- 
mabc sensations are synthesized It is thought to 
be a consaous center for the cruder (protopathic) 
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sensations, and where sensations are integrated 
into “feelings”, both pleasant and unpleasant 
B Nuclei of the lateral mass L Vaitral group 
This consists of, (a) Anterior ventral nucleus which 
recenes fibers from the globus palhdus and pro- 
jects to different parts of the corpus stnatum, but 
not to the cerebral cortex. This nucleus occupies 
the mo5t^ntmoH[rostral) extremity of the lateral 
mass (b) Lateral venlralnudeus The fibers enter- 
ing the postenor and medial part of this nucleus 
are den\ ed mamlj from the dentate nucleus of the 
contralateral half of the cerebellum (via the 
dentatothalanuc and the dentatorubrothalamic 
tracts) Its efferent fibers pass to area 4, and m 


dorsal 



ventral 

Fio 67 4 Showing the anterior nucleus and the div i- 
^ons of the lateral nuc lear mass ol the thaTamiir Tir 
bieral nuclei^, /L, postenor lateral nucleus, 
PV, postenor tentral nucleus, LV, lateral nucleus, AV 
antenor\entral nucleus (kindness of Dr Murray Barr) 


much smaller numbers to area 6 of the cerebn 
Thus a pathway is established throu e 
vhich \oluntao movements can be brought undi 
the influence of the cerehel W (r) 
ventral nvclctts is the mam subcortical center ft 
senson i mpulses asc^mg uT^e trigemma 
medial and spinal lemnis a (propnoceptive fmi 
muscles and joints, light tou^, dis^l^tmn , 
pain, heat and cold) It iT 

ES§f^aitrM;£vru5js omc^ aiSTT" 

2^5 and 7 This nu ^s alirSgHds fibe rs to t> 
h%-pothalamus and corpusltnatum The posten. 

subsidia! 

parts (i) tht lo^crolateral 
^e^tngcm^^ (u) the J,osteromedn 

stauon fo~ 

mi ^l and the spmal lemnisp 

“ Corral E^oup This is also called the laten 
nucleus of the thalamus It is subdivided into a 
or and a postenor portion, designate. 


respectively, the dorsolateral and posterolateral 
nuclei 


C The nuclei of the mtdltne ar^ as mentioned 
above, situated m the massa mtermedia, and m 
the adjacent part of the medial mass formmg the 
upper part of the wall of the third ventn^l p They 
are phylogenetically the oldest o f the thalamic 
nuclei and are a center for the most primitive 
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connections of tliese nuclei are i mperfectly known, 
but they are thoug ht to rec eive both trigemmal 
fibers and fibers ot the medial lemniscus, they 
pro ject to the globus pallidu s and have many 
connections with neighbonn g thalamic nuclei A 
well'^ehned nucleus in the middle of the thalamus, 
and usually classed wnth this group is known as 
the central or ccntromedian nucleus I t is espeaally 
well-marked m pnmates, as is possibly an mtra- 
thalamic mtegratmg center ' “ 

' E The pulvinar is the expanded contmuation 
postenorly of the lateral nuclear mass It over- 
hangs the supenor colliculus It projects to the 
cortex, i ts m fenor pa rt to an area compnsing the 
postenor part of the temporal lobe, and the 
a ntenor part of the occipital lobe 'i'Ee rest of the 
pulvmar projects mamly to the posterior parts of 
the parietal and temporal lobes 

The medial and lateral gemculate bodies are 
usually included as part of the thalamus or referred 
to as the metathalamus, they are dealt with m 
chapters 76 and 77 

It vill be seen from the foregomg account that 
the nuclei of the thalamus can be divided upon a 
functional basis into three ca tegones. namely, 
(a) those which sen'e as relay stations of afferent 
impulses from the periphery to the cortex, (b) 
those which ar e connected mainly with ^ther 
subcortical centers a nd (c) th ose whose chl3 
function IS assoaative 

Functions 

We have seen that the corpus stnatum is a part 
of an old or primitive motor system The thalamus, 
on the other hand, is a pnmitive receptive center 
wherein sensory impulses give nse to a crude 
uncritical form of consciousness , a consciousness 
which is greatly elaborated upon, especially m 
man, by the cerebral cortex (see ch 68) The 
thalamus serves as a great integrating center, 
through its connections with the corpus stnatum, 
tactile, painful, olfactory and gustatory impulses 
are correlated with motor reactions Sensory 
localization m the thalamus has been demonstrated 
by Dusser de Barenne and Sager by means of local 
strychnmization The mjection of a mmute quan- 
tity of the drug into the thalamus in cats is fol- 
lowed by hyperesthesia and hyperalgesia to 
cutaneous and deep (muscle, tendon and penos- 
teum) stimuli The cutaneous hypersensitivity is 
most pronounced on the contralateral side of the 
body, mcreased sensitivity to deep stimuli occurs 
only on the contralateral side By this method. 


sensory areas in the posterior ventral nucleus of the 
thalamus for the head, arm and leg have been 
located These areas are not, however, sharply 
delineated as m the cerebral cortex but show 
rather wide overlapping 

The thalamus is not, however, entirely sensory 
m function In animals possessed of little or no 
cortex, or m higher mammals (e g , cat or dog) 
after decortication, it and the corpus stnatum 
serve for the execution of complex movements of 
an automatic or reflex nature Motor responses 
also result from its direct stimulation Con- 
jugate deviation of the head and eyes to the op- 
posite side and movements of progression m the 
limbs follow electrical excitation of the ventral 
nucleus The pulvmar has m the past been looked 
upon as a relay station m the transmission of 
visual impulses to the ocapital cortex It now 
appears, however, from the researches of Brouwer 
and Zeeman that though this part of the thalamus 
receives a few fibers of the optic tract, it is not a 
pnmary visual center (see p 1171) 

The regrouping of afferent impulses vnthin the 
thalamus 

The clmical researches of Head and Holmes 
mdicate that the various types of sensory impulses 
which reach the thalamus are regrouped The 
cruder, more essentially primitive sensations 
(protopathic) e g , pain, extremes of temperature, 
pressure, contact over hair-clad parts termmate m 
the thalamus itself, probably m one or other of 
the medial groups of nuclei, after bemg relayed 
from the posterior ventral nucleus The impulses 
received by this part of the thalamus are thought 
to arouse a relatively vague type of consciousness 
or “crude awareness” — sensations which come 
under the category of “feelmgs” (affective sensa- 
tions), both pleasurable and disagreeable They 
are devoid of discrimmative quahties Fibers 
subservmg the finer discrimmative sensations are 
relayed to the somesthetic area of the cortex and 
ascend through the mtemal capsule to give nse to 
the followmg sensations light touch over hairless 
parts, localization, two point discrimination, the 
appreciation of gradations of temperature (between 
20° and 40°C.) and the sense of position and move- 
ment of parts of the body Unconscious propnocep- 
tive impulses from muscles and jomts are also 
relayed from the cerebellum through the thalamus 
In the chimpanzee, bilateral decortication per- 
manently abolishes the sense of position and 
movement, but pain can still be appreciated 
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Kinesthetic sense is only contralaterally repre- 
sented in the thalamus, but touch and other extero- 
ceptive sensations appear to have a bilateral repre- 
sentation, 1 e , unpulses from both sides of the body 
are received by each thalamus 

Tltalamic lesions 

The efiects resultmg from a lesion mvolvmg the 
lateral thalamic nuclei will resemble those follow- 
ing an mterruption of ascending pathways m the 
bram stem above their decussation That is, all 
types of sensation on the opposite side of the body 
tend to be lost or grossly afiected, or there may 
be severe pam as a result of destruction of inhibi- 
tory mechanisms or possibly of the direct stimula- 
tion (irritation) of pam fibers A lesion involving 
the fibers after regroupmg (i e , after the finer 
discnmmative types of sensation have been sorted 
from the cruder sensations and are ascending to 
the cortex) will cause a loss of the discnmmative 
types of sensation alone A lesion m the internal 
capsule (thalamic radiation) or corona radiata 
might have such an eSect 
The Thaiamic Syotirome (“Syndrome Tha- 
EAMXQtrE’’) of DfijERINE AND RODSSY TblS IS a 
characteristic picture occasionally seen m thalamic 
disease The foUowmg are its chief features 

(1) Astereognosis and slight ataxia, due to the 
impairment of cutaneous and kmesthetic senses 
These and the other efiects given below are 
mainly on the contralateral side of the body 

(2) Some loss of tactile and thermal sensations 
over the body and face The threshold for these 
sensations, and for pam, is frequently raised 
Sometimes the patient with a thalamic lesion is 
unable with closed eyes to localize the position of 
a limb, and must grope m the am in order to find 
it {thalamic phantom limh), or he may have the 
illusion that the limb is not there at all {amdog- 
nosta) 

(3) Spontaneous pam occumng m paroxysms 
and often excruaatmg The pam may be so m- 
tense as to resist the action of powerful sedatives, 
e g , morphme A pamful stimulus is felt much 
more acutely than is normal (hyperalgesia) and 
though, as menUoned above, the threshold for 
pam IS often raised, the sensation when once 
aroused (by mcreasmg the strength of stimulus) 
IS excessively severe The spontaneous pam and 
the magnification of the response to pamful 
stunub are usually referred to as the thalamic 
over-reaction 


(4) Vanous forms of paresrhema may be pre- 
sent. 

(5) Hemiparesis and chrome or athctoid move- 
ments, but these are due to mjury of neighbonng 
parts 

As a result of their clmical researches. Head and 
Holmes suggested that the over-reaction phenom- 
ena are due to the release of the thalamus from 
the restraming influence which the cerebral cortex 
exerts normally through the corticothalamic 
fibers Accordmg to this theory,''the symptoms 
result from the mterruption of the corticothalamic 
connections or their junction wth cells m the 
posteroventral part of the lateral mass 

The thalamic syndrome mcludes other un- 
pleasant sensations, even a form of stimulation, 
such as ticklmg the sole of the foot, which pro- 
duces no discomfort on the sound side, is highly 
unpleasant on the other side Many patients 
complain that shavmg the affected side of the face 
feels as if the razor were bemg drawn over a raw 
surface Even cutting the hair or nails may be 
objected to as being extremely disagreeable 

SensaUons of pleasure may also increase in intensity 
Warmth applied to the sbin’inay cause the keenest cn 
joyment and evoke such expressions as “exqmsite", 
‘Tovel>”, etc. The patient, however, may be quite 
unable to apprcaate that the sensation is one of 
warmth Dunng emotion disagreeable sensations occur 
on the affected side. Thus one of Head’s patients was 
so affected by music that he "could not stand the 
hymns on his affected side”, another said that when 
the choir sang “a homd feeling came on the affected 
side and the leg started to shake ” In another pa- 
tient pleasant fechngs of a f)s\ chic nature were referred 
to the abnormal side. He said "I seem to crave for 
sympathy on my right side," and “My nght hand 
seems to be more artistic.” 

The Hypothalamus 

The hypothalamus is the basal part of the 
diencephalon (mterbram) It lies m relation to 
the floor and lower parts of the walls of the 3rd 
ventricle (fig 67 6) From a strictly anatomical 
pomt of view it may be taken to mdude the 
foUowmg structures (a) optic chiasma, (b) tuber 
ctnereitm and the other nuclear masses m relation 
to the floor and ventral parts of the walls of the 
3rd ventnde, (c) the pituitary gland, and (d) the 
corpora mammillaria In physiological literature 
the term has usually a more restricted connotation 
mdudmg only (b) and (d) (see also p 783) 
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Of the nudet of the hypothalamus the greatest interest 
from the physiological pomt of view centers aroimd the 
following 

The supraoptic nucleus hes antenorly, lateral to the 
optic chiasma and above the commencement of the 
corresponding optic tract. The preoptic nucleus is situ- 
ated most antenorly above and m front of the supra- 
optic nucleus, and immediately behind the lamina 
temimalis The paraventricular nucleus is found above 
the supraoptic nucleus and is m close relationship 
medially to the waU of the 3rd ventncle It is nchly 
vascular, and its large vacuolated cells contam numer- 
ous granules, probablj' the mother substance of a secre- 
tory product. The posterior hypothalamic group of nuclei 
he m the postenor part of the hj’pothalamus m relation 
to the wall of the 3rd ventncle, and mclude the mam- 
millary nuclei Cells of this group send fibers to the 
medulla oblongata and the lateral horns of the spmal 
cord, which constitute the spinal sjunpathetic center 
The tuber anereum {nucleus tuber) is a small emmence 
of gray matter situated at the base of the bram between 
the optic chiasma and the mammillaiy' bodies, i e , m 
the mid-region of the hj-pothalamus, from its vicimty 
grows the pituitary stalk Two groups of cells can be 
clearlj' defined withm it, they are known as the dorso- 
medial and ventromedial hypothalamic nuclei The shght 
swelhng caused by these nuclei and covered by the pars 
tuberahs of the adenoh 3 'poph} sis (p 783), is called the 
“median emmence” The tuber cmereum is a center of 
the parasympathetic ner\ ous sj’stem 

Fiber connections The hypothalamus receives fibers 
from the globus palhdus (paflidohypo thalamic tract) 
and through the medial forebratn bundle, from the 
olfactorj’- lobe and the parolfactory area The medial 
forebram bundle sweeps through the hj-pothalamus 
and m its course gives off fibers to several of the hypo- 
thalamic nuclei The hypothalamus, especially the 
supraoptic and paraventncular nuclei, also receives 
fibers from prefrontal areas and the premotor area 
(6) of the cerebral cortex (p 1037) both directly and 
indirectly through the thalamus It also projects 
through the antenor and the dorsomedial nuclei of 
the thalamus to prefrontal areas Other efferent tracts 
(sympathebc and parasympathetic) pass backwards 
m close relation to the ependyma of the third ventricle, 
and descend m the gray substance of the mid-bram 
(surroundmg the cerebral aqueduct), pons, medulla (be- 
neath the floor of the fourth v entncle) and spmal cord 
(sjrmpathetic) 

The vanous hypothalamic nuclei are m communica- 
tion with one another through fiber tracts, the best 
known of these is the paraventncularsupraoptic tract, 
but others undoubtedly ensL 

The supraoptic, and tuberal nuclei, and probably 
the parav entncular nuclei as weU, are hnked with the 
hj’pophj'sis by efferent fibers which descend the m- 
fondibular stalk (hypothalamo-hypophyseal tract) 


The majority of these fibers termmate around the 
pitmcytes of the pars nervosa but some can be traced 
mto the pars mtermedia 

Thus, there exists a pathway, through the hypo- 
thalamus, from the cerebral cortex to the secretory 
cells of the neural lobe of the hypophj’sis 



Fig 67 6 Diagram of the nuclei and connections of 
the hypothalamus cc, corticohypothalamic fiber, pv, 
paraventncular nud , po, preoptic nud , so, supra- 
optic nud , oc, optic chiasma, tc, tuber cmereum, hy, 
hj'pophj’sis, mb, mammallary body, pn, postenor nud , 
ms, fiber to midbram and brain stem, 3V, third ventn- 
de, th, thalamus 

THE PHYSIOLOGY OF THE HYPOTHALAMIC NUCLEI 

Modem experimental and dimcal mvestigations 
have revealed the hypothalamus as a region of 
great ph 3 ^iological importance Our knowledge of 
the fimctions of this part of the cerebrum is 
stfll, nevertheless, very mcomplete Much of the 
evidence is suggestive rather than condusive and 
permits only tentative views to be held con- 
cemmg many of its activities It is the general 
opmion, however, that m this part of the dien- 
cephalon are contamed the mechanisms for the 
control of certam primitive reactions (visceral and 
somatic) assoaated m animals with defense or 
attack, and m man with emotional states (fear, 
anger, etc) This region is also believed to con- 
tam centers for the regulation of certam funda- 
mental and vital processes, e g , fat, carbohydrate 
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and water metabolism, and to exert a go\cmmg 
influence upon the bodj temperature, the gastric 
mo\ements, the gemtal functions and the sleep 
rh^•thm (ch 69), hunger and thirst (ch 44) 

It IS now generallN conceded that important 
centers go\emmg the activities of the autonomic 
nenous s\stem are situated m the hjiiolhalamus 
Those cell groups m the antenor part of the h>-po- 
thalamus and m the tuberal region are beheied to 
constitute a jjarasnnpathetic center, whereas from 
the postenor part a duectmg mfluence is exerted 
o\ er sjTnpathetic functions 
The pituitar. and the ner.ous structures of the 
h^'pothalamus are mtimateU associated m func- 
tion, mdeed, the> should be considered together 
as constitutmg a closeh mtegrated neuro-glandu- 
lar mechanism rather than as possessmg distinct 
and mdependent functions It will be recalled 
that the pars nen osa of the pituitar\ is des eloped 
as a downgrowth from the floor of the 3rd \cn- 
tncle, and that the pituioTes are modified neurog- 
lial cells On the other hand, the cells of the 
supraoptic and parai entncular nuclei of the 
hypothalamus show endence of seaeton ac- 
tivit) The\ haie not the appearance of t\-pical 
nen,-e cells for the\ contain granules resemblmg 
those found m glandular cells and droplets or 
larger collections of a colloid material can be 
obsened within theu ciToplasm, they also show 
vacuole formation which is rarelj encountered in 
nen e cells The nch \'ascular network which sur- 
rounds the cells of these nudei, capillanes m some 
mstances actualli penetraUng theu protoplasm, 
strongh suggests a glandular function 
A bnef summarj of the experimental endence 
relating to h>'pothalamic functions will be giien 
m the foUowmg paragraphs 

(1) Karplus and Kreidl were the first to furnish 
e\ndence of a sympathetic center m the h>’po- 
thalamus Upon electrical stimulation of this 
region thej obtamed pupillary dilatation, sweat- 
mg and a rise m blood pressure Inhibition of 
mtestmal mo^ements also results Liberation of 
adrenalme has also been reported to follow stunu- 
lation of the hypothalamus By means of needle 
electrodes inserted mto the region of the lateral 
nucleus Bronk and his colleagues ha\'u recorded 
impulses from sympathetic efferent nen es during 
stimulation of the hypothalamus On the other 
hand, rh\Thmical variations m potential were 
p^uced m the hypothalamus by the stimulation 
of certam afferent nerves through vhich reflex 
sympathetic responses may be ehated 


(2) Beattie, Bron and Long found that extra- 
systoles produced m the cat b\ means of chloro- 
form anesthesia, and which had been shown by 
Le\-y to be dependent upon sympathetic impulses 
(p 237), were abolished by a destructive lesion 
placed in the postenor hypothalamic nuclei or by^ 
a section of the brain behind this region Stimu- 
lation of the postenor hvimlhalamic region, on 
the other hand, caused extrasv stoles to appear m 
an anunal which premoush had been free from 
these cardiac irregulantics Animals subjected to 
such lesions also showed hypergh ctmia and 
gl\co-una Drowsiness for two or three days 
follomng the operation was a noticeable feature 
in some animals, the\ also ■^hm ed a change in 
bchamor, bemg more docile and “tamer” after the 
operation (sec “sham rage” helm ) The nervous 
svstem of animals exammed hi^tologicalK some 
time after the lesions m the postenor hypothalamic 
nuclei had been made showed degenerating fibers 
which entered the mid brain and descended 
through the brain stem and cord Those m the 
latter situation entered the lateral column of grav 
matter at different lev els down to the 3rd or 4th 
lumbar segment 

(3) Dccercbration bv a section through the 
mid bram causes a profound fall m bodv temper- 
ature No such loss of temperature control follows 
the removal of the cerebral cortex and thalamus, 
provaded that the hypothalamus is left intact 
It IS significant that sympathetic effects, e g , 
adrenaline liberation, ruffling of feathers or hairs, 
constnclion of v esscls and goose flesh, result from 
exposure to cold Moreover, Cushing calls atten- 
tion to the high temperature which frequently 
follows operations upon tumors in the region of 
the 3rd ventnde (sec also p 737) 

(4) Hess fixed electrodes m the hypothalamus of 
cats After the animals had recovered from the 
operation, a weak clcctnc current passed through 
the hypothalamus induced a state indistmguish 
able from normal sleep He also states that ergo 
toxin mjected directly mto the hvpothalamic 
region mduces sleep This observation is, however, 
difficult to reconcile with the fact mentioned below 
that the mtravenous mjection of ergotoxm pro 
duces sham rage Sham rage and other manifesta 
tions characteristic of hvpothalamic stimulation 
also follow the local mjection of a minute amount 
of stry'chnme 

(5) Kabat and associates by means of an elec- 
trode fixed m the hypothalamus stimulated this 
region m the unanesthetizcd animal Pupillary 
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dnatation, erection of hair, inhibition of gastro- 
intestinal peristalsis, clawing and urination re- 
sulted Stimulation of other parts of the bram 
produced none of these effects 

(6) The production of gastric lesions by hypo- 
thalamic mjury and of ovulation by stimulation 
of the hypothalamus or of the hypothalamo- 
hypophyseal nerve tracts have been mentioned 
(pp 523 and 886) Evidence for the control of 
gastnc motility by the hypothalamus has been 
ated on page 570 

Qttasi-emolional slate — “sham rag^' 

It was first demonstrated by Goltz that the 
reactions which usually accompany displeasure 
and anger are more readily evoked m an animal 
depnved of its cerebral cortex (decorticated) than 
m the normal animal In Goltz’s classical ex- 
periment the hemispheres and a large part of 
the thalamus were removed from a dog The dis- 
position of the animal was greatly altered by the 
operation, it bemg very readily aroused to anger 
Barkmg, growhng, bating the teeth or snappmg 
occurred upon the least provocation Cannon and 
Bntton produced a similar state m cats by re- 
moval of the cortex, the decortication bemg per- 
formed by means of a pomted stilet inserted 
through the orbital cavities Immediately follow- 
ing recovery from the anesthetic the animals 
showed the foUowmg remarkable phenomena 
which these observers termed “sham rage”, — 
lashmg of the tail, erection of the hairs, protrusion 
of the claws, dilatation of the pupils, sweatmg, 
strugglmg and bitmg, greatly mcreased rate of 
respiration and a rise m blood pressure Most of 
these manifestations will be recognized as bemg of 
sympathetic ongm In many mstances the picture 
is a combmation of fear and anger Liberation of 
adrenahne, as mdicated by an mcrease m the 
rate of the denervated heart (p 835), also occurred 
The mildest stimulus such as jarrmg the table or 
hghtly touchmg the animal was suffiaent to evoke 
a paroxysm of rage ’ In his decortication expen- 
ments Bard foimd that the postenor and ventral 
portion of the diencephalon was essentially re- 
sponsible for the development of “sham rage” 
The typical quasi-emotional behavior occurred 
after decortication and section through the hypo- 

* Pseudoaffective states — displeasure, anger or rage, 
can be evoked m animals after a section caudal to the 
hypothalamus, but much less readily than after decorti- 
cation, and they do not constitute the fully mtegrated 
resDonse of the animal with hyjiothalamus intact 


thalamus at about the middle of the tuber a- 
nereum It also resulted from an operation which 
removed the corpora stnata and the dorsal half of 
the diencephalon, ne , the thalamus, but left the 
hypothalamus connected with the mid-bram The 
condition failed to appear if the section separated 
the caudal part of the h 3 q)othalamus, i e , the 
portion contammg the postenor group of hypo- 
thalamic nuclei (p 1025), from the mid-bram 

Takmg the results of decortication experiments 
as a whole, one is led to the conclusion that the 
activities of the hypothalamus are normally under 
inhibitory influences from the cerebral cortex and 
that “sham rage” is the result of the release of 
these primitive subcortical centers from higher 
control Fiilton and Ingraiiam, iot mstaoco, tonnd 
that m order for the typical behavior to ensue 
decortication is unnecessary Bilateral mcision of 
the medial surface of the cerebral hemisphere m 
front of the optic chiasma is suffiaent to produce 
hypothalamic over-reaction Typical “sham rage” 
can also be produced m mtact cats by the m- 
travenous mjection of ergotoxme It has been sug- 
gested that certam conditions m man, e g , the 
manifestations of fear m shell-shock, the unieason- 
mg rage of drunkenness, and the emotional 
mstabflity of certam mental derangements asso- 
aated with degenerative changes m the cortex, 
may be due to the release of the hypothalamus 
from cortical control 

In more recent experiments, Bard and Mount- 
castle have shown that the restrammg mfluence of 
higher levels of the cerebrum upon hypothalamic 
activity is not exerted by the neocortex, but by 
certam parts of the rhmencephalon (cortex of the 
pyriform lobe, amygdaloid nucleus and hippo- 
campal formation) and an area of cortex on the 
medial aspect of the hemisphere lymg ventral to 
the angular sulcus m front and below the rostrum 
of the corpus callosum This latter area of cortex 
is beheved to be a transitional zone between the 
rhmencephalon and the neocortex An operation 
which removed the neocortex alone, leavmg the 
rhmencephalon and the area of transitional cortex 
unmjured, was performed upon cats whose be- 
havior and temperament had been studied for 
some time previously The manifestations of am- 
mals prepared m this way were the reverse of those 
which had been subjected to complete decortica- 
tion They showed extraordmary plaadity Re- 
sponses expressive of pleasure were predominant 
and often exaggerated Procedures, which m a 
normal animal provoke resentment, anger or even 
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rage, sndi as, puidiing tte tail stroady vnth 
Eurtrcai io'ceps, tviag the arnmal derm on its 
bach, strong electnc shocks apphed to the skm, 
etc., evoked no s'gn oi anger or ev'en oi resent- 
ment- The animals responded to mild nocceptive 
stunnlation by pnmng o* with other expressions 
Oj pleasire. Mi animal which beio*e operation 
resented handling o’ pettmg, became aSectionate, 
purred -dien stroked ana submitted to bemg tied 
to the ^TiTm-^1 board “as though it en]oved the 
manenver” Removal of those parts of the rhinen- 
cephalon mentioned abo\e or of the transitional 
area of co-tex, transfomaed animals deprived oi 
tnen neocortex, ne , abnorm.alU placd animals, 
mto ones which, upon the slightest provocanon, 
exmoited all the signs oi rage. 

It IS apparent irom the^e experiments that some 
part ot the rhmencephalon and the trans’tional 
area of cortex exerts a restrammg mfiuence upon 
those hypothalamic mechamsms goi'emmg the 
exD"erons displeasure, reentment and anger 
Smee removal o' the neocortex alone evokes 
expxesrons o* a re\ erse nature, it would seem that 
the latter part oi the bnam tends normalU to 
antagonize the -estrammg influence oi the foTcer 
part, TLs suggests that the temperament of an 
animal is normally dqiendent upon the balance 
struck between the actrnbes of th^e t^o parts of 
the b*am 

Er-c o*- This is an app-opnate place to con- 
Ecer the mental state with its accomDan\mg 
reactions which is generally referred to as emotion. 
The wo-d emotion is denved from the Lata mean- 
mg a “momig out But there is an mward as 
well as an outward component of the emotional 
state It can be analysed mto subjective and 
objective elements — emotional feehng or e^ieri. 
ence, and certam visceral and somatic mam- 
lestations, e pallor, Pushing, cardiac accelera- 
tion, lanal expression, etc. 

-\cco-(img to the James-Lange theo-y , the 
emotional feehng is not aroused prtnuirl m 
consciousness but is the result of the bodily 
reactions BreSv, for example, we are fnghtened 
becau::* the heart accelerates, the vessek con- 
strict, the respnabon quickens and the skeletal 
mesdes mcrease their tone, or cxntrart for pur- 
pxises OI oeicnse, o- m ender that one may run 
amic , the anereat imuuLes initiated bv these 
varous acbvibes nnpmgmg upon coasaousness 
grouse the feehng of lear Sherrmgton showed 
bo-ever, that the emobonal state of a dog re- 
mained unaltered after a h.^ cpm^l tanseebon 


and seebon of the vagus uenes, afferent impulses 
from the visceia and skeletal musdes bemg thus 
largely remo\ ed 

The modem \new, which -ms adxmnced by 
Cannon and bi Dana, p-oposes that emobonal 
feehng, and the asocated bodily reacbons are the 
reult of mteiacbon between the cerebral cortex 
and the diencephalon — h^'pi i^^ ' ^^ta ns and thala- 
mus (anterior nudeiis) — visceral and somabc 
responses bemg sccorAors to the feeling of rage, 
debght, gnei, etc., rather than the cause, which is 
dependent upon the cortex, probably oi the 
orbital and angular gyn and the hippocampus,^ 
but the emobonal mamiestabons are imbated m 
snbcorbcal lev els .\s we haim seen, there is much 
experimental supjxirt for such a view Also, 
chmcallv, outbursts of imcontroUable laughter or 
cr y m g are sometimes associated with lesions of the 
diencephalon. 


DISOKDEES or THE EYPOTHAIvMirS 

The effects which may result from lesions 
(e.g , tumors, encephalitis, etc.) m\ ohing the 
hypothalamic region fall mto the fcUotang groups 

(a) disturbances m fat in carbohydrate or m 
water metabolism and (b) disorders of sleep, 
drowsiness, somnolence and, less commonly, ab- 
noTual waheiulness, or re\ersal of the sleep 
rhythm,® (c) emobonal mamiestabons, laughing, 
crvmg, or a state resembling “sham rage” m 
a nnu a ls , ina\ result, (d) phenomena attributable 
to sympatheUc or parasympathebc sbrnulabon, 
(e) disorders of the sexual luncbons 

.Any one of the forego mg groups oi effects may 
dominate the dmical condibon to gi\ e rise to one 
or other of the foUowmg E^mdromes 

(a) Diabetes msipidus 

(b) Dysbophia adiposo-gemtalis 

(c) Laurence-Biedl-Moon E\'ndrome. 

(d) .Autonomic cnencephabc epilepsy 

(e) Xarco^epsy 

These se^ eral condibons, with the excepbon of 
the last (e), ha\-e been cons-dered m diapter 57 


A crcc e^iy (rcf else p lOSSj This is the term applied 
to a disturbance m the sle^ merbqmcrn in which 
suedea attacks of an irresistible desire fer sleep occur 


1 ^* 1 ^ uonm speaks of a reverberatmg oremt — hv- 
^Jtalamus (mammillarT. body) to anteno- tbalamic 
ncdei via marrumllo-thalamic tract, thence to anterior 
to co-nu .Ammoms, and 
and mammillan bodv through the lomii 


‘ See Fulton and Bremer 
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during the day-time The duration of the attacks, which 
resemble normal sleep, is qmte bnef — from a few 
seconds to 20 mmutes or so It is only to such sudden 
and brief naps, and not to persistent drowsmess or to 
prolonged penods of pathological sleep that the term 
IS appbcable Nocturnal sleep may be normal but it is 
often disturbed or there may be msomma Sleep may 
overcome the subject of narcolepsy while he is going 
about his usual occupation, alule walkmg, m the middle 
of a conversation, durmg a meal, dnvmg a car, etc 
There may be many attacks durmg the day A few cases 
were discovered dunng the war m soldiers under trial 
by court-martial for falhng asleep on sentry duty The 
condibon may be a sequel to influenza or to epidemic 
encephahtis mvolvmg the hypothalamus or may result 
from a tumor or mjury in this region In other instances 
the condition appears without known cause (idiopathic 
narcolepsy) Though evidence is not conclusive, it is 
very hkely that m these latter, also, disordered hjrpo- 
thalamic function is responsible, for other features, 
e g , obesity, poljnina or impairment of the sexual func- 
tions, pomtmg to an abnormahty of this region are 
frequently present Ephtdrtne sulphate (25 mg three 
times dafly) or benzedrine is used with benefit m idio- 
pathic narcolepsy Cataplexy^ is the term given to a 
condition alhed to, and very frequently assoaated 
with narcolepsy, m which the patient as a result of some 


* This should not be confused with catalepsy, an 
entirely different condition 


emotion — amusement, anger, fear, embarrassment or 
surprise — is seized with complete helplessness The 
attack IS brief, lastmg for a fen seconds, or for a mmute 
or two at the most Consaousness is not lost but the 
muscles are completely toneless and powerless for the 
time, and if the attack supervenes nhile the subject is 
standmg his knees fail him and he sinks to the ground 
The deep reflexes are lost A normal person may become 
“weak with laughter”, be “struck aU of a heap", or 
“transfixed” when surpnsed or shocked Or his jaw may 
“drop” when confronted with some unexpected oc- 
currence Cataplexj' is regarded as an exaggeration of 
this normal tendency, just as narcolepsy is an mtensi- 
fication of the desire of many normal persons to drop 
mto a doze under certam crrcnmstances Mirth is 
espeaally hkely to precipitate a cataplecbc attack One 
victim reported by Adie remarked, “At the scout’s 
camp the boys used to amuse themselves by making 
me laugh and then runmng away leavmg me helpless 
on the ground ” Though narcolepsy occurs without 
cataplexy the converse is extremely rare This associa- 
tion of the two conditions at once suggests a common 
pathogenesis, but the muscular atoniatj charactenzmg 
the cataplectic attack cannot be explamed upon any 
physiological basis An mteresting speculation has been 
made by Wilson, who compares the attacks to the 
defense reaction of certam animals whereby they fall 
mto immobihty nhen frightened, and suggests for them 
a certam biological sigmficance, namely, that they are 
the rehc of a pnmibve reacbon uncovered by disease 



Chapter 68 

the cerebral cortex the i’HYSiology of speech and 

SOME OF ITS DISORDERS APRAXIA AND AGNOSIA 
EPELEPSY HEADACHE 


Minote Structure of the Cortex 

The human cerebral cortex (or palltum) has a 
total area of about 220,000 square millimeters, 
not more than a third of this lies upon the free 
surface or crown of the convolutions The remain- 
mg two-thirds of the gray mantle of the cerebrum 
occupies the walls of the sulci The total number of 
nerve cells m the human cerebral cortex has been 
estimated at around lO'" The number of fibers 
received from and projected to loner levels of the 
nervous system is in the neighborhood of 200 
milhon Added to these are fibers, manv times 
more, which connect cells within the cortex (asso 
aation fibers) On the basis of cellular structure 
the major part of the cortical gray matter is divisi- 
ble into SIX layers or hmmac But these lajcrs do 
not show identical histological appearances 
throughout the extent of the cortex Characteristic 
differences in the depth of the individual la> ers and 
m their cellular components are found in the van 
ous regions The six layers from the surface inwards 
with a general descnption of their cellular features 
as given by Economo' follows (see fig 68 1) 


I MoiECtriAR (or Piexiforu Layer) In this, the 
most superficial layer, the terminal filaments of numer- 
ous dendrites from cells of deeper layers, as well as from 
the axons of Maitinotti cells form a dense felted net- 
work Its cells are sparse, they are small (4 to 6 m) and 
pear shaped or fusiform 

n External Granular Layer consists of large 
numbers of small round, polygonal or triangular cells 
closelj packed together Their afferent processes pass 
into the ovedymg layer, their axons end mainly in 
deeper layers, but some enter the white substance of 
the hemispheres 

HI Pyra^al_Cell Layer Medium sized pj- 
ramidal cells are contamed in the outer part of this 
layer, pyramidal cells of larger size and more sparsely 
distnbuted are present m the deeper part It is cus 
tomar> , therefore, to subdivide this la> er into an outer 
and an inner portion, Campbell refers to them as sepa- 
Tutt layers. 


TV Internal Granular Layer resembles the ei 
temal granular layer m being composed of closely 


' For a detailed descnpti 
w orks of Campbell and of 


on, this author, or the earlier 
Bolton, should be consulted 


packed masses of small stellate cells, but unlike the 
outer granular layer it is rich m ncnc fibers This 
layer contains many horizontal fibers which show as a 
whitestnpc, or band known as the outer stripe or line of 
Baillarger, which is especially well marked m the cal 
canne cortex, but m this situatiDn it is more usually 
referred to as the line of \ncq d’AzjT or of Gcnnan 

V Ganguomc Layer (or internal pyramidal lay cr) 
consists of pyramidal cells of graded sizes This layer 
is particularly well developed m the precentral (motor) 
cortex where giant py ramidal cells (Betz) arc conspicu 
ous It contains, also, cells of Martinotti, these cells arc 
peculiar in that their axons pass outxards toward the 
surface of the cortex and arborize m their own layer, or 
in overlynng lay ers. Some of these cells can lie found in 
nearly all lay ers of the cortex Its deeper strata contain 
a dense network of fibers which forms the inner line of 
Baillarger 

VI Fusitorsi Cell Layer, in contact with the while 
matter, « composed of closely packed small spindle 
shaped cells with fhcir long diameters perpendicular 
Cells of Martinotti and small stellate cells arc present 
also in Ibis layer but fewer m number 

It should be emphasized that the foregoing is no 
more than a general descnption of the histological 
structure of the cortex and that marked regional 
differences exist E\ cn the lamination itself is not 
a feature common to the entire cortax In man 
one-twelfth of the cortical area shows little or no 
lamination, this portion, which is called the allo- 
corlex or archpalUum comprises the cortex of the 
olfactory' lobe (i c , the pv nform area and the 
hippocampal, supracallosal and olfacton gvn, 
etc) The laminated cortex, which m mm con- 
stitutes the remaining eleven twelfths, but which 
in lower mammals is a mudi smaller fraction of 
the whole, is called the tsocorlcx or itcopalhum 
The greater part of the human laminated 
cortex shows the cytoarchitcctural features de- 
scribed above, and is therefore somebmes referred 
to as the homotypical cortex In other more rc- 
stneted areas, the cortex departs from the typical 
cy tological appearance, chiefly in the preponder- 
ances of the small granular cells or of the p\ ram- 
idal elements, and is called lieicrotypicol WTien 
pyramidal cells predominate, the cortex is called 
agranular, and w hen the small granule like cells 
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Fig 68 2 Coronal section 
through the hemispheres to show 
the motor and sensory representa- 
tions in the cerebral cortex (from 
Rasmussen and Penfield) 


Fig 68 1 Showing layers of area 
4 of human cerebral cortex (agran- 
ular), cell-bodies, Nissl stain, 
right, nerve fibers, Weigert stain, 
a, outer band of Baillarger, b, in- 
ner band of Baillarger Note the 
large cells of Betz in the fifth layer 
After Brodmarm 



occupy most of the thickness of the cortex, with 
few pyramidal cells, it is called the granttlar 
cortex The agranular cortex is thicker than the 
granular which is particularly thm at the frontal 
and occipital poles of the hemispheres 
The cortex of the precentral region (motor and 
premotor cortex) is of the agranular type The 
granular layers (n and IV) are shallow, bemg 
encroached upon by the expansion of the pyrami- 
dal layers IH and V In the deep part of layer V 
of this area are situated the characteristic giant 
cells of Betz (60 to 80 microns m their longest 
diameters) (see below) These cells contnbute 
fibers to the corticospinal (p}namidal) tracts (ch 
66) The frontal cortex in front of the motor area 


(i e m the premotor area), granular layers are also 
mconspicuous but the large cells of Betz are absent. 

In the cortex of the walls of, and surroundmg the 
calcanne fissure — the area striata or visual area — 
the outer and inner granular layers (If and IV) 
are expanded at the expense of the pyramidal 
layers (HI and V) This very finely granular type 
of cortex, also called from its “dusty” appearance 
under the microscope the komocorlex, is charac- 
teristic of sensory areas It is present, though to a 
less fully speaahzed degree than m the visual 
cortex, m the post-central gyrus (somesthetic area) 
and m Heschl’s gyrus (auditory cortex, p 1044) 

Upon gross exanunation of a section of the 
bram two hghter bands can be seen m the cortex 



1032 


THE NERVOUS SYSTEM 


Section 1 III 


against the daiher gray matter These are pro- 
duced b> nerve fibers running parallel to the 
surface of the convolutions They are known 
xespectl^ely as the outer (already' mentioned) and 
inner bands of Baillarger In the tisual area the 
outer band is broad and promment and is usualh 
referred to m this part of the cortex as the band of 
Ticq d’AzyT or of Gennan, who had described it 
prenously The inner band is absent in this area 

Localization' of Function in the Cerebral 
Cortex 

Campbell mapped the cortex mto 20 areas which 
could be differentiated on the basis of their cy to- 
architectural characters This number nas raised 
to 47 by Brodmann, and subsequent workers 
(Vogts) have subdivided these agam to make a 
total of 200^ Brodmann's areas imU be given 
mamly here, but only those of interest from a 
funcbonal pomt of view mil be more than men- 
tioned 


THE FRONTAL LOBE 


The precentral cortex, areas 4, 4s , 6, 8 and 44 
Area 4 is a tapenng stnp of agranular cortex 
lying with its wider end at the upper border of 
the hemisphere, m front of the central fissure 
(Rolandic), and occupymg the postenor part of 
the precentral conv olution (fig 68 J) A good part 
of this area is buned, for it covers the anterior 
■wall of the central fissure It also turns over the 
upper border of the hemisphere and extends down 
the mesial aspect as far as the cingulate sulcus 
Area 4, or as it is more generally designated, the 
primary motor area, is a center for voluntarv move- 
ment It gives ongm to the pyTamidal (corti- 
cospmal) tracts, and also projects to the pons 
(frontopontme tract), corpus striatum, red nu- 
cleus, and the subthalamus Areas 4 and 6 arc also 
connected by mtracortical fibers The muscles of 
the various parts of the body are represented in 
this area from the lowest pwmt on the mesial 
surface to its lowest part m the lateral surface, in 
an order which is, in general, the mverse of that 
m the body itself, namely, toes, ankle, knee, hip, 
trunk, shoulder, arm, elbow, wnst, hand, fingers, 
brow, eyes, face, larynx, jaw and tongue (fig 
68.2) The parts of the face are not mverted By 
suitable electrical stimulation of different parts of 
this area, movements of muscles on the opposite 


It inm ‘^«tci and mappin 

il cytological characteStic 

IS called architectonics or cytoorchitutonics 


Side of the body can be evoked Though the 
control IS mainly contralateral there is also some 
ipsilateral representation The evoked mov cmcnls 
arc discrete, and limited to small muscle groups, 
single muscles, or cv cn part of a muscle They arc 
thus unlike the broader synergic movements 
cliatcd from the premotor area Muscles rather 
than movements arc represented in area 4 In man, 
nothmg more complicated than a simple flexion 
was ob'^rv ed by Pcnficld upon stimulation of the 
motor area in consaous subjects No acquired or 
skilled movement or any act which a nevbom 
infant could not perform was ever evoled The 
movements so induced arc initiated in the Sth 
cortical lay er, and presumably through the activa- 
tion of the giant pyramidal cells of Betz, after 
destruction of the ov erlymg lay ers by the method 
of thermocoagulation the motor responses cannot 
be clioted (Dusscr dc Barcnnc) It wall be seen 
from figure 682 that the size of the cortical area of 
representation of a somatic part is proportion- 
ate to its functional 'activ ity and importance TPor 
example, the area for the hand and fingers is 
many times greater than that for the much larger 
muscular bulk of the trunk The prehensile tail of 
the spider monkey has a cortical area as large as 
that of the foot 

We have already seen that area 4 also contrib- 
utes fibers to the extrapyramidal svstem, it has 
connections inth the cerebellum and the postenor 
ventral nucleus of the thalamus, and is connected 
transcortically with area 6 

Vocalization has followed stunulation of pxnnts 
m the lower third or so of the precentral cortex, 
c.g barkmg m the dog, m patients, a cry resem- 
blmg that of an epileptic at the commencement of 
a fit, or of an infant can be called forth by elcctn- 
cal stimulation of this region (sec Pcnficld and 
Bouldrey , Penficld and Rasmussen) But no sound 
even remotely rcscmblmg a spoken word has ever 
been ev oked by electrical stimulation of this part 
of the cortc.x. 

The supplementary motor area This, m the 
human brain is a band of cortex on the mesial 
surface of the hemisphere lynng m front of the 
primary motor area, and extendmg from the 
upper border to the cmgulatc sulcus In man, 
stimulation withm this area causes an isolated 
movement of a limb, a jwstural movement of the 
body (fig 68.5, p 1040), or rhythnucal mov ements 
(Penfield and Jasper) Vocalization is also eliatable 
from the upper part of this area. 
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Area 4s This is a narrow band of cortex ako 
known as the "stnp” area of Hines, lying between 
the upper parts of areas 4 and 6 Its cytoarchitec- 
tuie IS of the agranular tj^pe, resembling that of 
area 4 except that the giant pyramidal cells are 
absent or very scarce Electncal stimulation or 
strj’^chninization of this area inhibits contractions 
ehated from area 4, and raises the threshold of 
exatation of the latter Its ablation results m 
■^astiaty and an exaggeration of the myotatic 


generalized m nature than those caused by the 
stimulation of area 4 and mvolve synergic groups 
of muscles Though by suitable stimulation re- 
stncted movements can be ehated they are never 
as discrete and limited as those uutiated from 
area 4 The movements ehated from the premotor 
area appear to have mtent and purpose and are 
well mtegrated They are slow m their onset, 
“build up” slowly, and outlast the stimulus (after 
discharge), which must be stronger than that 



Fig 68^ The cortex of the lateral surface of the hemisphere The numbers of areas are after Brodman 


reflexes (see pp 960 and 1034) Area 4s projects to 
the corpus stnatum (caudate nucleus) and through 
it to the thalamus, which connects agam with 
area 4 It ako sends fibers to the subthalamus and 
substantia nigra, and to the pontme nuclei, it 
contnbutes to the pyramidal tracts 
Area 6 hes m front of areas 4s and 4 It is known 
as the premotor area The topography of the 
premotor area corresponds m a general way to 
that of area 4 It is contmued on to the mesial 
aspect of the hemisphere down to the cmgular 
sulcus It represents mainly the contralateral half 
of the body, but also to some extent the ipsilateral 
half Area 6 differs functionally from area 4 m that 
the movements evoked by its stimulation are more 


requured for exatation of area 4 To this type of 
movement (which is of extrapyranudal ongm) 
Hmes has applied the term holoktnesi^ as opposed 
to that uutiated from the motor cortex (pyramidal 
type of movement) which she terms tdtoktnests 
A cut made between areas 4 and 6 abolishes the 
more complex movements ehatable from the 
latter, mdicatmg that the two areas are connected 

’ Stimulation of the precentral cortex of fetal mon- 
keys removed by Ceasanan secfaon m the earher days 
of gestation, before the pyranudal tracts have de- 
veloped, gives only holokmebc responses After birth 
as the pyramidal tracts become hmctional holokinesis 
gradually gives place to the idiokmehc type of move- 
ment, the former bemg evokable only over the antenor 
part of the precentral cortex After pyramidal tract 
section idiokinetic movement cannot be ehated 
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by transcortical fibers, and that the unpuUes for 
the holokinetic type of movement arc transmitted 
largely through area 4 After destruction of area 4 
and the degeneration of its projections, or section 
of the pyramidal tracts, the usual result of sUmu- 
lation of area 6 is inhibition, though some postural 
reactions may also occur 

Stunulation of upper part of area 6 causes 
adversive movements, turning of the head and 
eyes to the opposite side accompanied by exten- 
sion or flexion of the contralateral limbs 
Vasomotor reactions -whose topography corre- 
sponds approximately with the distribution of the 
motor responses can be evoked by stimulation of 
area 6 

The histology of the cortex of area 6 is similar 
to that of the motor area except for the important 
fact that the large pyramidal cells of Betz arc 
absent from the fifth cortical layer Smaller py- 
ramidal cells, evidently motor in function, arc 
seen m this layer The efi’erent projections of area 
6 are largely extrapyramidal, it is one of the 
pnnaple sources of extrapyramidal fibers It sends 
fibers to the corpus striatum, subthalamus, red 
nucleus, substantia nigra and pontine nuclei, they 
descend in the internal capsule This area also 
receives projections from the posterior ventral 
nucleus of the thalamus, and from the cerebellum 

The effects of the ablalion of area 4 and area 6 

In lower vertebrates, e g , reptiles, amphibia 
and birds, the rudimentary cortex pla>s a very 
subsidiary r61e m the control of motility Subcorti- 
cal and phylogenetically older portions of the 
cerebrum (corpus striatum and thalamus) arc 
dommant (ch 67) The frog after cortical extirpa- 
tion behaves m an almost normal fashion, and 
even the dog or cat walks a short time after the 
cortex has been removed, most of the postural 
reactions being retamed (thalamic ammal) The 
motor area of these animals is much less easily 
exated by electneal stunulation than is that of 
the monkey, ape or man, and the exatable area is 
much smaller m extent 

In monkeys, as shown bv Lashley, destruction 
of area 4 does not abohrti the ammal’s ability to 
perform acts previously learned, such as opening 
a hasped box to obtam food 

In Fulton and Kennard’s experiments on the 
chimpanzee, excision of area 4 (exclusive of 4s) 
was foUowed by^occidp^j^is with depression 
o the_^donr^es The movements of the 
distal^rts-of tEFbSbs, e g , the fingers were most 


seriously aflcctcd, manipulatixc dcxtcnty_was 
therefore greatly impaired, and never fully re 
gamed The more proximal movements, eg, the 
shoulder and elbow, recovered first, and cventu 
ally, almost completely After this operation, the 
animal docs not forget how to perform skilled 
acts which it has been taught, sudi as opening a 
box containing food, but is unable to execute the 
necessary manipulations or docs so clumsily and 
with difficulty, owing to the paralysis of the finer 
movements After destruction of area 4, a positive 
Babinski response vUhoul "fanning” of Urn toes 
was obUincd Rossolimo’s sign was negative, 
vasomotor disturbances were absent In no in- 
stance ivas permanent spasiteity, irhieh has been 
usually considered in man to be due to a lesion of the 
motor area or corticospinal (pyramidal) patl-iCay, 
observed after rcmcral of the motor cortex alone 
In contrast to the clTccls of ablation of area 4, 
excision of area 6 was followed bv a plastic ngirhtv, 
increased tendon jerks, involuntary forced grasp- 
mg and groping, and loss ol the ability to perform 
learned acts because the memory of their patterns 
has been lost Rossolimo’s 'ign (p 962) and 
fanning of the toes appeared, but not tlic Babinskv 
response Unilateral removal of the motor area 
(area 4) followed by excision of the corresponding 
premotor area resulted m pronounced spasticity and 
loss of voluntary power in the contralateral limbs, 
and a well-marked Babinski response vilh fanning 
of the toes The condition resembled the hemi- 
plegia which in the human subject results from a 
lesion in the internal capsule Fulton and his 
associates conclude that the sign of Babinski 
without fanning of the outer toes (p 1013) is 
indicative of a purely pyramidal lesion, the pres- 
ence of the fanning component being an index of 
a premotor injury' 

The mam clinical features of the three typos of 
lesion arc shown in table 94 

The extrapyramidal connections of area 4 with 
the premotor area and with subcortical centers 
render it impossible by means of a cortical lesion 
to produce effects attributable purely to the 
destruction of corticospinal projections But the 
corticospinal (py'ramidal) fibers descend m two 
compact bundles — the py ramids — lying on the 
anterior aspect of the medulla (ch 66) Marshall 
and later Tower sectioned the pyramid of one side 
in cats and Tower and Hines in the monkey', thus 
accomplishing the dissoaation of pyramidal from 
extrapyramidal effects Section of the pyramid of 
one side m the medulla at the level of the trapezoid 
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body resulted m paralysis of discrete, restncted 
movements of muscles, mainly on the opposite 
side, somewhat less m degree than that caused by 
ablation of area 4 itself Larger movements (e g , 
adversive) and, with strong stimulation, epilepti- 
form responses were stdl ehcitable from area 6 at 
well as from areas 4s and 4 The most significant 
findmgs were the absence of spasticity of the 
affected muscles (mdeed there was a certam degree 
of hypotomaty), a positive Babinsky without 
fannmg of the toes, and some muscular wastmg 
Ablation of area 6, espeaally of its antenor part, 
after pyramidal section mcreased the paralysis and 
mduced hypertonus of the muscles Stimulation 
of area 4 caused inhibition of the extensor tone of 


TABLE 94 
Ablations 


SIGNS 

MOTO^ 
Afi£A (4) 

1 

PBFMOTOtt 
AHEA (6) 

BOTH MOTOR 
t AND TRE 
UOTORAREAS 

Babinski “extensor” 
response 

+ 

0 

+ 

Rossohmo 

0 

+ 

+ 

Fanning of toes 

0 

+ 

+ 

Spactiaty 

0 

+ 

+ 

Vasomotor disturb- 
ances 

0 

+ 

+ 


the paralyzed limbs, as weU as of the sound (i e , 
ipsdateral) limbs Stimulation of area 6, on the 
other hand, induced hypotomaty of the flexor 
muscles, the grasp reflex of the hand, for example, 
undergomg relaxation 

From the foregomg account of the vanous 
experimental results m this field the followmg 
inferences may be drawn (1) Whereas the pyra- 
midal system (area 4) governs the contractions of 
smgle muscles, parts of muscles, or small muscle 
groups, the extrapyramidal system, and especially 
projections from area 6, is concerned with the 
larger coordmated responses The premotor area 
provides a background, or a broadly drawn 
pattern of muscular organization mto which the 
pyramidal system fits the finer details The pre- 
motor area is thus capable of synthesizmg the 
small, discrete movements governed from the 
motor area mto compbcated purposeful acts, and 
IS therefore essential for learmng skilled mampula- 


tions It can carry out mdependenlly of the motor 
area only relatively gross movements, e g , adver- 
sive and postural-pnmitive movements (holo- 
kmetic) of which a newborn infant is capable 
(2) Areas 4, 4s and 6, exert an inhibitory influence 
through extrapyramidal paths upon movements 
(mamly contralateral) governed through the 
pyramidal tracts Extrapyramidal projections 



Fig 68 4 Connections of prefrontal areas (After Le 
Gros Clark, with rmnor additions) Lower sketch, nght 
cerebral hemisphere from the medial aspect, showing 
afferent connectionSj A, antenor nucleus of the thala- 
mus, M, dorsomedial nucleus of the thalamus, P, 
penventncular system of fibers ascendmg from the 
nypothalamus to the thalamus, v, mamrmllothalamic 
tract of Vicq D’Azyr Upper sketch, efferent connec- 
tions, M, dorsomedial nudeus of the thalamus, H, 
hjpothalamicohypophjseal tract 

from areas 4s and 6 inhibit the tone of the flexors 
(e g , relaxation of the grasp of the fingers) , those 
from area 4 inhibit the extensors (3) Pyramidal 
function mdudes a tome action upon the spinal 
centers Interruption of pyramidal pathways 
results m hypotomaty of the paralyzed muscles, 
whereas lesions of extrapyramidal paths cause 
ngidity These condusions have important dimcal 
imphcations The spastic state of the affected 
musdes m hemiplegia, for example, has been 
generally considered to be mdicative of a destruc- 
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tion of pjTamidal patliwa>'s It appears, howCT er, 
that interruption of extrapj'Tamidal fibers, m their 
cxiurse through the internal capsule m dose 
association vnth the corticospinal tracts, is re- 
sponsible for the h'\’pertoniat> of the musdes 
Fulton and his colleagues desenbe certain 
motor disorders m man rvhich thej consider to be 
characteristic of a lesion of the premotor area 
These, rrhich tia\e been grouped under the term 
"Ihc syndrome of the premoior corlesd’, are as follows 
(a) awkwardness m the performance of skilled 
(learned) dehcate acts, eg, buttonmg a collar, 
sewing, etc., but httle early loss of power m the 
execution of gross moiements, (b) spastiatj and 
mcreased tendon jerks, (c) forced graspmg and 
gropmg, late appearance of weakness of the hand- 
grasp and impairment of gross mor ements, and 
(d) autonomic disturbances These effects are of 
course on the side of the bod} oppiosite to the 
lesion 

Grasping mo^emcnls and Ionic inncrcalton 

The weakness on the opposite side of the bod} 
which occurs m lesions of the premotor area is not 
uncommonl} assoaated with a group of phenom- 
ena to which %anous terms have been apphed, 
e g , ‘‘forced graspmg and gropmg”, ‘‘grasp 
refle.x”, “tome innervation” and so forth A 
description of these phenomena follows 

(1) Merely touching the skin between the 
finger and thumb with a pencil results m slow 
flexion of the fingers If the stimulatmg agent is 
withdrawn gentl} without disturbmg the position 
of the patient’s fingers no tight enin g of the grasp 
results but his hand and arm sometimes move 
through space (grope) m the direction of the 
movmg object, as if drawn b} a magnet. 

(2) Grasp refiex MTien an object is placed m 
the paretic hand of the patient the fingers dose 
slowl} and gentl} around it, but an} attempt made 
b} the observer to withdraw the object often 
results m its bemg grasped more firml} Nev erthe- 
less, when the patient denches his empty fist he 
can relax the fingers agam without difficult} 

(3) Any attempt to bend the arm or leg is met 
by an active resistance exerted by the antagonistic 
(stretched) musdes, this differs from the resistance 
offered by the ordmar} spastic hmb m that there 
IS no sudden givmg way with a “dasp-knife effect” 

Walshe and Robertson have made a cntical 
stud} of these phenomena and find that they are 
separable mto two distmct components (a) the 
grasp mcremenl and (b) Ionic innervalion 


The gentle grasp and the gropmg movements 
just desenbed (see (1) above) arc voluntarv' and 
not reflex acts That is to sa}, though the} are 
automatic m nature and are taken to indicate 
detenoration of the ps}chomotor functions, the 
patient can prevent their occurrences if asked to 
do so The} disappear m stupor or m coma The 
gentle grasping movement follows tactile stimuli 
alone or v isual and tactile stunuli actmg together 
The groping movements can be chated b} vnsual 
stimuli alone but not b} tactile stimuli alone 

Tome tiincreahon (sec (3) above) is a stretch 
reflex (ch 65) The strong grasp (2) which results 
when an attempt is made to remove an object 
from the hand is simpU one phase — an inadcnt — 
of this reflex. It is quite distmct from the gentle 
grasp movement It results from the passive 
stretching of the flexor muscles of the fingers 
caused b} the observer’s attempt to extneate the 
object The patient cannot rcla-x the grasp and 
release the grasped object It occurs in the un- 
consaous patient. The grasp reflex is most pro- 
nounced when the patient is on his side and the 
affected arm uppermost (Fulton) 

Richter and Hmes produced the “tonic grasp 
reflex” in adult monke}'s b} removal of the pre- 
motor area. Excision of the motor areas or the 
prefrontal areas from both hemispheres did not 
cause the effect. A similar reflex is present m 
normal infants, Robmson showing that in these it 
is sufficientlv strong to suspend the bodv ‘'rom a 
bar for 2 minutes A graspmg reflex has also been 
described for the foot m lesions of the premotor 
cortex. It occurs m the normal infant up to the end 
of the first }ear and is said to occur m 50 pier cent 
of Mongolian idiots It is elicited b} stroking the 
sole 

Area S (subdivnded b} the Vogts mto sections 
o, p and 7) IS called the frontal eye field It lies m 
front of area 6 Stimulation of the cortex here 
causes a conjugate movement of the e}es to the 
opposite side, openmg and closing of the cv elids, 
and sometimes dilatation of the pupils and lacry- 
mation No visual hallucmations occur m man, 
but an epileptiform seizure ma} be provoked 
which spreads to the adversive field (area 6) < 
Ablation of area 8 of one side m monkev's causes 
the eyes to be turned up toward the side of the 
lesion, and temporarj paralvsis of the conjugate 
e}e movement. The animal m walking circles 


tmulanoa of area 8 m man also causes conjugate 
dwahon of the ejes and turning of the head to the 
opposite side 
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toward the side of the lesion No abnormahties are 
observed m the pupils or in the movements of the 
hds Area 8 has depressor function This area 
receives fibers from the dorsomedial nucleus of 
the thalamus, through which it is connected with 
the hypothalamus It also connects by long asso- 
ciation tracts, both afferent and efferent, with the 
ocapital lobe (visual area, 18) and with the 
tegmentum of the midbram (probably with the 
oculomotor nuclei) ® 

Area 44 m the region of the posterior part of 
the frontal operculum m the dominant hemisphere 
(which IS the left m nght-handed persons) is the 
motor area for speech (Broca’s area) Stimulation 
of this area m consaous patients causes their 
speech to be abruptly arrested 

PREFRONTAL OR ORBITOFRONTAL REGION 

The prefrontal region embraces the part of the 
frontal lobe m front of areas 8 and 44, but it 
mcludes the orbital as well as the lateral aspect of 
the lobe, and for this reason is also known as the 
orbitofrontal region It is divided mto the areas. 


with emotional feehng Their part m the scheme 
of cortical representation of sensation is uncertam, 
but they are probably concerned with visceral 
rather than with somatic sensations through the 
hypothalamus and dorsomedial thalamic nucleus 

Area 24, anterior part of the cmgular gyrus on 
the mesial aspect of the hemisphere, is a powerful 
s uppressor are a Autonomic responses foUowmg 
stimu lation of this are a are pupillary dilatation. 
pilo-e rectign, acceleration of the heart, and a fall 
m blood pressure Arrest of respiration m expira- 
t ion a lsojesults 

The prefrontal areas have extensive subcortical and 
cortical connections Areas from 9 to 12 m the monkey 
receive fibers from the dorsomedial nucleus of the thala- 
mus Fibers ascendmg to the orbital areas 11 and 12 to 
this nucleus have also been demonstrated m man 
from a study of retrograde degeneration m the nucleus 
as a result of leukotomy (p 1038) The antenor nucleus 
of the thalamus also sends fibers to the prefrontal area 
(area 23), and both dorsomedial and antenor thalamic 
nuclei receive fibers from the hypothalamus The path- 
way from hypothalamus to the cortex through the 


9, 10, 11, 12, 13,^ and 14 The orbital surface is 
occupied by parts of 10, 11 and 12, and all of 13 
and 14 These areas until recent y^rs have been 
thought to be mexatable, and were therefore 
referred to as “ silent ” or association areas But 
upon stimulation by a suitable electnc current 
havmg pulses of low frequency, autonomic, respira- 
tory, curculatory, renal (ch 35), and gastromtes- 


dorsomedial nucleus was established by stimulation of 
the postenor hypothalamic region and observmg the 
action potentiak m the thalamic nucleus and the cortex 
The greater part of the prefrontal cortex is considered 
by Le Gros Clark as a projection area for the hypo- 
thalamus, just as the ocapital cortex and auditory 
cortex are projection areas, respectively, for the rebna 
and the cochlea (Fig 68 4 ) 

The prefrontal areas are connected by efferent fibers 


tinal responses can be ehated After bilate ral with (a) the hypothalamus through the dorsomedial 
re moval o f these areas the blood pressure iscj^ nucleus of the thalamus, (b) there is also good evidence 
reduced .(Gastric secretion suppressed, and gastro^ for the existence of a direct efferent connecbon with 
mtestmal movements mcreased In man, suffering the hypothalamus both m animals and m man, (c) with 
f?dirmtrartSiri^i5"is-"Feheved These areas the caudate nucleus, (d) nuclei of the pons (from area 


receive important fibers from the dorsomedial 


10), (e) tegmentum of the mid-bram 


nucleus of the thalamus, which m turn receives 
impulses from the hypothalamus These orbito- 
frontal areas, especially those of the orbital 
surface, are thought also to be closely assoaated 


Unilateral or bflateral removal of the prefrontal 
area do es not cause paralysis either in the monkey 
or m man Unilateral removal of the human pre- 
frontal area is without any outstandmg effect 


® Unilateral ablation of this area m monkeys is 
followed by a visual defect m the form of failure to 
recognire objects m the opposite homonomous halves 
of the visual fields — a pseudohemtanopia — results 
When area 8 is destroyed on both sides the ammal does 
not react m a normal manner to visual stimuh It may 
appear to be blmd for it walks mto or stumbles over 
obstructions m its path, and tends to stare straight 
ahead with an immobile “wooden” expression (see 
Xennard and Ectors) Yet, an animal wtII follow an 
object with Its eyes and wiU seize anything offered to 
It though fading, apparently, to recognize it or to 
understand what to <K) with it. 

* Area 13, so designated by Walker, corresponds to 
Brodmann’s 47 


The mental processes are impaired only to a mmor 
extent Some loss of imbative and mental alert- 
ness, and lowered abflity for antbmetical calc ula- 
tions may be the sole result of the operation 
Memo ry, judgment and mteUect often show little 
or no detefioraTioln Removal ot the^refrontal 
area of the dommant hemisphere (i e , the left in 
nght-handed and the nght m left-handed persons) 
tends to produce somewhat greater alterations in 
character or mtellect than does a similar operation 
upon the non-dommant side But even the bilat- 
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eial excision oi prefrontal areas is follovred by a 
snrpnsmglx moderate mental defect. In an opera- 
tion for the eradication of a tumor Dand\ exased 
the frontal lobes on both sides m front of the 
premotor areas (reported b\ Bnckner) The 
subject of this eitensne extirpation appeared of 
normal mteUigence upon a casual acquaintance 
It IS reported that for an hour he toured the 
hospital vnth two \TSitmg neurologists who faded 
to notice m him any mental abnormahtv A more 
in tima te knowledge of the patient, howener, 
rei-ealed ^ery d efini te delects oi character and 
mentahtj His mental age was about thirteen 
wears, his mtelhgence quotient eighty The mam 
features shown by this subject and which mai be 
taken generaUw as reprfcientati\e of the effects of 
eitensi%e prefrontal destruction are bsted below 
Thev constitute what has been called the frontal 
lobe syrdron'eT 

(1) LacR of restra rt leading to boasting, self- 
aggrandizement, hostihtj , aggresrii\-enes3 

(2) DisiradiHily and resilcssi css — difficulty in 
fixmg attention 

(3) Hvpermotfliti which apjiears to be due to 
the loss especaUi of area 13 

(4) Flight of ideas, puerile fantasies, emotional 
mstabfhtv, facetiousnesi, punning 

(5) I^ck of iriliatre, and difficultw m planning 
any course Oi action 

(6) Irrpairircrt of jrcrrory for recent e\ent5 but 
not for remote events 

(7) Irrpa rrrcrt of tnoral ar^ soaal scrse, loss of 
love for famil\ 

(S) Failure to realize, or mdifference to, the sen- 
ousneiS of his condition, and a sense of well-being 
(euphoria) 

Among some of the other mannestations which 
may follow a prefrontal defect are (a) mcreased 


The classical nam ple of a severe p'efroatal mjur 
which resulted in surpnsinglv little mental defect i 
the case of the Amencan, Phmeas Gage (IS4S), wh 
sahered extensive damage of his frontal lobes b 
an non tamping bar dn\eii through his head bv a 


~ juat uxiLCiiu' uic c q^ u: 

£Ut^ He was stunned for onl\ an hour and was ab 
mth assistance to walk to a surgeon’s office. He Ere 
10 12 ytais, Mler tie acadent and sierved m gener 
these changes, A case has also been report? 

in whxii the prefrontal coWcx on both ades were al 
sat or degenerated. The condiboa existed from eah 
cfaldfcood s et, at adult age the subject of this defec 
^er a <3^01 pwxhologic and ps\-chiatnc examinatiD; 

to be of normal mtelligencc, though son 
^ect m planMg capaau and m the abiEty^to o 


appetite, m spite of which (and as a result of the 
hypermotiht\) there is loss of weight, (b) unpaired 
control of the sphincter of th e bladder or rect um, 
(c) disturbances of orientation m pnie _and space, 
and (d) tremor 

Chimpanzees which have had both prefrontal 
areas removed show restle ssn ess and are easily 
distracted, though thev remam alert and evmce a 
keen mterest m thmgs around them Fulton and 
Jacobson repiorted m 1935 that after this operation 
chimpanzees failed to show temper tantrums and 
other neurotic effects of frustration (expienmental 
neurosis, p 1062) TTus observation formed the 
basis for the surgical treatment of certain psv cho- 
neuroses m man, first employ ed by the Portuguese 
surgeon, Egaz Momz m 1936 The operation, 
called frontal lobotomy consists m sevenng the 
fibers conneebng prefrontal areas vnth subcortical 
centers (probably the thalamus and hypothala- 
mus) Exosion of the orbital sunaces ot the 
frontal lobes (bilateral orbital gvTectomv) which 
has also been undertaken for anxiety and depres- 
sive states, reheves mtractable pam 

The jrontal lobes arj, irldltgcncc The develop- 
ment of the frontal lobes bears m general a direct 
relationship to the le v el of an animal m the phvlo- 
g^tic scale and to its intelligen ce. T his has led 
to tfieTjeheTthat this part of the cerebrum is the 
seat of the mtelhgence of arnmak and the “center” 
or “organ”, of the„mmd_qf_man. YTithm this 
region those processes underlying mteUectual, as 
well as moral and emotional attribute were 
Eupposedlv earned out. The absence of any overt 
effect from stimulation of the=e so-called sflent 
areas seemed to confirm this bebef Extupation 
erpienments and lobectomy or mjury m man, 
however, show deosivelv that the prefrontal 
area cannot be looked upon as a region where 
thee higher mental quahPes reside exclusively 
or ev en predommantlv InteUigence depends upon 
a knowledge of the ertemal world recerv ed 
through vanous channels Visual, auditory , 
somethetic pierceptions, etc., are received and 
stored as memone m cortical areas situated m the 
occipital, temporal and panetal lobes Tracts of 
asooation fibers m turn link together these 
several primary areas, sensations of vanous tvpes 
are therebv brou^t mto relationship, and svnthe- 
sized into more complex memones Thus, as time 
passes, the fahne of our expenence is woven m 
patterns of greater and greater mtneaev 
The progressive mcrease m size of th .3 part of 
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the brain through the upper levels of the phylo- 
genetic scale IS not as great as that of the panetal 
lobe, which supports the conclusion denved from 
extirpation experiments that the prefrontal areas 
are not especially related to mteihgence, nor to 
memory, upon which mental ability so largely 
depends The lower postenor part of the panetal 
lobe IS more closely associated with these functions 
of the bram, defects of memory commonly follow 
mjury to this part of the panetal lobe or to the 
temporal lobe 

It is probable that the prefrontal area merely 
represents a region of relatively high associat ive 
or synthetic capabilitie s The subcortical connec- 
tions of this area, as well as the effects upon 
behavior resultmg from its mjury, strongly suggest 
that it IS c oncerned with emotional feelm g After 
its bilateral removal the cerebrum deprived of the 
synthesizmg faculty of this region is incapable of 
the more elaborate assoaation of those expenences 
required for the formulation of abstract ideas and 
more accurate judgment, and for the guidance of 
conduct m conformity with social customs Here 
also are mainly located those mental processes 
relatmg to “prediction”, forecastmg, or to any 
planned action A person depnved of these areas 
would have httle abihtv as a strategist , even a 
housewife after the loss of these parts of the 
cortex wo uld expenence some diflSculty in planning 
a meal Nevertheless, synthesis at somewhat 
lower levels is still possible of achievement through 
the remammg cerebral tissue Mental capacity 
accordmg to this conception is therefore a function 
of the cerebral cortex as a whole rather than of 
any particular region The quantity of tissue 
removed rather than its location is the more 
important factor m determmmg the degree of men- 
tal impairment which will result. (See Lashley) 
It may be mentioned m this regard that the 
symptoms which are observed m prefrontal 
lesions can aU be accounted for by a reduction m 
assoaative ability Bolton has also shown that m 
ggientia and B ementi a the degeneration of the 
cortical layers is not localized to any particular 
region but is distnbuted over the hemispheres 
The seal of_consctousness The cerebral cortex 
has long been assumed to be the “organ” or locus 
of consaousncss, a general preference bemg held 
for the prefrontal areas But Penfield and Jasper 
offer a fresh conception of the neural basis of 
consciousness — that it is seated m the thalamus, 
hjqiothalamus and neighbormg parts of the upper 


bram stem They speak of these structures and 
their connections as the centren cephali c sy stem, 
and consider the latter rather than the cerebral 
cortex as “the highest level of neuronal mtegra- 
tion” Some or other mampulation m the region 
of the medial part of the thalamus durmg an 
operation, as m an mstance reported by Penfield, 
may be followed rather suddenly by loss of con- 
saousness which is soon regamed when the proce- 
dure which preapitated the lapse is stopped 
Accordmg to this conception, it is the function of 
the neopallium to elaborate upon the field of 
consaousness for which the centrencephalic 
system provides the primary mtegrative basis 
The cortex, of course, is essential for the develop- 
ment of those attnbutes pecuhar to the bram of 
man — abstract thought, speech, mathematical 
calculaBo n, imagJnaticm, creaSve'ability, and aU 
those higher mental capaaties which come withm 
the realm of mtellect, and which are so vanable 
from person to person ® 

Facihtaiory and suppressor bands and tracts When 
weak electrical stimuh are apphed at one second mter- 
vals to area 4, it is found that the first stimulus of the 
senes causes a lowering of the threshold for those which 
follow, or a weak stimulus which alone is meffective 
may, if one of a senes, become effective, neighbonng 
neurons, as a result of facihtafaon, bemg brought mto 
action (recnutment) After their exatation the thresh- 
old of these neurons is raised, their acfavity is sup- 
pressed These are examples of local facilitation and 
suppression, i e , the effects are produced within the 
area m which the stimulus is apphed Facilitation and 
suppression may also be mduced upon one area by 
stimulation of another, either electncaUy or by the 
apphcation of strychmne Thus stimulation of the 
premotor area (area 6) or postcentral gyrus (1, 3, 2) 
causes facditation m area 4, while suppression of ac- 
tivity m area 4 and other areas is produced by stimu- 

®The followmg is a quotation from Penfield and 
Jasper’s recent monograph, “It is obvious that the 
higher mental functions which distmguish man from 
lower animals, such as speech, the capacity for higher 
mathematics, and other abstract thought processes, are 
not possible without the cortex, particiilarly that m the 
temporal and frontal lobes The vast mterconnected 
network of cells and fibers m the cortical matrix must, 
therefore, constitute an essential part of the machin- 
ery of the mmd But without the constant selective 
acbvabng influences of the reticular network of the 
higher bram stem, the cortical mantle hes dormant 
Without an mtegrated system for control of exatatory 
and inhibitory ^ects upon local cortical funcfaons of 
the two hemispheres, co-ordmation of cortical func- 
tion as a whole would be impiossible Highest level 
functions cannot be stnctly localized, but result from 
a dynamic interaction between centrencephahc mech- 
anisms and those areas of cortex the function of 
which IS momentarily being employed at a given time ” 



1040 


THE NERVOE5 SYSTEM 


Secttm VIII 


labijg4s These arc eiamples of diriar J fadbtabon and 

snpp'cssion. The snppressor action from -45 depressor 
strip causes (a) inhlbitioa of enstmg contracbons on 
the opposite sde of the bodv, (b) a nse in the threshold 
of area 4 and (c) cessation of its spontaneous electrical 
potentials. The supp-esso- action is not mediated trans- 
co-bcally but throng a subcortical arcmt— to caudate 
nucleus, to globus palEdus, to ventrolateral nucleus of 
thalamus (irhich is inhibited), and thence to area 4 via 
thalamoco-tical connections The spontaneous elec- 
tncal potenbals oulinarfly occurring m the stnate 
structures are vreat, but after co-bco-subcorbcal con- 
necbons are severed, ne^ the arcmt is interrupted, 
bursts of bigb-voltage vraves appear 

Several other cortical depressor areas have smce 
been discovered besides those menbontd, espeaaHj m 
areasi $,12, 19 and 24 (7s , Ss , J2s , 19s , and 2^) » 
Descending tracts from the corbcal depressor bands 
receive an accession of fibers from the caudate nucleus, 
and conbnue to a depresso- center m the rebcular for- 
nabon of the meduHa. From here via the lebcnlospinal 
tract an inhibitoro influence is exerted upon stretch 
reflexes and decerehrate ngidity as well as upon move- 
ments induced bv corbcal Ebmulabon. This depressor 
area m the medulla also receives impulses from the 
cerehdlam. In a more lateral posbon m the rebcular 
fomaboa, and extending upTards into the midbrain 
hes a facihtabon tract which enhances the acbvity of 
the spmal motoneurons actmg m conjuncboa with the 
vestibulospinal tracts m maintaining the stretch re- 
flexes which art the bass of decerebrate ngiditv The 
latter is less pronounced after destrucbon of this tract 
has been mtermpted whereas it is mcreased after de- 
stmcbon of the medullary depressor area. The ccrbcal 
depresso- areas are graduaHv macfavated by cyamde, 
decereb-ate ngiditj then gradually appears as a result 
of the unbalanced acbon of the fadUtabon tract. These 
mvesbgabons have p-ovided an explanabon for the 
fact that large lesions m the pons may prodnce muscular 
hvpotonus rather than rigidity as a result of the mter- 
rupbon of the facilitaboa tract. 


THE PARIETAl. LOBE 

Tie somcstic'ic {sonzatesilc'ic) area 

The Poska^J^-nu, ne., the band of cortex 
bung behind and mduding the postenor Itp and 

’ Attempts bv Peafidd and associates to demonstrate 
dep-ess^ areas m the co-tei of pabenls have failed 
repea tealv, and it is doubtful that thev exist in the 
namaa b-ain. Some have craesboned even that stec-k; 
co^cal areas, ne., areas whose ftmebon is confined to 
bom exis m animals, and do not believe that the 
ob<^ed represent a phvsio- 
funeb^ Jasper, fo- example, has been unable 
inhibit movements bv 
s^ed ^pmsso- areas on the 
of cats or monkevs, and 
obtained, aj a rule, tome movements 
from the stmmlabon of area 24^ luu. cmcais 


■wall of the fissure of Rolando (areas 3, 1 and 2) is 
c pns nrv m function and IS hnowu as the s otn^h^ c 
arcfJ J This band of sensorj' cortex turns over the 
upper border of the hemisphere, and extends down 
the mesial surface as far as the cmgulate gvTUs, 
As m the case of the pnmaij motor area, the 
sensorj areas of the bodj are, m a general uraj, 
represented mainlv m mverted order, from the 
lowest part of the mesial surface to a corresponding 
part of the lateral surface. Thus, the area for the 
toes IS at the lower part of the former surface, that 
for the leg near the upper border of the hemisphere, 
while the face, mouth and tongue areas are found 
m the lower part of the lateral surface The parts 
of the face, howev er, are represented m umnv erted 
sequence — brow, evehds, nose, lips, m this order 
from abov e downward (fig 68.2) Though broadly 



SECOND 
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Fig 6S.S Showing fignnnes of motor and sensorv 
r^resentabon m the cerebral cortex, slightlv modified 
From Penfield and Jasper, Epilepsy and tkc Fundtonal 
Anutery of the Etirren Broi«,yourtesv of Dr Pemfidd 


speaking, sensorv representation m the cortex has 
this regional representation, when the topography 
of the different parts is exarnmed more m detail it 
IS found that the order of corbcal representabon 
conforms dosdv to that of the dermatomes, be , 
to the spinal mnervabon. For example, the corb- 
cal sequence for the upjier limb (monkey) is 
postaxial aim, oenput, ear, side of head, neck. 


I 
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shoulder (C2-C6), preaxial arm, forearm, wrist, 
hand, digits (C7 , C8, Tl) But it will be seen from 
figure 68 6 that the dermatomal representation is 
not m contmuous numencal sequence from head 
to tail For example, if the sensory band of cortex 
(which turns over the upper border of the hemi- 
sphere) were straightened out, it would appear 
qmte clearly that the projection of the dermatomes 
from the upper thorax to the tail (Thoracic 1 to 
Caudal 4) was m an order the mverse of that of 


the apphcation of a strychnme solution to the 
postcentral gyrus m monkeys caused sensory 
effects (pa resthes ias, hyp eresthe sia and hyper- 
algesi a) on the opposite side of the body, but also 
to some extent on the same side 
The sensory area of the cortex is not confined 
to the postcentral gyrus but extends forward mto 
the pr ecentral gy rus Penfleld and his assoaates 
found that 25 per cent of stimulations of the 
latter area m patients caused a sensation, with or 
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Fig 68 6 Diagram of a secbon through the somesthefac area to show cortical representaPon of the derma- 
tomes FB , sylvian fissure, F C , central fissure, s am , callosomargmal sulcus, MAX ^ maxillary division of the 
tngenunal nerve, MAN , mandibular, OPHTH , ophthalmic, C , cervical, T , thoraac, L , lumbar, S , sacral, 
Ca , caudal (From Woolsey, Marshall and Bard, Bull Johns Hopkins Hosp , 70 399-441, 1942 ) 


the spmal segments, whereas, the representations 
of the head and neck were unmverted, the cervical 
segments bemg represented m ascendmg numencal 
order from above down, and the ophthalmic 
division of the 5th nerve followmg C8 There is no 
explanahon for this arrangement Excisions 
from the somesthebc cortex are followed by dis- 
turbances of cutaneous and kmesthePc sensations 
on the opposite side of the body 
Cushmg , and later, P enfield and his associates 
h§ ye stimulated different parts of the area m 
conscious patients, sensations on the contralatera l 
half of the body wer e expen enced, their locatio ns 
bearing a c onsta nt relationship to the po mt 
stimulated Dusser de Barenne discovered that 


without a motor response On the other hand, 20 
per cent of stimulations of the postcentral gyrus 
gave a motor response, instead of or accompamed 
by a sensation Also ablations of postcentral areas 
cause motor defects which are not due simply to 
loss of kmesthetic sense It appears that the 
^^precentral and postcentral areas are kmt toget her 
j|by connecting neurons, and are so mterrelated 
functionally as to be called appropnately, taken 
as a whole, the s etisonmotor area 
Marshall, Woolsey and Bard have used a 
method to map out the cortical representation of 
tactile sensibihty in monkeys, based upon the 
fact that impulses set up by stimuli apphed 
penpheraUy can be recorded as action currents 
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iromthesuriaceo'ttehesaspbe'eCfig 6S7) Tnis 
IS faio-Ti as the of czc^ p-^ 'rJ sh Ti:e> 

foand tac±3e seasat-oas rep-eseated contralateraih 
■a tae pcetceatral gyrus (areas 3, 1 ard 2) Ids*- 
lateral representaUon vras not obser\-ed, eiccOv fo- 
a part Oi the lace (e.c , lijS) tongue and lo'^e 
chesh) In no instance ■ms evidence obiainea or 
the p-ecentral rep-esentaUon o th^ sen^cuon 
As a the moto' area the extent the senso-v 
rep''esentation Ji the post-centrai gy"n*s is greatest 
icr those parts Ox the bodv ivn.cn a'e oi inoSx 
nnpartance m acqumng iniormat-on concemmg 
Enncnnonig objects Thus, m man and in the 
monhev, the cortical area lo* the hand and ana 
IS larger ttian that lor tne tunh o* leg, while in 
snch as the rabb t, cat or p g the area fo* 

the face, lips, snout and vTonssae ^ much larger 


ton. areas are emp’oved, namely auditon and 
visual areas I and EL So-iatic a-ca II bes m the 
upper vmll o the Sydvian fissure, that is, belo'^ the 
facTarS" d' somatic ar&'ir'^h ch is much larger 
m extent. Tne onler of rep'^ntatiou in sen^orv 
area II is the in\ erse of that o, senson area I, the 
face being abov e the arm in the upper part of the 
-uU of tee fissure and the rep’Tserlat on of the 
foot at the bottom Tne rgnifica rce of the d ual 
co't.cal _rep'esenlaUcn 13 unLco-mi Area II is 
thought to be the mo'c punuasc o^ the two, that 
Ux, to have been de doped at a much carl er 
phylogenet-c period. It is po^Ti’c Jiat it recc ves 
fibers rubsennng the crude' fc-ms o' sensaUon 
(tne p-ntopathic Evstem o' Head) 'hilc the 
p-iman area rece ves urpuEcs upon ""h ch mo'e 
cnacal perception (ep cnt-c) is based (fig 6Sn) 



Fro 6S7 Acu:n tntah -eco'ded wra p^.central ems cunrg tactile s.ar-Ubcn o' pemj on palm (Par* 
o' Egire trom Ma-uaaT Vi oo'aev and Bard.) 


tcan teat lO' tne {ja-m In the p z the rep'e=enla- 
ton lO- tne snmit tabes up a large part of the 
post central gymis, wnereas that fo* the feet is 
msignmcant. In the Shetland_ponv the co'Ucal 
area lecsnmg impulses from tne nostril is nearly 
as laige as that rep'csentmg the rest o. the boa\ 
sunact. The large lacal nsp-esentapon in man 
appears to be an exception fog alter mfcnc' , ""e 
do not gam uuomiabon hp reeling objects •min 
the bps O' by puttmg them in*m the mouth. It is 
looked unon, ho~ever, as an mhentacoe from cur 
annual anoestr" 

Somatic sensaPon as -vdl as the visual and 
acditoT senses have a donVe r^"esentaPori in 
the ertex o' eaca hemispnere. This deal somatic 
tno'esentaPon was first obsermed bv Adrian, in 
the case of the da-m o, the cat. The somes Jietic 
area describea above and long recognized, is no'~ 
caDed the “p-nnarv’ seas-o-y a-xa, o", as Woolse * 
has suggested, serc,.. c crcj I The more rtceadv 
discovered senso*! a-ea is called sornu* c creu JJ 
Co'-esponding te-mis fo- the dual wsiZandacdi- 


All wnatic sensory impulses ascend in the 
medud, spmal ana tngemmal lemnisc: to the 
thalamus, whicn is the subcotical destuiat.on o 
crude sensations Thougn mther vague censaPons 
described as tagung nu^ness, PdJrag, p'-d- 
bng. O' as the movement o' a limbTare aroused 
b% sPmulaPon of the postcentral gyrus ard are 
re.'er'ed to some part cf the bony dependmg upon 
the area stimulated, pain is never aroused and 
rarely even tLscomio't- There docs not appear lo 
be an area of the co-tex essenPal lor the pc'cep- 
Pon of pa.3 fo' “n^ rerroyal of the cortex anv- 
vihe;e_p-;E^ts pam^fromjbemg felt~^~ (P5 5eId) ' 
ImpuLes to* pain reacning the thalamus can 
arouse this feeling without bemg trnnsm tted to 
the co-tci- Tno-jgh. as menPoned earher sevens 
mtractab’e pain usually associated witn disease 
o' ratemal structures is reheved by the exos-on of 
o'b tal areas, the peiceppon of pain is not abol- 
ished, but the paPent ceases to suSer and com- 
plain, he no longer womes about iP 
The finer sensaPons o' touch and temperature 
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and the sense of position and movement are 
relayed to the cortex by fibers which ascend 
through the mtemal capsule and corona radiata 
The function of the somesthetic cortex, accordmg 
to the th eory of Head and h is associates, is not, 
however, simply to re cord the se, sever al pnma iY 
sensations Its activity lies m the psychic ^here, 
comcal sensation, to quote these observers, is on e 
of the “elementary processes of the mmd” The 
somesthetic area bnngs its di scnmmative a nd 
svnthesizmg abilities to bear upon the prunar y 
sensations which it receives, an d from these are 
formed our perceptions of the q uahties of externa l 
objects, such as their si ze, s hape, wei ght, texture, 
etc , and of the posi tions of our lim bs m space 
Through cortical activity a particular sensation iS 
subjecte d to cntical appraisal and compared wit h 
or related to another simultaneous or consecu tive 

— - ■ ■■ I 

sensation, thereby, its mtensity and nature are 
accurately judged Thus, accordmg to Head, the 
somesthetic area of the cortex, through the mte- 
gration of the primary sensations, becomes en- 
dowed with three discnmmative faculties These 
are 

(a) Spatial Recogn ition — the appreciation of rela- 
tionships m space, e g , the recogmtion of position and 
passive movement of the Umb, the discnmmation of 
two pomts, and the localization of a pomt which has 
been touched 

(b) RECopyriTiON of the Relative Intensity o f 
different stimuh, e g , that one object is warmer of 
cooler or more mtense than another 

(c) Recognition of S imilarity and PmsEimNCES 
— appreaation of the shape , re lative s ize, and te xtur^ 
of objects, and the estim ation of their_weights — stereog- 
nosts 

In a leswn mvolvmg the somesthetic area, one 
or other, but usually all three, of these faculties 
are disturbed Spatial recognition shows the 
greatest disturbance the farther forward the 
lesion lies m the somesthetic area Appreciatioii 
of mtensity is disturbed most by lesions mvolvmg 
the foot of the postcentral gyrus and the supra- 
margmal and angular gyn Recognition of simi- 
larity and difference is affected most by lesions of 
the middle of the postcentral gyrus 

In the lesion confined to the cortex, the fibers 
ascendmg from the thalamus and conveying the 

According to the conception of Penfield and Jasper, 
impulses received m the sensorimotor cortex return 
to the thalamus and other parts of the centrencephahC 
system where the highest level of functional mtegratioii 
IS situated (p 1039 ) 


primary se nsations, e g , hght touch, temperature, 
passive movement and position, etc , upon which 
the cortical faculties depend, are mtact and the 
sensations are appreaated The subject of such a 
lesion has difficulty, however, m brmgmg the 
necessary dis c nmmative abilit y to bear upon the 
sensatmn m j)rder_to judge jit, and he is unable to 
synthesize different sensations mto a composite 
impression which will enable bun readily to 
identify an object When tested, he is uncertam m 
his answers, which tend to vary from moment to 
moment, and it is difficult for the exammer to 
determme the threshold for a given sensation For 
example, though he recogmzes that an object is 
warm, he cannot say whether it is wanner or less 
warm than another object which he has felt 
previously or at the same tune He responds to 
tactile stimuli, but also with mconstancy, and he 
IS often even less consistent m his answers when 
the strength of the stunulus is mcreased He 
cannot locate the pomt touched and may respond 
when not touched (hallucmation of touch) The 
weights of objects placed upon the hand cannot be 
estimated, and a fabnc (e g , silk or tweed), 
though felt to be smooth or rough cannot be 
recognized 

Hypotoma may also be a symptom of lesions of 
tlm Sensory cortex, it corresponds m distnbution 
to the loss of the sense of position and passive 
movement 

The cortex at the lower end of the somesthetic 
area (tongue and face area) appears from the 
studies of Bomstem to be the area for tast e This 
a rea lies adjacent to the motor cortex govern ing 
the m us cles of mastication ^ It had been generally 
taught, but on doubtful evidence, that the center 
for taste lay close to that for smell, namely, m the 
region of the hipporampal gyrus It appears from 
the results of the stimulation of the human cortex 
durmg operations that the taste area extends 
deeply mto the fissure of Sylvius An electncal 
stimulus apphed to the cortex above the cucular 
sulcus (surroundmg the msula), or the surface of 
the msula itself causes a sensation of taste — a 
I "t errific tight sensation of taste ” as one patient 
expressed it (Penfield) 

In a Subcortical Lesion of the sensory path- 
way (i e , from the thalamus to cortex) disturb- 
ances m the cortical faculties obviously must 

This area probably extends into the upper bank of 
the Sylvian (lateral) fissure, for the sensation has been 
aroused in patients by stimulation of the upper bank 
where it joms the msula (Penfield and Rasmussen) 
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occur, since many of the impulses from which 
these faculties are mtegrated will fail to reach 
their destination The defects, however, are much 
cruder, they are in terms of the pntnarj' sensa- 
tions, not m accordance with the three cortical 
facuIUes There is not the uncertamty and in- 
constancy of response characteristic of lesions of 
the somesthetic area The patient either feels a 
sensaUon or he does not, and gives the same answer 
each time a given stimulus is repeated The loss 
of the mdividual sensations is often severe but 
when the particular stimulus is mcreased a re- 
sponse can usually be obtamed 

Motor ejects of a generalized type are produced 
by electrical stimulation of the posterior part of 
the supenor panetal lobule (area 5, panetal ad- 
versive field) These are movements of the head 
and eyes to the opposite side Stimulation of the 
angular gyrus causes conjugate deviation of the 
eyes to the opposite side 
Attacks of Jacksonian epilepsy, due to lesions 
of the sensory cortex, may be preceded by sensory 
aurae — compnsmg pnckmg sensations, “pins and 
needles”, sensation of cold, eta 

THE TEMPORAL LOBE THE CENTERS FOR HEARING 
AND SMELL 

The pnmary cortical center for heating is situ- 
ated m the transverse gyrus of Heschl Ijing m the 
floor of the lateral cerebral (Svlvian) fissure, and 
an adjommg small area of the supenor temporal 
gjTus Fibers from the medial geniculate body 
reach this ouditosciwery area (area 41) via the 
postenor bmb of the mtemal capsule, they con- 
stitute the auditory radiation (p 1189) In the 
auditosensory area the fundamental auditory sen- 
sations — mtensity, quahty and pitch — are appre- 
ciated The area is bilaterally represented 
Equilibratory sense is represented m the poste- 
nor part of the first temporal convolution Stunu- 
lation of this region m consaous patients causes 
dizziness or nausea, a sense of swajnng, falling, or 
of rotation The tempxDral cortex also appiears to 
be that part of the bram from whence pictures of 
past events can be recalled— that is, memory Here 
too, probably, is where those fantastic patterns of 
garbled memones which we call dreams are 
woven 

As m the case of the somesthetic (p 1040) and 
visual senses, auditory sensafaons have a dual 
representation m each cerebral hemisphere — 
auditory areas I and 11 Woolsey and Walzl 


stimulated electncally the difierent levels of the 
exposed cochlea m cats and found a pomt to pomt 
projection on to the temporal cortex In auditory' 
area I, the apical turns of the cochlea were pro- 
jected posteriorly, the basal turns anteriorly, 
whereas m the “secondary” area, which bes ad- 
jacent and ventral to the “pnmary” area, the 
different points of the cochlea showed the reverse 
distnbution, apical turns antenor, basal turns 
postenor (fig 68E) A large part of the cortax of the 
supenor temporal gyrus Iving outside these audito- 
sensory areas is considered to be audito-psychic in 



Fig 68 8 Right tempioral cortex of cat showing the 
representation of tie ngbt (ipsilateral) cochlea This is 
a composite figure from data of a number of expen- 
ments Upper hatched region, pnmary auditory area, 
lo-uer cross-hatched region, secondary auditory area 
(After Woolsey and Walzl, redrawn with minor modi- 
fications ) 

function Herein the analysis and interpretation of 
auditory sensations, and their mtegration into more 
complex perceptions take place The audito- 
psy chic area is mainly unilateral, being on the left 
side in nght-handed individuals and vice versa 
Fibers descend from the cortex of the temporal 
lobe to (a) the medial geniculate body and w- 
JcTior colliculus, the former is therefore con- 
nected with the auditory area by both ascendmg 
and descendmg paths (b) The nuclei of the pons 
These fibers constitute the temporopontine tract 
which traverses the postenor lunb of the mtemal 
capsule and the outer part of the base of the 
cerebral peduncle Through these fibers and the 
pontocerebellar tract the temporal lobe is m 
communication with the cerebellum The tem- 
poral lobe IS connected also with the thalamus by 
both ascendmg and descendmg fibers 
The Center for Smell is situated m the uncus 
and the antenor part of the hippocampal gyrus 
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(pynform area) In man, stimulation of the 
uncus, olfactory lobe or the region of the amygda- 
loid nucleus causes an olfactory sensation Owmg 
to the close relationship of these parts of the 
rhmencephalon to the temporal lobe, lesions of the 
latter (e g , tumor, abscess, etc ) are not un- 
commonly assoaated with disturbances of the 
olfactory sense 

A Lesion of the Temporal Lobe may result 
m — 

(a) Aphasta In a senes of left temporal lobe 
lesions reported by Frazier and Rowe this disorder 
was present m 36 per cent Others have reported 
higher percentages (e g , Kolodny, 57 per cent) 

(b) Auditory disorders, deafness, tinnitus (rmg- 
mg or buzzmg, etc) or auditory hallucinations 
(e g , hearmg voices) may occur 

(c) Olfactory and gustatory disorders, impairment 
or loss of smell, or olfactory hallucinations, the 
subject imagmmg he smells some disagreeable 
odor Taste may be defective or there may be dis- 
agreeable gustatory sensations 

(d) Dreamy stales The subject experiences a 
sensation of unreality m which hazy memones of 
long past events are awakened Such states are 
due to mvolvement of the region of the uncus 
and are sometimes on this account called uncmate 
attacks In normal persons certain odors arouse a 
milder but somewhat sunilar sensation 

(e) Disturbances of memory 

(f) Eemianopia (pp 1164-1167) 

(g) Epileptiform seizures The convulsions may 
be ushered m by adversive movements (fig 68 2) 
and are frequently preceded by an auditory, ol- 
factory or gustatory haUucmation (aura), or by 
the dreamy state The fit is sometunes precipi- 
tated by a sudden noise 

the occipital lobe 

The gray matter fomung the walls of, and sur- 
rounding the calcanne fissure (on the medial 
aspect of the ocapital lobe) constitutes the primary 
cortical center for vision — the visuosensory area 
From the broad stnpe of Gennan which can be 
seen with the naked eye this area is commonly 
known as the area striata or, followmg the numeri- 
cal termmology, as area 17 It will be considered 
m more detail m chapter 76 Its histological 
features have already been touched upon (p 1031) 

The second visual area wherem the visual sensa- 
tions are mterpreted and mtegrated mto more 
complex perceptions is contiguous to the area 


stnata and hes on the lateral aspect of the ocapital 
lobe (area 18) 

Stimulation of the anterior part of the lateral 
surface of the ocapital lobe causes conjugate 
deviation of the eyes to the opposite side (ocapi- 
tal eye field, area 19) In man, visual hallucina- 
tions, such as, flashes of hght of different colors, 
or definite images have been evoked by the electn- 
cal stimulation of area 18 or 19 

The Physiology of Speech and Some of its 
Disorders 

The first stage m the development of speech is 
the association of certam sounds — (words) — with 
visual, tactile and other sensations aroused by 
objects m the external world These associations 
are “stored” as memones After definite meamngs 
have been attached to certam words, pathways be- 
tween the auditory area of the cortex and the 
motor area for the muscles of articulation become 
established, and the child attempts to formulate 
and pronounce the words which he has heard 
This act of verbal expression mvolves the co- 
ordinated movements of a large group of respir- 
atory, laryngeal, imgual, pharyngeal and labial 
muscles Later, as the child is taught to read, 
auditory speech is associated with the visual 
symbols of speech, and finally, through an associa- 
tion between these and the motor area for the 
hand, the child learns to express his auditory and 
visual impressions by the written word 

aphasia 

This term is applied to those disorders of speech 
resulting from defects in the nervous mechanisms 
underlying the comprehension and use of symbols 
(words, numerals) for the formulation, transmis- 
sion and reception of ideas General mtelhgence 
may be httle impaired Yet aphasia is not simply 
a defect m the pronunciation of words as a result 
of the paralj^is of the muscles of articulation The 
innervation of the latter — motor area, cortico- 
bulbar fibers, aanial nuclei or penpheral nerves — 
IS not necessarily affected The defects m aphasia 
involve higher neural levels, they he m the psychi- 
cal sphere 

The faculty of speech is based upon a highly 
complex neural mechamsm and bemg one pos- 
sessed by the human bram alone cannot, of course, 
be mvestigated m animals, apart from the very 
limited opportunity afforded by exposure of the 
human bram durmg mtracranial operations an 
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experimental approach to the study ol speech and 
its defects is out of the question In consaous pa- 
tients electrical stimulation of the cortex of 
either hemisphere withm the lower part of the 
precentral gyrus (I'ps. jaw and tongue areas), or 
m the upper part of the supplemenUry' motor 
area on the mesial aspect of tlic hemisphere, 
causes the emission of a crude vocal sound like the 
cry of an mfant or of an epileptic at the beginning 
of an attack The vocal response elicited from the 
hp, ]aw and tongue region never c\en remotely 
resembles a spoken word, but that evoked from 
the supplementary motor area is more compli- 
cated, and may have some slight resemblance to 
a word Ablation of one or other of these areas 
causes only temporary speech defects If the 
cortex m the lower part of the motor area of the 
dommant hemisphere (left in nght-handed per- 
sons) IS excised a temporary aphasia results which 
IS probably due to some interference with the 
blood supply to area 44 (Broca’s area) If while 
the patient is speaking, certain cortical areas are 
stimulated, speech is arrested, he cannot think of 
a word or words which he washed to use Such 
speech arrest or mduced aphasia has been used to 
map out area of cortex essential for normal speech 
They are situated m the dominant hemisphere and 
are four m number (1) lower frontal, area 44, 
^ upper frontal, motor cortex anterior to the foot 
area on the mesial aspect of the hemisphere, (3) 
parietal, postenor to the lower part of the post- 
central gyrus, (4) temporal, postenor part of 
temporal lobe Injury to one or other of tlicse 
areas, with the possible exception of (2), causes 
persistent aphasia (see fig 689) 

Before givmg Head’s viewrs on aphasia, a short 
account of previous ideas on the subject may be 
helpful to the reader 

The views of the neurologists of the 19th century 
had the ment of simplicity These observers, to 
whom Head refers as the “diagram makers”, con- 
ceived of the language faculty as built up of four 
separate components Each of these, supposedly, 
was represented by a definite anatomically cir- 
cumsenbed area of the cortex, and could be af- 
fected mdependendy of the others 

Two of these centers were sensory and two motor 
All four were Imked together by association tracts 
In such a scheme, memones of spoken words were 
stored m the supenor temporal convolution — the 
auditopsychic center, the cortex m the region of 
the angular gyrus was the repository of visual 
word memones These two receptive areas com- 


prised what was referred to as Wernicke’s zone 
The pair of motor centers, i c , those presiding 
over the cobrdinatcd movements concerned in 
vocalization and writing were called rcspccti\cl> 
the glossokincsthctic and cliciroV inesthctic centers 
The former was located in the postenor part of 
the left 3rd frontal coniolution (area 44), the 
latter in the hind part of the left 2nd frontal 
con\olution, in most instances on the left side 
Diagrams were drawn confidently to show these 
four centers with their interconnections, and the 
type of aphasia which would result from the 
destruction of one or other component part of the 
neural mechanism Broca (1861) lielieicd that 
motor aphasia (sec below) was the result of a 
lesion of the glossol inesthctic area (Broca’s area), 
cspeaalh of the left side Defects in the abilitv to 
write — agraphia — were Jield to be tlic result of tlie 
invoUcmcnt of the chcirokmcsthetic center 
Sensory aphasias were classed as auditory — loss of 
the comprehension of audible speech — ami visual — 
the inability to understand wntten or printed 
words The former was held to be due to injure of 
the second tempioral gyrus, the latter to injury of 
the angular gyrus The most extreme projxmcnts 
of this \icw c%cn considered tint c\cr\ memory, 
auditory or \isual, had its anatomical repre-enta- 
lion, so that a lesion limited to a small group of 
ncrv'c cells would cause the loss of only those word 
memories for which they scracil os centers 

The different tyTcs of aphasia which were recog- 
nized mae be briefly desenbed 

(a) Motor 4piiasu (Broca’s) Tins term was 
applied to the tyTC of speech defect in which the 
patient is almost speechless, but there is no parah - 
sis of the muscles of articulation Though unable 
to express his thoughts in words, he can under- 
stand what IS said to him and can read He is 
usually able to utter a few words of an ejaculatory 
nature, eg, "oh my”, "dear me”, "damn”, etc. 
Sometimes he is able to sav the last words which he 
had spoken just before the onset of his illness, as 
in the oft cited case of the librarian whose only 
words were, "lists complete” 

(b) Agraphia This term indicated that the 
patient was unable to w^ltc though motor speech 
and the comprehension of written or spoken 
words were possible The movements of the hand 
and arm for other acts were not impaired 

(c) Auditory Aphasia or “Word Deapyess” 
were the names given to those defects of the 
language faculty m which the subject, though able 
to hear, does not understand spoken w ords He is 
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as a person listenmg to a strange language The 
power of speech, wntmg and the comprehension 
of written or prmted words are retamed He may 
be able to repeat words spoken to him, and in- 
stead of answermg a question may simply repeat 
the questioner’s words, this phenomenon is called 
echolalta 

(d) Visual Aphasia or “Word Blindness” 
(Alexia) Vision is unaffected yet the recognition 
of wntten words or numerals and the appreciation 
of their meanings are defective or lost 

In 1906 these mechanical conceptions of the 
speech faculty and the production of aphasia were 
challenged by Pierre Mane He claimed that 
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Fig 68 9 Show ing speech areas m the left (domi- 
nant) cerebral cortex (From Penfield and Jasper, Epv- 
lepsy and the Functional Anatomy of the Hitman Brain, 
courtesy of Dr Penfield ) 


there was only one true type of aphasia — sensory 
aphasia — due to a lesion m Wermcke’s zone, and 
associated with a lowering of those mtellectual 
capacities upon which were based the use of sym- 
bols m the expression of ideas Thus, not only was 
the comprehension of wntten or spoken words 
defective but the ability to solve problems m 
anthmetic, and to perform certain other mental 
tasks were impaired He mamtamed that the 
classical motor aphasia of Broca was simply 
anarthna (see below) due to mvolvement of the 
motor cortex govemmg the muscles of articulation 
plus sensory aphasia, and that a pure motor 
aphasia, i e , a defect of speech due to the loss of 
“motor images” did not exist Mane denied the 
existence of isolated cortical centers governing the 
different aspects of the speech faculty, and at- 
tacked the belief that aphasia was the result of 
the destruction of images — motor, auditory or 


visual — m such specific areas He reexammed the 
brams of Broca’s first two patients, which had 
been preserved m the Mus6e Dupuytren m Pans, 
and found no confirmation of the view of Broca 
that the posterior part of the third frontal con- 
volution was necessarfly mvolved m aphasia In 
the first bram, the lesion was not confined to 
Broca’s area but mvolved Wernicke’s zone The 
second specimen did not show a circumscnbed 
lesion but, on the contrary, a generalized wasting, 
the posterior part of the third frontal convolution 
was not especially implicated 

The terms m the classification given above, e g , 
motor asphasia, agraphia, “word deafness”, etc , 
are stiU sometimes employed, but it is understood 
they refer to the outstandmg features of a given 
case rather than that they denote clear-cut types 

Head's dassificcUton of the aphasias 

Head’s views, based upon an exhaustive study 
of patients suffermg from gunshot wounds of the 
cortex, are also strongly opposed to the concep- 
tion of the speech faculty bemg dependent upon 
circumscnbed anatomical centers He considers 
speech to be a highly mtegrated cortical process — 
a special aspect of mtelligence — ^yet one which can 
suffer with little lowenng of the general intellectual 
level The different components of the speech 
faculty, he decides, cannot be separated from one 
another by disease Nor, consequently, can the 
types of aphasia be classed as “motor” or “sen- 
sory,” but in any type deficiencies on both the 
receptive and the executive side can be demon- 
strated Head concluded that cortical representa- 
tion of speech mechanisms was more diffuse than 
had been supposed and that stnct localization 
was impossible Aphasia is a state m which the 
power to use words and other symbols as instru- 
ments of thought and expression is affected or, as 
he expresses it, “aphasia is a defect m symbolic 
formation and expression ” The more complicated 
or abstract the idea which must be understood or 
expressed, the greater is the difficulty Thus an 
aphasic may be able to name objects correctly but 
fails to find the word for a more abstract idea, e g , 
color Shown a black object, for instance, and 
asked to name its color he fails to do so, yet indi- 
cates that he recognizes that it is black by saying 
"what you do for the dead ” An aphasic soldier 
when shown a red object said, “w’hat the staff 
wear ” 

Head, as a result of his mvestigation of aphasic 
patients, devised a senes of six tests of graded 
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seventy These tests aie bnefly as foUov?s 

(1) Naming and recognUton of common objects Six 
objects, e.g , a pencil, bey, kniie, etc. The patient is 

to name each object as it is pomted out to him 
Next he is asked to pomt to each object as its name is 
called out He is then given cards upon each of which 
the name of one of the objects is wntten He is asked 
to mdicate the object named 

(2) Naming and recognition of colors This test is 
earned out m a manner similar to that described for 
test (1) except that eight strips of diSerently colored 
silk are substituted for the six objects. 

(3) Man, cal and dog test is designed to investigate 
the powers of readmg and wntmg in their most ele- 
mentary forms The prmted words “man,” "cat” and 
"dog” are employed The subject is asked to read 
these words, to wnte them from dictation, to copy 
them or to repeat them after heanng them spoken 
Pictures of a man, a cat and a dog are also shown and 
the patient asked to wnte or to speak then names 

(4) T/ie clock tests The patient is requested to set 
the bands of a clock m the same positions as those of a 
similar one set by the observer He is then told to set 
the clock from verbal or prmted commands Again, 
he IS asked to state the time aloud or by wntmg, of a 
dock set by the observer 

(5) Coin bowl tests Penmes are placed one m front 
of each of four bowls The patient is asked verbally 
and in wntmg to place a com m one or other of the 
bowls accordmg to their number m the row He is then 
asked to give an order himself and to carry it out 
accordmg to his own words. 

(6) The hand, eye and ear tests The patient is re- 
quested to repeat the movements of the observer which 
consist m toudung an eje or an ear with one or other 
hand When this is done conectly the patient’s hand 
which moves is of course diagonally opposite to the 
hand of the observer A much easier form of this test 
13 the imitation of the observers movement as reflected 
m a mirror This simply requires matchmg without 
calculation. 

The aphasic frequently fails to recognize that when 
the one band is brought to his contralateral eye or ear 
the hand crosses the face. A further part of the test 
13 to ask him to imitate the positions shown m pictorial 
form upon cards or to carry out the movements from 
prmted and verbal instructions Finally, he is asked to 
wnte down movements made by the observer 

Employmg these tests Head divided aphasia into 
four types, as follows 

(1) Verbal Defects The outstanding feature 
IS a defect m the utterance of individual words of 
all kmds The power to express an idea in words 
is practically lost. The patient, however is not 
entirdy speechless but can usually utter a few 


monosyllables, “yes” or "no”, etc., or ejaculations 
and emotional expressions, such as, “damn”, “oh 
dear me” IVhen the disorder is less severe, the 
words are mispronounced but sentences are cor- 
rectly constructed For example, one patient said 
that he had trouble with “tcmcal terms” (tech- 
nical terms) and that he “had dtjfully m re- 
membering what you do with a skull, tri-lre- 
iTiptne” (trepan) Another spoke of "daralton of 
war by the Olhes" (declaration Allies) An- 
other would say “pyramcrad” (pyramid), “sis- 
siors” (scissors) and “oboid” (ovoid) Such patients 
read with difficulty and writmg is very defective 
or impossible They usually understand prmted or 
oral commands This form of aphasia resembles 
the classical motor aphasia desenbed on page 1046 

(2) Syktactical Defects (agrammatism, jar- 
gon dysphasia) The patient is voluble but speaks a 
jargon m which, though the individual words may 
be fairly accuratelj pronounced, they are strung 
mto short phrases or badly constructed sentences 
without articles, prepositions or conjunctions 
The ability to read aloud is impaired, and cun- 
ously enough such a patient, though he can wnte 
a well constructed letter, may be quite unable to 
read it coherently Such a one when asked the 
contents of a letter which he had just wntten re- 
plied, “I can’t, I know, I suppose m time, not 
now, funny thmg, why” In other instances the 
words themselves are often slurred over, mutilated 
and may be unrecognizable Speech sometunes re- 
sembles “baby talk” Thus one patient when 
asked what his nght arm felt like replied “Tiffrent 
from ufFer urn” (different from other arm) The 
understandmg of ordmary conversation is de- 
fective 

(3) Nominal (Naming) Defects In this form 
of speech disorder the patient has difficulty m 
findmg the nght word to express his meamng or 
m nammg a well known object. He will often 
employ a descnptive phrase m substitution for the 
word which he cannot recall For example, a 
pamter when asked to name a senes of colors could 
not say “violet” but instead explamed that “it 
was made with black, red and a bit of blue ” 
Another when asked to tell the time from a clock 
which had both hands at 12 replied "That is when 
you eat.” These patients can draw from a model 
either directly or from memory, after it has been 
shown and then removed, but are usually unable 
to draw from imagmation They wnte a coherent 
letter with difficulty, usually fail to carry out sim- 
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pie anthmetical exercises and confuse the values 
of coins 

I (4) Seuantic*^ Defects A patient suffenng 
from this type expenences little difficulty m ar- 
ticulate speech, can name objects, imderstands 
mdividual words and some sentences, but the 
general meaning of what he hears escapes him 
He often fails to follow his own utterances to an 
mtelligent conclusion, his sentences taflmg off as 
though he had forgotten what he had started out 
to say 'tt'hen shown a picture he picks out the de- 
tails but fails to grasp the meanmg which it con- 
veys to others Such a patient therefore misses the 
pomt of a joke whether this is pnnted, told to him, 
or IS m pictorial form He fails to comprehend the 
significance of much that he sees and hears There 
IS no unpaument m the pronunciation of words 
and, though speech tends to be m short jerky sen- 
tences, syntax and mtonation are not disturbed 
Head, though he discards the conception that 
the neural basis of speech consists of strictly local- 
ized anatomical "centers” wherem resides ex- 
chisivdy one or other of the speech functions — 
auditory, visual or motor — beUeves that regions 
exist m the cortex “where the progress of some 
mode of action can be remforced, deviated or m- 
hibited” These regions constitute foci of integra- 
tion — convergence pomts for assoaation paths 
Destruction of one or other of such foci or “knots” 
of association paths vdll depress as a whole the 
psychological processes underlymg speech The 
speech faculty is disabled, certain faculties are 
lost, whfle others are retained Yet he points 
out that it is not logical to conclude that the 
abilities which remain and those v hich have been 
abolished constitute essentially separate and dis- 
tmct functions from which the normal processes of 
speech have been synthesized, or that they are 
represented m specific circumscnbed areas To 
make a rather crude comparison — a person who 
has mjured his foot, knee or hip, adjusts his loco- 
motor apparatus as best he can He hops or lunps, 
yet It can not be argued that the hoppmg or the 
lunpmg motion which he employs is simply one 
of the component movements employed m the 
normal act of walkmg and which the mjury has 
left mtact Nevertheless, the form which the 
disability assumes is undoubtedly influenced by 
the site of the mjury The ambulatory abnor- 
mality, for example, which results from an mjury 
to the foot IS different from that resultmg from 

** Semainein = to signify 


mjury to the knee or hip So too the nature of the 
speech disabihty is influenced by the particular 
region of the cortex mvolved Thus if the lesion is 
m the neighborhood of the lower part of the 
precentral and postcentral convolutions of the 
dominant hemisphere the speech defect tends to 
be of the verbal type In mjury to the temporal 
lobe the speech defect tends to be of the syntactical 
type In a lesion in the region of the angular gyrus 
of the dorrunant hemisphere the patient has 
difficulty, particularly, m finding names for 
thmgs {nominal d^ed), damage to the cortex m 
the region of the si^ramargmal gyrus results m a 
semantic defect 

Anarthria or dysarthria is loss or difficulty of speech 
due to paresis, paralysis or ataxia of the muscles con- 
cerned m articulation There is no impairment of the 
psychical aspects of speech, i e , “internal speech” is 
unaffected, there is no difficulty in the comprehension 
of spoken or written speech Other functions, e g , 
snaUowmg, which are dependent upon the same groups 
of muscles as those used m speech, are also frequently 
affected The condition may result from a lesion m the 
internal capsule or corpus stnatum, bulbar nuclei or 
penpheral fibers, or from disease of the muscles them- 
selves Smce the muscular mechanism of speech is 
innervated from both sides of the brain unilateral 
lesions are not followed by permanent anarthna A 
lesion of the cerebellum or of its connections may also 
cause disordered control of the muscles of articulation 
(p 1083) 

Apraxia and Agnosia 

Apraxia (unable to act) is the mabihty to perform 
purposeful movements at will, either at command or m 
mutation, though the muscles normally engaged m the 
act are not paralysed It is allied to aphasia, which 
might be called apraxia of the speech faculty Apraxia 
may be sensory or motor In the former, the patient 
does not recognize the significance of an object (visual 
agnosia), and therefore cannot put it to its proper use, 
this is simply visual agnosia When, for example, he is 
given a pencil he may, upon a request to use it, attempt 
to clean his teeth with it or smoke it like a pipe In 
motor apraxia the patient has no conception, or a very 
defective one, of the pattern of muscular movement 
required to perform a purposeful act For example, 
apraxia of the tongue is frequently seen m hemiplegic 
patients The tongue cannot be protruded upon request, 
but a moment later the patient may without thought 
hck his hps When given an object, and asked to use it, 
though he recognizes it and knows its use, he cannot 
form the “motor picture” required to execute the act 
but mampulates the object in an awkward aimless 
manner The defect is evidently m the physical sphere 
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and not due to disease of the cells of the motor area or 
pf the pyramidal fibers It is thought to be due to the 
mterruption of assoaabon tracts connecting the pre- 
central gyrus with higher psychical regions of the cortex 
where impressions of the movements of muscles are 
received, synthesized and stored as kmesthetic memo- 
nes This h igher ideaUonal area probably hes m the 
region of the left supramargmal gyru s in rightEmde^ 
persons A lesion ofTEIT region may cause bilateral 
apraxia, Tine confined to the anterior part of the corpus 
callosum is likely to mtemipt fibers passmg from the 
left hemisphere to the nght precentral convolution and 
so cause apraxia of the left side. 

Agnosia (not knowmg) is a defect of a higher level 
of consaousness than the mere mabihtv t o perceive 
tactile, visual, audito ry or other {onus of sensat ion , _it 
results rather from th e' fail ure to mterp r et sen sory , 
impressions which en able an object^ sound, ^symbol, 
etc., to be recoimzed and have meaning A patient 
sufienng from auditory agnosia, for example, cannot 
appreciate music or the meanmg of other sounds 
"Word bbndness” and “word deafness” are forms of 
auditory and visual agnosia, respectively The subject 
of visual agnosia is unable to name an object, not that 
he IS aphasic m the true sense, but simply because the 
object IS quite strange to hun When shown an object 
Mid aske d t o use it he behaves quite differently Irom 
the patient with motor apraxia wfio recognizes it but 
IS unable to perform th e necessary movement. 

~ Aslereognosts is a form m which though sensations of 
touch and muscle sense are retained, the patient cannot 
recognize an object placed m his hand if his eyes are 
closed Visual agnosia is seen m lesions of the ocapital 
lobe of the dominant hemisphere, auditory agnosia m 
injury to the temporal cortex, and astereognosis in 
lesions of the panetal lobe postenor to the postcentral 
gyrus 

Agraphia or dyrgrojifiig ^the inabihty to write or ^ 
difficulty m wntmg, is usuaU y^associated with visual 
agnoaa m so far as the'recogmtion of written words is 
concerned, i e., word bbndness 

Epiua>sY 

Epilepsy IS a condition characterized by recur- 
ring attacks or “fits”, which when exhibited in 
typical and severe form, consist of abrupt loss of 
consciousness and generalized convulsions Two 
stages of the attack or seizure are recognized In 
the first or tonic stage the muscles contract ton- 
ically, the spasms often twisting the faaal features 
and holding the head and limbs m distorted 
positions The arms are most commonly flexed and 
the lower limbs ngidly extended After a few 
seconds the tome spasm gives place to jerking 
movements, often violent, of the limbs, face and 
muscles of masticaUon This is spoken of as the 


dome stage Either dunng this stage or m the 
tome stage the tongue may be bitten Before the 
onset of the convulsion a large proportion of 
epileptics receive a wammg m the form of a 
sensation or hallucmation, the character of which 
vanes in mdmdual cases The warning sensation 
or aura, as it is called, may be auditory, eg, 
voices, music, etc, visual, eg, flashes of light, 
sparks, etc, olfactory, gustatory', cutaneous, 
visceral or vasomotor, equilibratory, or ainesthetic, 

1 e , a sensation of movement of some part of 
the body Turning of the head and trunk to one 
side and deviation of the eyes are commonly 
observed The patient sometimes utters a cry or 
scream — the epileptic cry — ]ust before consaous- 
ness IS lost Attacks of sudden loss of consaous- 
ness, usually of bnef duration, may occur mthout 
convulsions, such minor seizures are referred to as 
petit mat to distinguish them from the major 
attack or grand ntal A third form known as 
psychic or psychomotor epilepsy is marked by 
automatic movements, such as smacking of the 
bps, chewing, together mth a douded, “dreamy” 
feclmg of unreality, or of havmg seen or heard 
before some sight or auditory impression which is 
actually happening at the moment (“d6ja vu” or 
"dfija entendu” phenomenon, respectively) Or 
there may be a confused mental state persisting 
for a mmute or two„or for a longer penod Dunng 
this time the patient may perform automatic acts 
of which he is quite unaware and does not remem- 
ber Unlike grand mal, generalized coni'ulsions do 
not occur nor docs the subject fall to the ground 
In this type the primary discharge is thought to 
be m the cortex of the temporal lo^, focal epilepsy 
showing such features occurs in lesions involving 
the region of the cortex (See also diencephalic 
autonomic epilepsy, chapter 57 ) After the convul- 
sion the subject remains for a time m a stupor or 
may, especially after milder attacks, perform 
automatic acts, of which he has no recollection 
after regaimng consaousness This aidomaiism 
occurs also m attacks of petit mal Most com- 
monly it consists merely m resuming some act or 
other upon which the subject was engaged before 
the onset of the seizure Sometimes a number of 
convulsive seizures occur in rapid succession, the 
patient faihng to regam consaousness m the 
intervals between them This very serious condi- 


j essential difference between petit mal 

Md grand mat They are but degrees of intensity of the 
disturbance 
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tion IS called the status eptlepttais Electroenceph- 
alograms m epilepsy are shown m figure 68 11 

PATHOGENESIS 

With respect to ongm two forms of epilepsy are 
recognized — Jacksoman or focal and idiopathic or 
cryptogenic 

(а) Jacksonian epilepsy In this type the seizure 
is due primarily to a gross lesion localized m some 
part of the cerebral cortex For example, a tumor, 
a foreign body, a cerebral birth mjury or a de- 
pressed fracture of the skull may, by stimulating 
the cortical tissue m its neighborhood, preapitate 
the epileptic fit. A seizure ansing from a defimte 
cause of this nature is spoken of as Jacksoman 
epilepsy alter HugWmgs Jacikson, the English 
neurologist of the last century who first descnbed 
It, or as focal or s 3 Tnptomatic epilepsy The fit 
commences m the muscles governed by the im- 
tated area of the cortex 

Twitchings of the fingers, great toe or bps, or more 
pronounced dome movements of these parts, are 
usually first observed, but the disturbance spreads 
{Jacksonian inarch) to mvolve other regions, and 
finally a general convulsion develops In the “march” 
of the convulsion the order in which the different 
muscles are mvolved can frequently be seen to corre- 
spond to that of then corbeal representabon When 
the lesion is in the frontal, parietal or ocapital lobes, 
and involves the ej e fields or the adversive fields, the 
attack is often ushered m by eye movements or tum- 
mg of the head and trunk and deviabon of the eyes to 
the opposite side 

(б) Idiopathic or cryptogenic epilepsy Epilepsy 
which cannot be explamed by the presence of any 
orgamc lesion of the bram is called idiopathic or 
cryptogemc Though many theones have been 
advanced, the cause of this type of the disease 
remains obscure There is a tendency today to 
look upon epilepsy as a symptom, or rather a 
group of symptoms common to several rather than 
to a smgle pnmary pathological state Convul- 
sions, whose features are mdistmguishable from 
those of the epileptic seizure, occur m a number of 
conditions In animals convulsions may be pro- 
duced by mjections of absmthe or caffeine Hypo- 
calcenua (ch 60), hypoglycemia (ch 49), cerebral 
edema or anemia and other states are accompamed 
by generalized convulsions of an epdeptiform 
character 

With regard to the neural mechanism through 
which the fits are produced, some authonties have 
thought that the convulsions are the result of 


increased excitability of the cortex and therefore 
comparable m theu: mode of production to those 
of the Jacksoman type, or to those produced by 
experimental stunulation of the cortex Others 
view the convulsions as a release phenomenon due 
to the inhibition of cortical areas which normally 
exert a controlhng influence upon lower motor 
centers, eg, weakenmg of supressor acbon (p 
1039) Fmally, there is the view of Penfield and his 
colleagues that the pnmary disturbance m idio- 
pathic epilepsy has its ongm m a subcorbeal 
mechanism 

The close correspondence between the convul- 
sive seizure as seen m focal epilepsy or to artifiaal 
stimulabon of the cortex, and the fits of idiopathic 
epilepsy appears to support file fust alternative as 
a cause of the generalized seizure known as grand 
mal However, the primary disturbance responsi- 
ble for the cortical discharge m idiopathic epilepsy 
probably hes outside the cortex Evidence for a 
subcortical ongm of petit mal attacks is provided 
by electroencephalographic studies Dunng such 
an attack, electrical potentials of the wave — spike 
type (fig 68 11) — appear synchronously over pre- 
frontal areas as well as from other widely separated 
cortical areas This suggests that the cortical 
discharges are imtiated m a common subcortical 
region (centrencephalic system) connected with 
extensive areas of the cortex Jasper and Droogle- 
ver-Fortuyn, experimenting with cats produced 
electneal potentials from wide spread areas of the 
cortex synchronously m both hemispheres by 
rhythmical stimulation of a small area (2 mm m 
diameter) m the antenor part of the massa mter- 
media of the thalamus The cortical potentials 
were of the wave-spike form charactenstic of petit 
mal 

Moreover the general convulsions which occur 
m focal epilepsy are thought to be due to the 
discharge of impulses from the cortical focus mto 
the subcortical mechanism and causes imcon- 
saousness The subcortical structures then fire 
back and cause widespread exatation of the 
cortex of both hemispheres 

The nature of the imderlymg bodily state 
responsible for the convulsive seizures of idio- 
pathic epilepsy are unknown There are a number 
of drugs, e g , metrazol, which are capable of 
mducmg convulsions, and several others, e g , 
phenobarbital and tndione, which are anticonvul- 
sive, but they have not led to an understandmg 
of the pathogenesis of the convulsive seizures of 
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epilepsj' Susceptibility to an epileptic seizure is 
influenced by several phj'siological and biochenu- 
cal factors vhich are given in table 95, but they 
do not bear a specific relationship to the cause of 
idiopathic epilepsy, but merely aSect the tendenc>' 
to convulsive seizures of any kmd 

A predisposition to epdepsv is an inhented 
characteristic which is associated with and can be 
revealed by the electroencephalogram Dys- 
rhythmia consistmg pnnapally m an abnormal 
slowness of the electncal waves is found m the 
relatnes of epileptics In a study of some 200 
parents of epileptic children, only 5 per cent gave 
normal electroencephalograms Dysrythmia nas 
found 6 times more frequently m the parents of 
the epileptics than m the general population, and 
m 35 per cent both parents showed abnormal 
waves Predisposition is thought to be inhented as 
a Mendelian dominant Yet, of the children m 
most family groups mth an epileptic ancestry 
only about 3 per cent actually develop epilepsy 


TABLE 95 



covornovs which ray tesd "fo 


Present seirurea 

PreoplUte 

Oijgen 

Rich supply 

Poor supply 

Aad base equilib- 
num 

Aadosis b) 
means of 
fasting, fat 
diet 

Ingestion of 
aads or aad 
forming salts 
Breathing high 
CO, 

Alkalosis by 
means of in 
gestion of al- 
kab 

Hj'perpncfl — 
“blowing oB” 
CO, 

Water balance 

Deh} draUon 

Edema 

Intracranial pres- 
sure ' 

Decreased 

Inaeased 

Serum calaum 

Increase 

Deaease (hy- 
pocalceima) 

Blood glucose 

Inaease 

Deaease (hy- 
poglycemia) 

Acetjlcholme 

— 

Increase 

ChoUnesterase 

— 

Deaease 

Body temperature 

Inaease 

Deaease 


The view that the actual seizure was mitiated 
by cerebral ischemia resultmg from a spasm of the 
cortical vessels has not been sustamed The blood 
flow through the bram of epileptics and the 
oxygen consumption have been found to be no 
different from that of non-cpileptics In focal 
epilepsy, however, local ischemia may play a part, 
for the capillanes are reduced in number in the 
tissue adjacent to the injured area Biochemical 
studies of such epileptogenic areas ha\e not 
however revealed any important abnormality 
The pH of the extracellular fluid shows no change 
from the normal, or a shght nse 

The induction of a dehydrated state of aadosis 
(by means of a ketogemc diet) has been employed 
to reduce the susceptibility of epileptics to sei- 
zures, and pitressm combmed woth an increase in 
the water intake is used as a test (•walcr-pilressm 
test) m diagnosis But in only about 30 per cent of 
epileptics IS a seizure precipitated, so a negative 
result does not exclude epilcpsj' 

Headache 

Headache is one of the commonest of symptoms, 
and occurs m a great vanet>' of diseased states, 
e g , arterial hypertension, chronic nephntis, ej e 
stram, chronic disease of the paranasal sinuses, 
bram tumor, constipation, etc. 

Headache may also be due to neuralgia of the 
scalp, or from osteitis or penostitis of the cranium 
(syphilis, Paget’s disease, etc.) It may sometimes 
be due to pain (ch 44) relerrcd from a thoraac or 
abdominal nscus to the superfiaal tissues of the 
head supplied by the tngemmal, which is related 
segmentally to the vagus The temporary but 
seiere pam felt m the frontal region by a normal 
person after swallowmg ice-cream is an e.xample of 
a referred pam This pam is most probably due to 
the stimulation of afferent vagal endmgs m the 
lower part of the esophagus, or m the stomach, 
and referred to the forehead through central 
connections with the sensory nucleus of the 
tngemmal nerve 

The two prmaple causes of the more common 
types of headache are either I'ascular m nature 
(stimulation of sensory neries of the mtracranial 
vessels) or a sustained reflex contraction of the 
postenor neck muscles inserted mto the scalp, 
espeaally of those termmatmg m the vertex and 
ocapital regions This latter reflex mechanism is 
mainly responsible for the headache of eyestram— 
refractive errors, or unbalanced action of the 
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extra-ocular muscles, excessive and prolonged 
accommodation — mcreased mtra-ocular pressure 
also may contribute to the pam The headache 
assoaated with an intracramal tumor, and with 
hypertension, are of vascular ongm The artenes 
and smaller veins on the convexity of the human 
hemispheres have been shown by neurosurgeons 
to be insensitive, but the larger artenes m the 
Sylvian (lateral) fissure and at the base of the 
bram, e g , cucle of WiUis, vertebral, basilar, the 
larger of cerebral vessels of the dura, the branches 
of the antcnor and postenor memngeals, as well 
as the artenes of the scalp, contam pam fibers 
which are stimulated by any stretchmg force The 
larger veins where they empty mto the dural 
smuses arc also extremely sensitive The bram 
substance itself is painless The headache of 
intracramal tumor or abscess is not due primarily 
to the high mtracramal pressure itself, but is the 
result of the displacement of the brain, local 
mcchamcal eSect of the tumor, or to blockage of 
some part of the ventncular system In this way 
traction or distortion of the vessels with conse- 
quent stretchmg of the sensitive vascular nerve 
endings, and, m some cases, of cranial nerves, 
results In a large proportion of cases of headache 
due to bram tumor, the mtracramal pressure is 
not elevated (Wolff and Wolff), and when head- 
ache exists, lowering the pressure within the skull 
does not always reheve it Raismg the mtracramal 
pressure m a normal person or one with an mtra- 
cranial growth does not necessarily cause head- 
ache On the contrary, lowermg the mtracramal 
pressure as by drainage of cerebrospinal fluid 
causes severe headache A normal subject expen- 
ences headache when about 20 cc of fluid are 
withdrawn by lumbar puncture, and he is raised 
mto the erect position In the horizontal position, 
or if the fluid removed is replaced by an equal 
quantity of saline, the seventy of the head pam 
IS reduced 

Headache, presumably of vascular ongm, can 
be produced m any normal person, as was shown 
by Wolff and his assoaates, by a sudden sharp 
rotary movement of the head When a subject 
with headache due, apparently, to overdistension 
of the cerebral vessels was centrifuged, so as to 
dnve blood out of the vessels, the pam was re- 
heved The mtense headache caused by an mjec- 
tion of histamine appears to be due to cerebral 
vasodilatation and distension of the vessek, it is 
reheved by mcreasmg the cerebrospmal flmd 
pressure, and thus providmg a arcumferential 


support for the vessels, and protectmg the pam 
endmgs from stretch The headaches of fever and 
toxic states are similar m their ongins to histamme 
headache, they, too, are amehorated by raismg 
the cerebrospmal fluid pressure 

Hypertensive headache is not due essentially to 
the high blood pressure (Wolff and Wolff), but 
rather to the amplitude of the movement of the 
arterial wall at each pulse beat which vanes with 
the contractile state of the vascular wall itself 
When the latter is relaxed and resilient, a given 
distendmg force will exert a greater degree of 
stretch upon the pam endmgs than when the walls 
are firmer and do not so readily permit stretching 
of the nerve termmals The headache of artenal 
hypertension therefore vanes with the amplitude 
of the movement of the artenal wall and is re- 
lieved by pressure upon the common carotid 
which reduces the pulse amplitude Though the 
headache is not directly related to the height of 
the blood pressure, (smce it may occur with equal 
mtensity when the pressure is high, moderate or 
relatively low), with any given degree of relaxation 
of the vascular wall, the pain wfll of course be 
more mtense when the pressure is high than when 
low, because a greater excursion of the vascular 
wall will occur m the former instance Ergotamme 
while It tends to mcrease the blood pressure rather 
than to reduce it diramishes the amphtude of the 
artenal pulsations and as a consequence has a 
moderatmg effect upon the mtensity of the head- 
ache 

The headache associated with constipation is, 
however, apparently of reflex rather than of toxic 
ongm It IS often reheved very qmddy by a move- 
ment of the bowels, a fact, as pomted out by Al- 
varez, which seems to preclude the possibility that 
It IS the result of the absorption of toxins from the 
mtestme 

The site of the headache m bram tumor may 
be of considerable value as a locahzmg symptom 
The pam overhes the tumor or is on the same side 
m about 60 per cent of cases In tumors of a 
cerebral hemisphere (supratentonal tumors) the 
pam IS usually m the front of the head, the pam 
impulses bemg transmitted through branches of the 
5th nerve, whereas in those of the postenor fossa 
the pam is felt in the ocapital region, the impulses 
travelhng by branches of the 9th and 10th cranial 
and upper cervical nerves 

Migraine (Synonyms, megnm, hemicrania, 
sick headache ) This is a type of headache whose 
qiecial features entitle it to be placed m a class by 
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Itself The headache is penodic, severe aad often 
accompanied by nausea and vomiting In many 
mstances some type of sensory disturbance (aura) 
ushers m the attack This frequently takes the 
form of scmtillatmg colored bghts or the so-called 
fortification figures, that is, zig-zag lummous 
bands which are suggestive of the ivalls of a 
turret The visual hallucmabons have a homonym- 
ous distribution, that is, they occur m the nght or 
the left halves of the visual fields (p 1168) Tem- 
porary hemianopia may follow or blmdness of the 
central part of the reUna may accompany the 
visual sensations, which are then toward the 
penphery of the field of vision Cutaneous, audi- 
tory or gustatory aurae occasionally occur The 
headache is localized at first but soon spreads to 
mvolve the entue half of the head, the pam is then 
on the side opposite to that of the hallucmabons 
Not unusually, however, the headache is bilateral, 
or IS unilateral to start with, and later spreads to 
involve the opposite side of the head In most cases 
of migraine, the pam has its origin m extracranial 
vessels, the branches of the external carobd, such 
as, the temporal or ocapital artery being most 
commonly mvolved VTien the pam ongmates 
mtracranially the anterior and middle memngeal 
arteries are probably implicated 
The mechanism underlying the nugramous head- 
ache IS not umversally agreed upon It is thought 
by some (Wolff and Wolff) to have avascular ongm, 
sunilar m nature to that causing hypertensive 
headache, namely a relaxed state of the vascular 
wall, and a resulbng pulsable movement of greater 
than usual amplitude The pam vanes m mtensity 
with the amphtude of the artenal pulsations, and 
IS reduced m mtensity by compression of the com- 
mon carobd or by ergotamme which, as menboned 
above, reduces the pulse amplitude In other cases 
the headache of migraine appears to be due to 
cortical vasodilatabon (like the histamine head- 
ache) which follows upon a penod of vasoconstnc- 
tion The ischemia of the cortex durmg the vaso- 
constnctor phase would explain the visual 
hallucmabons menboned above, which an mcrease 
m pulse amplitude is unable to do, though the 
phase of vasodilatabon might qmte well be asso- 
aated with a relaxed state of the larger cerebral 
vessels It has been suggested that migrame may 
somebmes be of allergic ongm, dilatabon of the 
corbcal vessels bemg the result of the local hbera- 
bon of histamme (H-substance) The relatively 
high madence of eosmophilia m migrame lends 
support to the idea of an allergic reacbon 


The eicctro-cncephalogram (£IEG0 

In 1929 Berger reported his discoverj' that 
changes m elcctncal potential could be recorded 
from the head of the human subject by means of 
pad electrodes applied to the scalp or needle elec- 
trodes placed m contact with the periosteum of the 

Fig 68 10 Normal electroencephalogram taken from 
the ocapital region 0 and C refer, rcspectivcl>, to 
open and closed eyes (After Adrian and Matthews ) 

skull These bram potcnbals were later studied by 
Adnan and Matthews In normal subjects three 
wave frequencies may be recorded, the alpha, beta 
and della rhythms The alpha rhjdhm consists of 
rhythmical oscillations in elcctncal potenbal occur- 
nng at the rate of 10 per second (fig 68 10) The 
waves have a voltage of about 50 microvolts on 
the average The beta rhythm has a frequency of 
15 to 60 per second, and the waves are of lower 
voltage (5-10 microvolts), the frequency of the 
delta waves is from 1 to 5 per second and the 
voltage IS relatively high (20-200 microi olts) No 
precise cytoarchitcctural area can be said to ha\e 
a charactensbc rhythm as was once supposed, but 
differences are found between rather large areas of 
the cortex Thus the alpha rhjthm dominates 
records from the ocapital region or from the 
postenor parts of the panctal and temporal lobes 
The sensonmotor region emits waves wnth a fre- 
quency of from 20 to 25 per second, the antenor 
frontal areas gi\e out waics at the rate of from 
8 to 5 pier second 

The alpha rhythm occurs m the viatlciiiive bram, 
as in drowsmess or light sleep, narcosis or when 
the eyes are closed, it is abolished by visual and 
other types of stimulus or b> mental effort (c g , 
mathemabcal calculation) It therefor disappears 
when the eyes are open The waves disappear even 
if the subject opens his ej es m the dark and tries 
to sec It IS apparent therefor that it is the atten- 
bon rather than the visual sbmulus itself that 
abolishes the alpha rhythm when the eyes are 
opiened On the other hand if the \nsual field is 
uniform, that is without pattern, or glasses are 
worn which blur the visual image so that it has 
no meanmg, the rhythm is not abolished An at- 
tempt to discern any detail causes the alpha wave 
to immediately disappear A visual field that 
flickers causes the waves to assume the same rate 

A faster rhythm (gamma) appears m rare mstances 
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as that of "the flicker The delta waves can be re- 
corded very rarely from a normal adult while 
awake, but appear normally durmg deep sleep or 
dunng the wakmg hours m early childhood Gen- 
erally speaking, their presence m an adult, except 
dunng sleep, mdicates some pathological process 
m the bram — tumor, epilepsy, raised mtracranial 
pressure, mental deficiency or depression of con- 
sciousness by toxic or other factors When present 
they tend to displace the alpha rh>flhm Neither 
the beta nor the delta waves are affected by 
opemng or closmg the eyes 


or reduces the voltage of the waves m the cortex 
and greatly alters theu: form 

It IS now very generally held that while the 
cortex IS not mcapable of a rhythmical electneal 
activity of its own which can be influenced and 
altered m vanous ways through the usual afferent 
channels, normally, the “restmg rhythms” as 
ordmanly recorded are mainly dependent on, and 
mamtamed by the activity of neurons m the 
reticular formation of the brain stem and struc- 
tures of the diencephalon (thalamus, hj^othalamus 
and subthalamus) — that is, largely those parts of 
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Fig 68 11 Shoiiing electroencephalograms m three lands of epilepsj'- (After Gibbs and associates ) 


There has been a difference of opinion as to the 
ongm of the potential changes as recorded m the 
EEG \Vhether they are inherent in the cortex, or 
are dependent upon subcortical structures has been 
argued The latter alternative has received support 
from an experiment of Bums who isolated a slab 
of unanesthetized cortex completely from the rest 
of the bram except for its blood supply which 
remained intact The isolated tissue responded 
when stimulated, but all spontaneous electneal 
activity was abolished If a narrow bndge of 
nervous tissue was left connectmg the slab of 
cortex mth the rest of the bram spontaneous 
electneal waves crossed tbe bndge and exated 
the otherwise isolated cortex Division of thalamo- 
cortical connections by undercutting also abolishes, 


the upper bram stem which are now known as 
the centrencephalic system (p 1039) 

The EEG is affected profoundly by certam gen- 
eral states Hypoxia causes at first a moderate 
sloiving of the rhy thm , but as the oxygen lack 
becomes more severe large delta waves appear, 
with persistent and severe hypoxia the amplitude 
of the waves dechnes and may reach almost the 
vanishmg pomL Hypoglycemia causes an effect 
somewhat similar to that of hypoxia, when the 
blood sugar falls below about 60 mg per cent, 
delta waves (1-3 per second) are seen, though the 
alpha rhythm is not abolished entirely The effects 
of hypoxia and hypoglycemia enhance one an- 
other, them summed effects being much greater 
than the effect of each alone Hyperglycemia has 
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bttle effect upon the cortical potentials Increase 
m carbon dioxide tension increases the rate, but 
reduces the amphtude of the -waves Blowing off of 
COj , as by overbreathing, has the opposite effect 

Abnorroahties of the electro-encephalogram m 
hram tumor, especially of so-called silent areas of 
the bram, and m epilepsy, are of defimte diagnostic 
■value In cerebral tumor or bram abscess, as shown 
by Walter and by Case, the funchonally depressed 
bram tissue surrounding the lesion gives out waves 
of slow rhythm (delta waves) which, combmed with 
a loss or dumnution m the alpha rhythm over the 
ocapital region may be of considerable aid m 
localiaation 

Epileptic seizures are characterized by pro- 
nounced departures from the normal rhythm In 
pelii mal attacks, large slow waves appear about a 
second before the attack is clmically manifest, 
and displace the previous rhythm Each large 
wave is followed by a sharp spike deflection (fig 
68 11) In the tome stage a grand mal seizure, waves 


of relatively high frequency (10-30 per sea) and 
of low voltage appear, but as the attack progresses 
into the clonic phase these fast waves give place to 
slower and large waves which contmue mto the 
stage of stupor following the seizure Delta waves 
may be a prominent feature of the electro en- 
cephalogram of epileptics between seizures (fig 
6811) 

In normal sleep the pattern of the electrical po- 
tentials recorded from the bram vanes with the 
depth of unconsciousness Dunng light sleep delta 
waves make their appearance while the alpha 
waves superimposed upon the slower rhythm of 
the latter persist In deep sleep the alpha rhythm 
disappears bemg replaced by delta -waves, or m 
some instances by a faster rh>’thm wuth a fre- 
quency of about 14 per second Dunng the light 
sleep before awakenmg the record shows only an 
odd slow wave As consciousness returns the 
traemg consists of an intermittent alpha rhythm 
which becomes contmuous upon waking 
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Definitions 

The ordinary reflex with which we are all famil' 
lar IS an inherited characteristic of the species and 
IS not dependent upon previous expenence Its 
pathways are established at birth This type 
Pavlov termed an inborn or uitcondUioned reflex 
For example, food placed m the mouth of a newborn 
puppy evokes a secretion of saliva The reaction de' 
pends solely upon the stimulation of receptors (taste, 
touch, etc ) m the mouth, the afferent and efferent 
nerves and the sahvary centers m the medulla ob' 
longata When, on the other hand, the young animal 
sees or smells a piece of meat for the first time no 
secretion of sahva results Yet if an animal who has 
eaten meat on previous occasions sees or smells a 
morsel, a profuse secretion of saliva occurs This re- 
action, which depends upon previous expenence, 
Pavlov has termed a condtiioned or acquired, reflex 
Its pathways are not fully established at buih but 
are developed by trammg Quite evidently the reac' 
tion of the older animal is the result of an associa- 
tion established m the past between the stimulus 
applied to the receptors of the mouth, and the 
appearance or smell of the food, i e , a visual or ol- 
factory stunulus The former is called the uncoiy 
dttwned, the latter the conditioned stimidus Not 
only the qualities of the food itself but changes m 
the environment extraneous to the food, if they 
occur m association with feedmg, can serve aS 
conditioned stimuh 

Conditioned reflexes may be either of an excita- 
tory character, e g , the secretion of saliva, of 
have an inhibitory action The former are termed 
positive or excitatory, the latter negative or tw- 
hibitory 

Positive or Excitatory Conditioned Reflexes 

In the great ma 3 onty of the experiments per- 
formed by Pavlov and his school, the secretion of 
sahva was chosen as the mdicator of the condi- 
tioned response In order to follow the secretory 
reaction with precision the opemng of the parotid 
or submaxfllary duct was transplanted to the cheek 
or chm, respectively The saliva is collected by 
means of a special apparatus consistmg of a funnel 
sealed over the duct openmg and leadmg mto a 
system of tubes The secretion is measured m 
drops by means of an electncal recorder The 


animal is held m a stand by means of straps and 
occupies a sound-proof chamber separate from 
that of the experimenter (fig 69 1) 

The reflex is established m the followmg way 
Whfle the animal is bemg fed (unconditioned 
stimulus) a stunulus, e g , a flash of light, which is 
qmte ahen to the food itself (conditioned stimulus) 
IS apphed After this association of the two stimuli 
has been repeated a number of times, the flash of 
bght alone (i e , food is withheld) evokes a secre- 
tion of saliva This is called a conditioned alimen- 
tary reflex Motor reactions, e g , movements of 
the lips and jaws, snappmg, whmmg or barkmg, 
and movements of the limbs, accompany the 
salivary secretion and constitute an mtegral part 
of the reflex The number of repetitions of the 
experimental procedure, or “lessons”, necessary 
to establish the reflex vanes m different animals 
and in experiments of different types Many types 
of conditioned stunulus (visual, auditory, olfac- 
tory and cutaneous) have been employed by 
Pavlov and his associates ^ In establishmg the 
reflex the conditioned stunulus must precede the 
unconditioned stimulus and, except m the case of 
secondary and trace reflexes, to be presently 
descnbed, must overlap it for at least a brief 
penod If the conditioned stunulus follows the 
actual feedmg it is quite meffective, i e , it wdl 
not evoke a reflex when subsequently applied 
alone After the penod of trammg, m order to 
demonstrate the conditioned response satisfac- 
torily, the animal should be alert, not drowsy, 
and preferably hungry, furthermore it should not 
be distracted by some extraneous stunulus, e g , 
a strange sound or light, which sets up uncon- 
ditioned motor reflexes 

other types of positive conditioned reflexes 

Conditioned Defence Reflexes Aad m- 
jected mto an animal’s mouth (unconditioned 

' Among these are the followmg, — the sound of a 
metronome, horn, bell, buzzer, turung fork, organ pipe 
or of bubbling water, vanously shaped objects, lights, 
figures or rotating discs, thermal, tactile and painful 
cutaneous stimuh, the odor of such chemicals as amyl 
acetate or vanillin The cessation of a previously con- 
tmuous stimulus, e.g , a buzzer, the rapid change in the 
mtensity of a stimulus, or even the change in the rate 
of a rhythmical sound, e g , a beatmg metronome, may 
serve as a conditioned stimulus (see also p 1061 ) 
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stimulus) causes a profu'c secrebon of saliva vrhich 
vrashes away tiie offendmg matenaL A conditioned 
reflex to aad is readil\ established bj a senes of 
tnals m windi a conditioned stunulus, c-g , a li^t, 
and the unconditioned stanulus (aad) are appbed 
m comfajiatioa. Or if an animal has been given a 
colo-ed aad, it salu-ates when shown water of the 
same color -Vlso, if a pamful stunuhis is apphed to 
the animal’s paw (unconditioned stimulus) dunng 
some loan of conditioned stimulation (e.g , sound of 
a buzzer) the motor reachons (e g , diawmg up the 
limb, tummg the head towards the mjured part, 
etc.) wtudi follow the apphcation of the combined 


morphine. In the dog, morphine administration 
causes vomituig and salimtion, followed bj sleep 
After a senes of injections, these effects result from 
the mere sight of the svimge, or the approach of 

the attendant who had p^e^^ousl^ administered the 

drug 

SzCOVDAPV AND TiIRTIAR\ CONDITIONED ivE- 
IXEXES A. second stimulus mai be conditioned by 
linking it up with a conditioned stimulus alreadj 
finnlj established A defence condiUoned reflex, 
let it be supposed, has been established with an 
dectnc shock to the front paw as the uncon- 
ditioned and a touch upon the hmd paw as the 



stimuli occur, after a few tnals, when the con- 
ditioned stunulus 13 employed alone. The painful 
stimulus may sen e also as a conditioned stimulus 
for a sahian reflex, then, unless the painful 
stimulus IS mtense the usual defence reactions are 
supp-eised, sahvation alone resultmg when the 
stimulus IS apphed The alimentarv reflex is in 
this case stronger than the defence reflex. Pavlov 
points out that the subordination of the defence 
reaction b\ the alimentarj reflex is seen when 
dogs axe strugghng among themsel\es for food 
Mmor injnnes (e.g of the skin) maj then be 
sustamed, but thej do not evoke a reaction of 
defence, this is suppressed b> the dominant food 
reflex. On the other hand, if the stunulus (sndi as 
one applied to bone) signals a more severe type of 
mjurv, or threatens the life of the animal, the 
defence reaction becomes prepotent. 

Of great practical mterest is the reflex which 
becomes established to the repeated uijection of 


conditioned stimulus A second neutral stunulus 
(e-g , the sound of bubblmg water) is now applied 
and withdrawn a few seconds before the applica- 
tion of the primaty conditioned stunulus (touching 
the hmd paw) but the unconditioned stimulus 
(electnc shock) is omitted If the two stimuli are 
associated in this waj a number of tunes it is 
found that the second stimulus (sound of bubblmg 
water) has itself acquired conditioned properties, 
when appbed cJone the defence reacbon occurs If 
a third stimulus (eg, the sound of a tunmg fork) 
IS apphed a short tune before the second, but the 
pnmarj conditioned and the unconditioned stimuli 
are omitted, it now, when emplov ed alone, causes 
the conditioned response. It has not been found 
possible to establish a conditioned reflex of the 
fourth order, and conditioned reflexes bejond the 
second order cannot be established for alimentarv 
conditioned reflexes 
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Trace Conditioned Refeexes In establishing this 
reflex the unconditioned stimulus is made to follow the 
conditioned stimulus after an mterval, when the reflex 
has been estabhshed the conditioned response follows 
the conditioned stimulus by an mterval of the same 
duration For example, a tactile stimulus is apphed to 
the skm for half a minute and then -mthdrawn, one 
imnute later aad is injected mto the mouth After a 
number of repetitions it is found that when the tactde 
stimulus IS apphed alone, although no secrefaon occurs 
during its apphcation, a response follows after a 
mmute’s mterval Also, if an ammal is fed at regular 
mtervals, say eveo' 30 minutes, it is found that after 
a senes of such feedmgs secretion occurs spontaneousl> , 
thereafter, at mtervak of approximately 30 mmutes, 
though no food is given In these mstances the bme 
mterval itself has evidently acquired the properties of 
a conditioned stimulus 

The Biologicai. Significance of 
Conditioned Responses 

Conditioned reflexes enter very largely into ani- 
mal and human behavior Many such reflexes are 
developed naturally as the expenences of everyday 
life become ennched, and assoaations accumulate 
Stunuli ansmg m the environment are constantly 
calling forth conditioned responses of vanous types 
servmg as signals to guide the animal m its choice 
of action By trammg and disaphne more compli- 
cated reflexes can be established, such as those 
formmg the basis for the tncks of performmg 
animals In such mstances the sound of a word 
(command) or a movement made by the tramer 
serves as a conditioned stimulus to some motor 
reaction of the animal In the trammg and educa- 
tion of the child conditioned reflexes also play a 
promment r61e Animals with more highly devel- 
oped nervous S 3 istems are capable of the more com- 
phcated reflexes, and though one can scarcely 
speak of certam conditioned reflexes, such as the 
secretion of sabva follouang the flash of a light or 
the sound of a tunmg fork, as an mtelligent act, 
the abilitj' of an animal to develop conditioned 
responses is, nevertheless, a measure of its m- 
telhgence Conditioned reflexes also play an im- 
portant r61e m the psychology of sex and, accordmg 
to Pavlov, m the mduction of sleep (p 1069) 
Conditioned reflexes which are established under 
the ordmary circumstances of life are termed 
iMlural Those which are established experiment- 
ally or by special methods of trammg are called 
arltficial There is, however, no essential differ- 
ence between the two Gantt has enrolled the aid of 
the conditioned reflex m the mvestigation of psychi- 


atric conditions In psychoneurotic subjects (orgamc 
mental disease) there was impairment or failure to 
establish conditioned motor responses to an electnc 
shock, whereas m the psychogemc (functional) 
types, the responses may be impaired but are not 
abolished The conditioned reflex is also used to test 
sensations, espeaally hearmg, m very young chil- 
dren before they can talk 

iNHiBinoN OF Conditioned Reflexes 

Inhibition as applied to conditioned reflexes is 
divided by Pavlov mto external or indtred and 
tnlernal or direct 

A External Inhibition The conditioned re- 
flex is inhibited by some form of stimulation quite 
apart from the conditioned stimulus itself The 
inhi bition arises m a part of the bram other than 
that m which the conditioned reflex is mitiated 
For instance, some disturbmg factor, a sudden 
noise, a strange smeU, a light, a fresh object m the 
room, or the entrance of a stranger tends to abolish 
a conditioned reflex, which m qmet surroundmgs 
can be readily ehated The extraneous stimulus 
arouses the animal’s cunosity and distracts its 
attention or, m Pavlov’s words, evokes an investi- 
gatory reflex This purely unconditioned reflex 
consists of what its name imphes — pnckmg of the 
ears and tummg the eye and head toward the 
source of the distraction If the extraneous stimu- 
lus IS repeated often enough its inhibitory effect is 
weakened or abolished, the conditioned responses 
of an animal placed m strange surroundmgs are at 
first inhibited but return later A painful stimulus 
also sets up an unconditioned defense reflex — bark- 
mg, strugglmg and other motor reactions which 
exert an inhibitory effect upon the conditioned 
response 

B Internal Inhcbiiion This will be con- 
sidered under the foUowmg headmgs (1) extinction 
of the conditioned reflex, (2) conditioned inhibition, 
(3) inhibition of delay, and (4) diflerenlial in- 
hibition 

(1) Extinction of the conditioned reflex If a con- 
ditioned reflex is repeated a number of times and 
the unconditioned stimulus (e g , feedmg m the 
case of an alimentary reflex) alwaj^ omitted, the 
response becomes weaker with each repetition, its 
latent penod lengthens progressively and the reflex 
finally disappears The reflex is said to have 
undergone extinction If, however, after every few 
repetitions of the reflex the conditioned stimulus 
IS followed by the imconditioned stimulus, extmc- 
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tion does not occur The former stimulus is then 
said to have been reinforced by the latter For 
example, if a conditioned alimentary reflex has 
been established to the sound of a buzzer, the 
application of the latter alone calls forth at first a 
prompt and ample secretion of saliva *lftcr a 
variable number of repetitions m which the con- 
ditioned stimulus IS not followed by feedmg, i e , 
not remforced, the secreUon becomes less each 
tune and finally ceases After an hour or two the 
reflex recovers spontaneously Extmction is due to 
mblbition of the cortical elements of the reflex 
That is not due simpl> to fatigue of the salivary 
gland or of the medullary centers is shown by the 
fact that after complete extmction, reinforcement 
of the conditioned stimulus causes the reestablish- 
ment of the reflex Moreover, the reflex contmues 
at full strength after a great number of repetitions 
if It IS foUon ed every fev. tunes by remforcement 
After a reflex has undergone extmction, some 
external stimulus may temporarily remove the 
inhibition That is, just as an extraneous stimulus 
can inhibit the exataton phase of a conditioned 
reflex, so also can it mhibit the mhibitory state 
This IS called dts inhibition or the ‘‘inhibition of 
inhibition’’ 

(2) Conditioned inhibition If, after a positive 
conditioned reflex has been firmly established an- 
other stunulus is combmed with the conditoned 
stimulus for a number of tnals but remforcement is 
always omitted, then, though the conditioned 
stimulus still causes the customary response when 
applied alone (and regularly remforced), it is quite 
meffective when m combmation with the extra 
stimulus For example, an ahmentaiy conditioned 
stunulus IS established to the beat of a metronome 
Later, a buzzer is sounded with the metronome, 
but the combmation is not followed by feeding 
After a senes of such tnals the metronome causes a 
secretion, but the combined stimuli, metronome 
plus buzzer, are without effect The sound of the 
buzzer is termed a conditioned inhibitor, and the 
mhibitory effect which it produces, a negative or 
inhibitory conditioned reflex Usually, m order to 
demonstrate the mhibitory effect, the primary con- 
ditioned stunulus and the condiUoned mhibitor 
must overlap 

(3) Inhibition of delay If durmg the establish- 
ment of a conditioned alimentary reflex, the con- 
ditioned stimulus IS contmued for only a bnef 
penod, 1 to 5 seconds, before the conditioned stimu- 
IS apphed, then the conditioned response 
(seaetion of sahva) follows almost immediately 


upon the commencement of the conditioned stunu- 
lus That IS, the reflex has a very short latent 
period If after such a simidtaneous reflex has been 
established, it is repeated day after day, but the 
conditioned stimulus is contmued a little longer 
each time before the reflex is reinforced, the latent 
penod becomes lengthened m proportion to the 
mterval between the application of the two stimuli 
The almost simultaneous reflex has been con\ erted 
into a delayed reflex In other vords, postpone- 
ment of remforcement has caused the conditioned 
response to be inhibited during the first part of the 
action of the conditioned stimulus, dunng the lat- 
ter part of the action of the conditioned stimulus 
the secretion of saliva commences and increases in 
amount up to the moment when remforcement 
ordmarily would have occurred 

(4) Diflerential inhibition This will be de- 
scribed m the next section 

The examples of mtemal inhibition just given 
show the high degree of discriminative and adap- 
tive powers of which the cerebral cortex is capable. 
Though such adjustments arc purclv automatic 
they are effected with great dclicacv and an appar- 
ent purpose In the case of c.xtinction, for instance, 
the futility of seoeting saliva for food which does 
not follow appears to have been “recognized” 
The purpose in conditioned inhibition is quite as 
evndcnt as in positive conditioned rcOcies and the 
mhibition of delay is dcarlv an adjustment which 
economically times the sectclory response to the 
moment when food is “expected” 

It IS not in these speaal instances that mtemal 
inhibition occurs, for all positive conditioned re- 
flexes, though reinforced rcgularlv, undergo inhi- 
bition if repeated ov er a penod vary mg in different 
animals from weeks to months or cv en y cars Thev 
become progressively weaker, the latent penod 
lengthens out and thev ultimatclv disappear The 
tendency of conditioned reflexes to undergo inhi- 
bition is an mhcrent property 

ANALvrtNG AKD SwnrEsizniiG Functions 
or THE Cerebral Cortex 

Of the numberless agenaes m the cnvnronmcnt 
to which the organism is exposed the great ma- 
jonty might be termed neutral m that they exert 
neither a beneficial nor an mjunous effect The 
actions of others are either of definite physiological 
value or detrimental to the animal’s existence 
Through the analyzmg mechanism possessed by’ 
the nervous sy-stem the stimuli to which the latter 
types of agent give nse are given conditioned 
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properties Su *1 stimuli are picked out to serve as 
signals for reactions on the part of the ammal 
appropnate to the respective agents (beneficial or 
nocuous), they are therefore of the utmost bio- 
logical importance The cerebral cortex also pos- 
sesses sjTithesizmg mechanisms whereby in- 
dividual stimuli are fused mto conditioned 
complexes (p 1048) 

THE AVALYZERS 

Pavlov divides the neural mechanism of the or- 
ganism upon which the discriminative faculties 
depend mto a number of nervous ar:alyvers These 
are constituted of the nerves of special sense, and 
the afferent nerves of the jomts and skeletal 
muscles, together with then respective receptors 
and central connections Thus he speaks of visual 
auditory, olfactory, gustatory, cutaneous and motor 
analyzers The receptor of each class is especially 
responsive to its own tj^ie of stimulus — flight, 
sound, etc The central part of each analyzer, i e , 
its termmations in the cerebral cortex, is capable of 
a very fine discrimination between the different 
mtensitics and qualities of stimuli within its own 
class The visual analyzer, for example, discrimi- 
nates between the mtensity and quality of differ- 
ent visual stimuli, the auditory analyzer between 
the mtensity, pitch and quality of sounds, the 
motor analyzer between the various messages 
(proprioceptive) received from the muscles and 
jomts — and so on for the other analyzers 

In the past, the study of these analyzers, i e , 
of the sense organs, has been based very largely 
upon subjective data gleaned from expenments 
upon the human subject The discovery of con- 
ditioned reflexes, however, has provided a reliable 
method for the study of the analyzmg functions 
which bemg purely objective can m consequence be 
employed in animal experimentation, the con- 
ditioned salivary secretion, for example, is a 
reaction which readily lends itself to precise meas- 
urement and timmg 

GENERAUZATIOV AND DEETERENTIATIOV 

If a conditioned reflex is established, say to the 
sound of a tunmg fork of 800 cycles per second 
(c p s ), it IS found that tones somewhat higher or 
low'er m the scale have also acquired conditioned 
properties Also, after a conditioned reflex has 
been established to a tactile stimulus applied to a 
certam definite skm area, the stimulation of 
neighbormg areas is also effective The response, 


however, becomes weaker the farther away from 
the onginal area that the stimulus is apphed This 
generalization of stimuli, as Pavlov calls the phe- 
nomenon, IS seen also m the case of olfactorj’, 
visual and other analyzers If, however, the ongi- 
nal definite stimulus, for example the tone of 800 
c.p s , IS always followed by reinforcement while 
other tones havmg a higher or lower frequency are 
employed without reinforcement, then only the 
tone of 800 c.p s evokes a res "'se The aUied 
stimuli are said to have undergone dijferentiation 
from the primary stimulus Pavlov ascribes the 
phenomenon to a form of mtemal inhibition — 
differential inhibition He believes that ongmally 
the excitatory process m the cortical part of the 
analyzer is widespread, but through the antagon- 
ism offered by the internal inhibition set up by 
non-reinforcement of the albed stimuli, it becomes 
localized to only a mmute cortical area corre- 
spondmg to the receptors affected by the pnmary 
stimulus 

The degree to which differentiation between 
vanous t>'pes of stimulus can be developed is a 
measure of the analyzing ability of the cerebral 
hemispheres and is often amazing The foUowmg 
examples are taken from PavloN^’s monograph 

1 Auditory Stutuu (a) Differentiation of pitch 
Pnmarj’ stimulus 800 cp^ Difierenbated stimulus 
812cps {h) Differentiation of rhythm Pnmary stimulus 
120 beats per minute of a metronome Differentiated 
stimulus 118 beats per minute of a metronome (An- 
dreyev) (c) Differentiation of intensity The difference m 
the intensity of two sounds was so slight that it was 
detectable b> the human ear onlj when one stimulus 
was followed immediately bj the other Differentiation 
was perfcctl) effected by the dog when the two sbmub 
were separated by an interval of 17 hours 
2 Visual Sttuuli (a) Differentiation of direction of 
movement or of the position of an object Pnmaiy stimulus, 
clockwise rotation of a disc Differentiated stimulus 
Anticlockwise rotation of the disc (b) Differentiation of 
figures and shapes Some of the figures which were dif- 
ferentiated are shown in figure 692 A luminous arcle 
thrown upon a screen was readilj' differentiated from 
a senes of elhpses of the same lummositj', the senes 
started with one having its axes in the ratio of 1 2, of 
the remainder each successive one approached a little 
nearer to the circular shape Differentiation just failed 
when the ratio of the axes was 8 9 (c) Differentiation 
of luminosity Two shades of graj' which to the human 
eye appeared exactlj the same, even when viewed 
sunultimeously, were perfectly differentiated by the dog 
when an mterval of a mmute separated the pnmary 
from the differentiated stimulus (d) Differentiation of 
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colors failed m all but one animal mvestigated, and even 
it e a doubtful Tcsult- Color vision in the dog is 
therefore either absent or ^ en rudimentarj 

3 DHTESESTIAIION or Ct7TA^•ZOUS AKD Propmo- 
f-rPTum. Snsroix Differentiation was obtained for 
various tjTies of tactile strmuh, e-g , contact with 
rough or smooth surfaces, pressure unth blunt points 
arranged in different patterns, scratching with a small 
brush m different directions Differentiation was also 
demonstrated between stimuh apphed to different 
areas, for variations m temperature, and between 
vanous passiv e movements, e.g , flemon of ankle as 
against extension. 


TD"0 




Fig 69J Examples of different figures which were 
su cces sfully differentiated m experiments upon a dog 
The letter T, shown m the upper left hand comer of 
the figure, sersed for the posiuve stimulus, the other 
black figures and the white letter T were differentiated 
from the positwe stimulus In another dog the white 
cross was the positii e stimulus from which the other 
white figures were differentiated (from Paslov, Con- 
dtttoned Refcxes, Oxford Um\ ersitj Press) 


4 DOTEREvTIAnON OF OUACIOSY AlvD GtJSTATORY 
Sthiuli. Correspondmg differentiations were estab- 
lished for swrious odors (eg, vanfllm, amyl acetate, 
camphor, etc) and for taste sensations e.g , meat 
powders, sugar, cheese, etc 

Conditioned vasomotor responses hare been estab- 
lished in human subjects, the uncondiboned response 
(%-asoconstnction of the opposite hand) bemg mduced 
b\ immersion of one hand m ice-cold water Rmgmg 
of a bell, a bght pattern or a word spoken aloud by the 
eipenmenter and whispered by the subject were used 
as conditioned stunuh. 

Experimenlal neurosis" When an animal is 
presented with a problem which requires a fine 
degree of differentiatmg abihty, ne., when a con- 


flict between inhibitory and exatatory processes is 
set up, either mhibition or excitation may gam the 
upper hand with the suppression of the opposite 
process In the former event the animal may be- 
come drowsy and fall mto a deep sleep (p 1069), 
whereas m the latter a nertous disturbance may 
develop dunng which ev^n gross differentiation 
cannot be accomplished To gite 4n example, a 
dog was required to discnmmate between two 
VTSual stimub, a cirde and an oval, the former 
bemg followed by feedmg (positive stimulus), 
while the latter was not reinforced (negatice 
stimulus) Differentiation was made more and 
more difScult by making the oval at each succes- 
sive trial more nearly circular The experiment 
proceeded smoothly until the axes of the two 
figures had a ratio of 8 9 The animal then became 
fractious, howled and whmed m its cage, struggled 
with its harness and became mcapable of dis- 
cnnunating between any oval shape and a cirde 
Not until after a prolonged rest was the animal’s 
power of discnmmation between the two shapes 
restored, but upon being then confronted with the 
same problem the nervous disorder returned "Ex- 
fermentol neurosis", as this state was termed by 
Pavlov, has also been mduced m sheep and pigs 
by Anderson and Liddell In some instances the 
condition was permanent, and Gantt has reported 
such a state which has persisted for 12 years The 
neurosis m this latter instance dev eloped as a result 
of a conflict aroused m the differentiation of two 
auditory conditioned strmuh — two dosdy similar 
tones. These obserrations upon e-xpenmental neu- 
roses have important pisydnatnc implications and 
may give a lead m the interpretation of certam ner- 
vous conditions m the human subject Se.xual ex- 
atement, as manifested by erections, are not im- 
commonly associated mth the neurosis (see Gantt) 

SYNTHESIS OE SnUtTLI 

The devdopment of the conditioned response 
IS, m itself, evndence of the synthesizmg or associa- 
tive abihty of the cortex. Further evudence is 
afforded by experiments with compound stimub, 
ne , the fusion of separate mdmdual stimub, 
whether these act upon the same or upon different 
analyaexs, mto a conditioned complex. 

As an example of simultaneous s timuli acting 
upon the same analyzer, — an alimentary' condi- 
tioned reflex was established to a chord of three 
tones of equal mtensity but having a frequency’ 
of 85, 256 and 786 c.p s , respectiv’ely later each 
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tone when sounded separately caused a response 
The responses to the different tones were approxi- 
mately equal but weaker than that caused by the 
chord 

A conditioned reflex may be estabbshed to a 
compound stimulus made up of two stimuli acting 
stiKuUancotisly but upon different analyzers If 
the component stimuli are then applied separately 
and wthout reinforcement, it is found that one of 
the pair is effective but not the other For exam- 
ple, a conditioned reflex to acid v as established to 
a compound stimulus consisting of the simultane- 
ous application of a tactile stunulus and a thermal 
stimulus of O^C The tactile stimulus %%hen ap- 
plied alone was found to be about as effective as 
the compound stunulus, whereas the thermal 
stimulus was quite ineffective The results of 
experiments m which the component stimuli of the 
compound stimulus were of unequal strengths, 
and applied to the same analyzer, indicate that 
the factor determinmg the effectiveness of the 
stunuli, when applied separatcl)’’, is their relative 
intensity The thermal stunulus used m the fore- 
going expenment may therefore be regarded as 
bcuig the weaker of the tw'O stimuli Visual stimuli 
are also weaker than those acting upon the audi- 
tory analyzer For example, after a conditioned 
reflex had been estabbshed to a compound stimu- 
lus made up of a tone and a light, the tone by 
itself caused a response, whereas the visual stimu- 
lus was quite meffcctive However, the w'eakcr 
stunulus undoubtedly plays its part in the com- 
bmation, for if the stronger component is applied 
repeatedly without reinforcement by the uncon- 
ditioned stunulus, but the compound stimulus is 
constantly remforced, the stronger stimulus by 
itself becomes ineffective, w'hercas the compound 
stimulus rctams its full effect 

The cortex is also able to synthesize successive 
stimuli into a compound conditioned stimulus 
For instance, a flash of light (L), a cutaneous 
stimulus (C) and the sound of bubbling water (S) 
when applied m the order (L — C — S) were com- 
pounded into a positive conditioned stunulus The 
reverse order (S — C — IS) after differentiation (by 
non-reinforcement) was entirely without effect 

Similarly, four tones havmg vibration fre- 
quencies of 290, 325, 370 and 413 c p s respec- 
tively when sounded m this order (1, 2, 3, 4) were 
successfully differentiated by a dog from all other 
sequences (eg, 4, 3, 2, 1, 4, 3, 1, 2, 4, 1, 3, 2, 
4, 2, 3, 1, etc., etc ) 

The series of sounds m a word (e g , a dog's 


name) or m a command is a famfliar example of a 
successive compound conditioned stimulus 

IRRADIATION AND CONCENTRATION 

These features are best illustrated by citm^^ 
actual expenment The skm of the hmd luiu)''W 
stimulated at 5 separate places One of these 
situated upon the paw wras differentiated by nori- 
reinforcement m the usual way from the~othei 
four That is, the place upon the 'paw was given 
mhibitory properties (p 1060) The other foiu 
places, which through remforcement were given 
positive conditioned properties, were placecPat 
progressively further distances along the lunb from 
the inhibitory place It was foimd that if the latter 
was stunulated three tunes m succession, and one 
mmute after the last stimulation, the positive 
place nearest the mhibitory place was then stimu- 
lated, there w'as complete failure of the usual 
conditioned response Stimulation of the next 
(second) excitatory place one mmute after the last 
application of the mhibitory stunulus was followed 
by a response half as great as usual The remammg 
two places (third and fourth) gave a normal or 
somewhat greater than normal response (see posi 
tive mduction, p 1064) VTien the number of the 
previous stunulations of the inhibitory place was 
mcreased, and the mterval following the last one 
shortened to 1 mmute, all four excitatory places 
gave a reduced response As time elapsed the 
furthest place was first freed from the mhibitory 
influence, and the others m the order of then 
positions from the mhibitory place The pomt 
nearest to the latter m some cases did not give a 
fuU response until the lapse of 10 minutes after 
the application of the last stimulus to the mhib- 
itory place It can also be showm that if, by means 
of extinction, mhibitory properties are given to 
one of the four excitatory places the inhibitory 
process spreads to mvolve the others 

These results are taken to mdicate that each 
stimulated area has its circumscribed representa- 
tion m the cortex Inhibition mitiated m the 
cortical cells to which the mhibitory place is pro- 
jected irradiates to involve the cortical projection 
areas of the positive places The gradual release 
of the cortical areas from the mhibitory influence, 
and its retreat to the original cortical cells corre- 
sponding to the inhibitory place is called the 
concentration of inhibition Irradiation and con- 
centration are antagonistic processes These proc- 
esses can also be shown for the acoustic analyzer 
and they most probably exist for other analyzers 
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as well The following is an illustration of irradia- 
tion witliin tlic acoustic analyzer Positive con- 
ditioned reflexes were established respectively to 
the beat of a metronome, to a musical tone and 
to a buzzmg sound When the reflex to the buzzmg 
sound or to the metronome was extinguished the 
mhibitor> process spread to mvolve the reflex 
to the musical tone. 

Irradiation is not always confined to the analyzer 
m which the inhibitory process onginates It can be 

shown that the inhibitory process mibated m one 
analyzer spreads to others and may involve the 
entue cortex. For example, a posibie alimentary 
conditioned reflex was established to a tone of 4000 
tps , a note a semitone lower than this was given 
inhibitory’ properties When the inhibitory stim- 
ulus was apphed a short tune before a visual con- 
ditioned stimulus, the reflex which had been estab- 
lished to the latter, as well as that established for 
the positiv e auditor} stimulus (tone of 4000 c.p s ) 
was inhibited 

Irradtalien and amceniration of exatahon occur 
m a manner analogous to that described for m- 
hibition Generalization (p 1061) is ascribed to the 
irradiation of exataUon from the primary cortical 
focus Differential inhibition, on the other hand, 
antagonizes the exatatorv’ process and concentrates 
It withm the ongmal cortical area. 

unrocnoN 

Induction is a feature of conditioned reflex action 
analogous to the phenomenon of the same name 
described as occurring m spmal reflexes (p 950), 
namely , the increase of inhibition caused by a pre- 
ceding state of exatation (negative mdudion) or 
an mcrease of exatation caused by a previous 
state of inhibition (postltvc induction) Induction 
is therefore a reciprocal process 
Ifegalrc tndudwn The inhibitory properties of a 
stimulus developed b\ means of digerentiation can 
be readilv destroyed agam (disinhibition) by re- 
peated reinforcement. If, however, each appheabon 
of the inhibitory stimulus is preceded by a positive 
one and both are reinforced the inhibitory properties 
of the former are strengthened and can be abolished 
onlv after a great number of trials Thus, a metro- 
nome beating at a rate of 120 beats per mmute 
served as a positiv e conditioned stimulus and a rate 
of 60 beats per minute was differentiated (differen- 
tial inhibition, p 1060) The mhibibon was then 
almost abolished (disinhibition) by remforcement 
but was restored agam when the differentiated 


stimulus (rate of 60 beats per minute) was preceded 
by the jKisitive stimulus (rate of 120 beats per min- 
ute) The data are shown in table 96, given by Pav- 
lov 


TABLE 96 


msT. 

covDrnovnj 

STlinTl.tJ5 At- 
' plZEJJ DWtQsG 

30 SECONDS 

SAMIAK SECSmoV D! DOCS 

DiniD'O 30 SECONDS 

D»0W 

1 

11 25a.m 

60 beats 

0 ' 


11 30 a m. 

60 beats 

0 


11 42 a-in. | 

60 beats 

3 

All the sUmub were 

11 49 a m 

60 beats 

4 

accompanied by 

11 56 ajn 

120 beats j 

8§j 

remforcement 

12 06 pan 

60 beats j 

OJ 



Positne induction m its simplest form may be 
illustrated as follows A positiv e conditioned reflex 
was established to stimulation of the forepaw 
A stimulus to the hmd paw was given inhibitory 
properties by differentiation. When the excita- 
tory place (forepaw) was stimulated tmmaJtalely 
after the application of the stimulus to the inhibi- 
tory place, the positive conditioned reflex was 
enhanced (sahvary secretion mcreased by 50 per 
cent) The exatabflity of the airtical area receiv- 
mg impulses from the forepaw had evidently been 
increased as a result of inhibition of the cortical 
area correspondmg to the hind paw Thus the 
exatability of the cortex m proximity to the m- 
hibited area is enhanced for the moment but later 
becomes depressed as a result of the irradiation of 
the inhibitory process When dealmg with irradia- 
tion It was pointed out that the inhibitory effect 
was demonstrable for several seconds or minutes 
after the inhibitory place had been stimulated 
Positive mduction occurs during the application 
of the inhibitory stmmlus Pavlov holds the view 
that these two processes, positive mduction and 
irradiation of inhibition (or negativ'e mduction 
and the irradiation of excitation), are constantly 
mteractmg with one another and spread wave- 
like over the cortex. Positive or negative mduction 
precedes, respectively, the spread of the inhibitory 
or exatatoiy process 

The Employment of Coxdihoned Reflexes 
IN THE Stitoy of Cortical FUNCTION Informa- 
tion enneernmg the localization of function m the 
cortex Was obtamed by, first, firmly establishmg 
a conditioned reflex mvolvmg one or other an- 
alj’zer, then erasing a certam portion of the cortex 
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and studying the effects of the operation upon the 
conditioned response 

REMOVAL OF THE ENTIRE CORTEX 

In the dog removal of the entire cortex results 
in the complete and permanent loss of all condi- 
tioned responses, natural or artificial, new condi- 
tioned reflexes cannot be established The decorti- 
cated animal responds to crude iincoitdilioned 
stimuh, e g , a bnght hght or sound, its reactions 
bemg frequently those of resentment or anger (p 
1027) The unconditioned salivary reflex is lost at 
first but eventually becomes stronger than the 
normal 

REMOVAL OF A LIMITED PORTION OF THE CORTEX 

Removal of a hmited portion of the cortex, eg, 
the temporal or ocapital lobes, causes the disapi- 
pearance for a time of aU “artifiaal” conditioned 
reflexes, and sometimes of the “natural” ones as 
well Unconditioned reflexes, which are dependent 
upon subcortical centers, remam m abeyance for 
only a few hours or may not disappear at all 
Complete recovery of conditioned reflexes de- 
pendent upon analyzers, other than the one which 
has been directly mjured, occurs after a few days, 
analyzers nearest to the excised area recovering 
later than those farther removed Incomplete re- 
covery of the mjured analyzer eventually takes 
place 

The Acoustic Analyzer is centered m the 
temporal lobe Extirpation of both temporal lobes 
IS followed by a very temporary loss, if any, of 
the auditory uncondi/tioned reflexes (e g , pncL- 
mg of the ears to sound) The auditory conditioned 
reflexes may not return for several weeks or even 
months, and are never fully restored The finer 
and more discmnmatmg reactions are perma- 
nently lost Discrimination (p 1061) of the m- 
tensity, pitch and quahty of sound is possible, 
but the powers for more comphcated analyses and 
S 3 mtheses are not regamed The animal, for ex- 
ample, never answers to its name, and the differ- 
entiation of other types of compound auditory 
stimuh (p 1063), e g , a descendmg from an as- 
cendmg scale of tones, cannot be established * 

* An expenment upon the penpheral portion of the 
acousfac analyzer may be mentioned here, smce it has 
a bearmg upon Helmholtz’ theory of hearmg Destruc- 
tion of the organ of Corti m the upper part of the 
cochlea (receptors for lower tones) resulted m a loss of 
conditioned reflexes which had been established to 
tones of the lower part of the musical scale (frequenaes 
lower than 600 d v per mmute) Reflexes to higher 
tones were unaffected 


The Visual Analyzer is situated mamly but 
not exclusively m the ocapital lobe Accordmg 
to Pavlov the visual analyzer is probably spread 
over the entire cortex Complete bilateral extir- 
pation of the occipital lobes causes effects upon 
the visual conditioned reflexes correspondmg to 
those upon the auditory reflexes which follow re- 
moval of the temporal lobes Conditioned re- 
sponses to changes m the mtensity of illu min ation 
(e g , switchmg on a high power lamp) established 
before operation returned upon the fifth day 
followmg the extirpation of the ocapital lobes as 
well as of a considerable area of the cortex lymg 
anterior to them Differentiation was established 
between a luminous aoss and a circle illummated 
to the same mtensity It was found impossible, 
however, to establish conditioned reflexes to spe- 
cific objects, for the reason, most probably, that the 
appearance of an object changes with the illumina- 
tion, with its distance from the eye and the angle 
from which it is observed Its recogmtion under 
different conditions of lightmg, position, etc , there- 
fore reqmres a much greater power of analysis and 
synthesis than that required for the differentiation 
of a flat luminous shape The animal deprived of 
its ocapital lobes is able, nevertheless, to avoid 
objects placed m its path They are detected sunply 
by the changes m illumination (hghts and shadows) 
which their presence aeates 

The findmgs descnbed above, namely, that com- 
plete decortication m the dog abolishes all condi- 
tioned reflexes, and that removal of the temporal 
or ocapital lobes impairs, respectively, auditory, 
and visual conditioned reflexes, but does not 
destroy them permanently and completely, lead 
to the followmg conclusions concemmg the func- 
tions of the cortex, so far at any rate as the audi- 
tory and visual senses are concerned (a) Though 
rudimentary reactions can be earned out through 
subcortical connections, the processes imderlymg 
conditioned reflexes are dependent upon the activ- 
ity of the cerebral cortex (b) The highest powers 
of analysis and synthesis are localized to defimte 
areas, each of which may be regarded as the 
“nucleus” of a given analyzer (c) The analyzer, 
however, is not ngidly confined to this area but 
extends mto other cortical regions m which less 
comphcated types of analysis can be undertaken 
Experiments mvolvmg other analyzers have 
3 nelded evidence pomtmg m the same direction 
These results of cortical extupation cannot be 
directly apphed to the human subject smce the 
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functions o£ subcortical centers of hearing, sight, 
etc., in lower animals have not, as in man, been 
so largely usurped bj the cortex. Nevertheless, 
Pai'lov’s observabons aie, broadly gieakmg, in 
harmony with modem conceptions of cortical func- 
tions (see p 1038) A given sensory function, 
though primarily “centered” m a certain cortical 
area, is, through association tracts, dependent for 
its full de\ elopment upon other areas as welL 

The Eitects of Drugs upov CoNTimoN-ED 
Refeexes 

Cafetne and strychnine increase the effects of positive 
conditioned stnnnli and weaken internal inhibition 
After a dose of less than 1 gram (0 025 to 0 05 gram) 
of the former drug, extraction (inhibition) of a condi- 
tioned reflex is effected with the greatest difficulty 
Bromides act bj strengthening internal inhibition, and 
not by directl} depressing eiatatorj processes, trader 
their influence the extraction of positive conditioned 
reflexes is faahtated Alcohol in moderate doses weakens 
internal inhibition Andrejev and Pugslej haie found 
that the hypercalcemia resulting from parathormone or 
ergosterol o\ erdosage causes an exaggeration of inhibi 
too processes, the after effect of inhibitory stimuh is 
enhanced and extraction of posiUi e conditioned reflexes 
accelerated 

The Physiologv of Seeep 

THE DEPTH OF SEEEP 

The depth of sleep is not constant throughout 
the sleeping penod but vanes from hour to hour 
Experiments upon man m which auditory stimuh 
were employed to arouse the subject at different 
tunes, or the movements of the sleeper were 
recorded (the depth of sleep being assumed to be 
ersely related to the amount of muscular move- 
ment) radicate that the depth of sleep follows a 
characteristic cun e In most adults sleep deepens 
rapidly to the end of the first hour, after which it 
lessens sharply for a time, and then more slowly 
till the time of waking In children the sleep curve 
shows two maxim a, i e , two periods of the deep- 
est sleep, one of these is reached m the first or 
second hour, the other between the eighth and 
ninth hours, the cune then falls rapidly to the 
time of waking Generally speakmg, sleep taken 
dunng the daytime is lighter than that dunng the 
nighL Deep sleep is dreamless, dreams occur 
onh during light sleep and chiefly m the penod 
which just precedes waking In sleep, uncon- 
saousness is not umfonn for all senses, the depth 
of sleep IS greatest for the sensations of smell 
and least for those of para, hearing and touch. 


The sleep requirement of different persons vanes 
widely', it also alters with age. The following are 
average figures for the hours of sleep required at 


different penods of life. 

iffsri 

New-bom infant 

18 to 20 

Growing children 

12 to 14 

Adults 

7 to 9 

Old persons 

5 to 7 


PHYSIOLOGICAL CHA^GES ACCOIIPAN’YIKG SLEEP 

During sleep most bodily functions are reduced 
to their basal levels The blood pressure is lowered 
the systobc pressure showing a decline of from 10 
to 30 mm Hg The lowest lex el is reached about the 
fourth hour of sleep, and remains at this lex el until 
a short tune before avrakerung, when the pressure 
commences to nse again. MacTl’iUiazn found that 
if the sleep was disturbed bv exciting dreams the 
blood pressure might be elexated well aboxe the 
normal waking level, of 125 or 130 mm Hg The 
pulse rale is slowed by from 10 to 30 beats The 
metabolic rate is reduced by from 10 to 15 per cent 
below the basal lex'd and the rectal lempcralitre 
by a fraction of a degree Fahrenheit. The heat- 
regulabng mechanisms are depressed The res- 
pirations are slowed as a rule, and are said to 
become more costal m character, they also tend to 
become irregular or penodic. Muscle tone is muu- 
mal, the knee jerk is abolished, and a positix-e 
Babinski may be present. The thresholds for most 
somatic reflexes are defimtely' raised Vasomotor 
reflexes, however, are more actixe. In most am- 
mals the righting reflexes are abolished The pupils 
are usually' constneted, the light reflex is retained 
The eyeballs are turned upwards and outxvards 
Urine volume is reduced, but the absolute excre- 
tion of urinary' phosphate is mcreased, and the 
specific gravity raised. The secretion of the sweat 
glands IS considerably mcreased, according to 
Hartndge the quantity of fluid lost per hour m 
sleep IS nearly equal to that lost during a corre- 
sponding period of strenuous muscular exercise. 
Plasma volume is reduced by about 10 per cent. 
Gastric secretion is mcreased or httle altered durmg 
sleep The contractions of the emptx' stomach con- 
tinue and may be more xigorous than usual, the 
rate of digestion is about the same as durmg the 
lYakrag state. Lacrymal and salivary secretions are 
reduced. The EEG durmg sleep is described m 
chapter 68 

It max be of mterest to gix e an account of the 
effects upon the nervous system of prolonged 
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wakefulnfess In Kleitman’s human experiments 
the subjects were kept awake for pej;iods ranging 
from 60 to 114 hours The knee jerk remamed 
unaffected but disappeared promptly when the 
subject went to sleep at the tenmnation of the 
penod of forced msomnia, and a positive Babinski 
was obtainable The latter was attributed to the es- 
tablishment of a block m the corticospmal path- 
way The pupillary response remamed bnsk 
throughout the wakeful penod There seemed to 
be httle impairment of the mental processes, and 
the reactions to auditory and visual stimuli were 
as prompt as usual The threshold for pam stimuli 
was defimtely lowered, whereas that for touch 
was imaltered The power to mamtam equiltb- 
num, as judged by the ability to stand with the 
eyes closed, was grossly impaired This defect 
was attributed to neuromuscular fatigue and the 
consequent reduction m muscle tone, rather than 
to any impairment of lab 3 T:mthme function itself 

Tyler, m more recent experiments upon some 
600 human subjects who went for penods of up to 
112 hours without sleep, found no significant 
changes m blood chemistry, hemoglobm, red or 
white ceU count, body weight or temperature, and 
only slight changes m blood pressure, respurations 
and heart rate Notable psychological changes, 
however, were observed, e g , loss of memory, 
imtabihty, mattention and hallucmations or illu- 
sions These alterations m behavior were notice- 
able after from 30 to 60 hours of sleeplessness, and, 
though mild m most subjects, m a few, they were 
severe and resembled those of acute schizophrenia 

The penod of wakefulness which would be lethal 
for the human subject is not defimtely known 
Dogs may die after bemg kept awake contmu- 
ously for 14 days, though they may survive for 
much longer penods Young animals are much 
more susceptible to loss of sleep than older ones 
Changes m the nerve cells of the cortex, e g , 
chromatolysis and shrinkage of the cell bodies, 
have been descnbed as resultmg from prolonged 
penods of enforced wakefulness m animals 

THEORIES OF SIEEP 

The cause and nature of sleep have aroused 
speculation from the time of the Greek philos- 
ophers, but though hypotheses are many and often 
ill-founded, facts which might throw light upon the 
underlymg processes are few and difficult to obtain 
A discussion of only some of the many theories 
will be undertaken 


(1) Neuron Theory (L6pme, Duval) This theory 
arose from the demonstration by Cajal that there 
was not anatoimcal contmmty between adjacent 
neurons but merely pomts of contact, for which the 
term synapse was later suggested by Foster The 
neuron theory postulated that the function of the cells 
of the higher cortical centers was suspended as a result 
of the retracbon of the dendnfac processes, and the 
consequent break m contact between neurons Though 
some histological evidence was ated m support of this 
concepbon, the theory was mainly speculabve 

(2) Cerebral Ischemia Theory HoweU sug- 
gested that fatigue of the vasomotor center with 
consequent vasodilatation of the penpheral ves- 
sels, especially of the skm, and reduction m 
cerebral blood flow was the primary change re- 
sponsible for the onset of sleep The flushed skm 
of the sleepmg subject, the fall m blood pressure 
and the weU-known feelmg of drowsmess foUow- 
mg a meal (which presumably was the result of 
the diversion of blood to the splanchmc area) 
lent plausibihty to the theory From anaent times 
the carotid artery (karoS = I sleep) has been 
believed to be connected m some way with the 
mechanism of sleep, for it was recognized that 
compression of this vessel was not uncommonly 
followed by unconsaousness In later times the 
loss of consaousness following pressure upon the 
neck was attnbuted to vagal stimulation, with 
consequent inhibition of the heart and a reduction 
m mtracranial blood flow We know now that the 
unconsaousness is due to the fall m blood pressure 
brought about through the carotid smus mecha- 
nism 

The unconsaous states caused by a reduction m 
cerebral blood flow are not, however, akin to 
normal sleep Vulpian observed some years ago 
that, though stunulation of the cervical sympa- 
thetic m animals caused cerebral ischemia, sleep 
was not mduced Moreover, Gibbs has shown 
by means of an electrically heated stylet (p 
341) that no dunmubon m blood flow through the 
bram occurs durmg natural sleep It is possible, 
nevertheless, that there may occur a reduction 
m_^the blood supply to a limited area of the bram 
whose activity is essential for the wakmg state 
A limited vascular change of this nature rm^t not 
be revealed by observations upon the total mtra- 
cranial blood flow With regard to the carotid smus 
and its possible relationship to the sleep mech- 
anism, a recent mterestmg observation should be 
mentioned Weiss and his associates descnbe states 
resemblmg normal sleep as resultmg from pressure 
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upon the sinus m certain suscepUble sub 3 ects The 
notable feature of this reaction is that unconsaous- 
ness IS not accompanied by a significant change m 
heart rate, blood pressure or m the blood flow 
through the bram In some instances there was actu- 
ally a nse in blood pressure preceding and dunng the 
unconsaous state The effect of carotid smus stimu- 
lation in these instances appears to have a purely 
nervous basis, the sensory part of the mechanism 
bemg the smus nerve and the receptors m the 
smus wall The bram center or centers mvolved 
are unknown Koch also reported m 1932 that m 
dogs recovermg from anesthesia, stimulation of 
the carotid smus caused the mimediate cessation 
of muscular movement, the head and taff of the 
animal gradually hung more and more limply, or 
as Koch expresses it, “The ammal smks loosely 
together, often on its side, to be as m sleep ” 

(3) CHEinCAi Theories Several chemical theones 
of sleep have been proposed One of the earhest of 
these was that fatigue products, especially lactic acid, 
formed m the tissues generally, acted by depressing the 
funcbon of the cortex. Against this view is the well- 
known fact that one need not be fatigued m order to 
sleep, on the other hand, a person may be unable to 
sleep though utterly fatigued Furthermore, the bram 
tissue actually denves energy from the oxidation of 
lactic aad 

A more recent chemical theory is that of Pieron 
This observer claims that a substance, which he terms 
/typnaioxtn, is produced by the bram tissue and acts as 
a soporific. He claims that the cerebrospinal flmd of a 
dog killed dunng sleep mduces sleep when mjected 
mto another animal KroU makes similar claims, 
statmg that an acetone extract of the bram of a sleep- 
ing or hibemaUng animal will cause sleep when mjected 
into another Holmes has been unable to confirm 
Kroll’s findings An extract prepared by KroU’s method 
either from sleepmg or wakmg animals was found to be 
lethal through its tone effect upon the heart. Ivy and 
Schnedorf have repeated Pieron’s experiments and 
Confirmed his observation. They found that the in- 
jection of cerebrospmal fluid of a dog kept awake 
for several days induced a state of depression reserablmg 
deep sleep in rested dogs, when introduced mto the 
astema magna or cerebral ventacle The effect, how- 
ever, IS probably due, not to the presence of a sleep- 
mduemg substance in the “fatigued" cerebrospmal 
flmd, but to a nse m intracranial pressure, smee the 
mjecuon of cerebrospmal flmd from rested dogs had a 
depr^ng acbon not considerably less than that of 
the fabgued" fluid No evidence m support of the 
thcorj (Dikshit) that auiylchohnc bberabon by the 
brain bssue is a factor m sleep vras secured by these 
observers. 


Zondek and Bier have advanced an interesUng, 
but unsubstanbated theory m which the pituitary plays 
a leading rdle They state that the pituitary dunng the 
wakmg state has a higher concentration in bromine 
than any other tissue but that dunng sleep the bromide 
concentrabon of the gland diminishes while that of the 
medulla mcreases These observers therefore believe 
that sleep is induced through the bberabon of a bromme 
compound from the hypophysis They have named this 
substance bremhormone The evidence upon which this 
theory is based is far from convmcmg 

Other chemical theones, based upon the supposed 
affinity of a subcorbcal area for certam ions, especially 
calaum whose depressant acbon upon nervous bssue 
IS well known, have been advanced, but little substanbal 
evidence has been secured for their support, 

(4) The Diencephalon and Sleep Several ob- 
servabons both clinical and cxpenmental point to 
the existence of a sleep center m the diencephalon. 
Hypersomnolence is a frequent accompaniment of 
tumors of the structures m the floor and walls of the 
third ventncle, or of inflammatory lesions mvolvmg 
the hypothalamic region Hess claims to be able to 
cause sleep m animals by mild electneal stimulabon 
of the diencephalon towards the antenor end of the 
cerebral aqueduct, and Gagel has mduced sleep m 
human subjects during operations by mechanical 
stimulabon of the posterior part of the hypothala- 
mus Hess also reported that ergotarrune mjected 
directly mto the third ventricle mduces sleep 
Ergotamme paralyzes the motor and secretory 
fibers of the sympathebc. Smee the parasym- 
pathebc and sympathebc centers arc apparently 
situated m the hypothalamus, Hess argued that 
the drug by suspendmg the activity of the sympa- 
thetic center caused a preponderance of para- 
sympathehc effects Sleep, he concluded, was a 
parasympathetic function He also draws support 
for his theory from certam mamfestabons of 
parasympathebc activity, namely, the pupillary 
constnebon, bradycardia and vasodilatation which 
accompany sleep Though this observer’s idea 
that sleep is a parasympathebc funcbon requires 
further experimental support before it can be 
accepted, the evidence for the parbapabon of 
the hypothalamus m the sleep mechanism is very 
strong Yet, contrary to the idea that sleep is 
caused by excitabon of some part of the hypo- 
thalamus, other mvesbgators believe that it results 
from the dtpresston of hypothalamic acbvity 
The hypothalamus is thus regarded as contammg 
a wakmg center, sleep foUowmg its destruebon or 
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inhibition ® Ranson and his assoaates, for example, 
have reported that sleep can be readily mduced m 
cats by lesions placed m the postenor and lateral 
part of the hypothalamus or by mjury confined to 
the mammillary bodies, but that it did not result 
from the sltinulaiton of any part of the hypothala- 
mus Harrison also found that electrical stimulation 
of the hypothalamus caused somnolence only when 
the current exerted a destructive action 

Whether the thalamus plajrs a r6Ie m the sleep 
mechanism is unknown Though imconsaousness 
may result from manipulations m the region of the 
thalamus, and a stuporous state may be assoaated 
with a thalamic lesion, true sleep has not been pro- 
duced by either stimulation or mjury 

(5) Pavlov’s Theory Pavlov bebeves sleep 
and mtemal mhibition to be essentially one and 
the same process, i e , sleep is sunply the spread 
(irradiation) of mtemal inhibition over the entire 
cortex with the subsequent mvolvement of sub- 
cortical levels, and mtemal inhibition confined 
withm the boimdanes of a smgle analyzer is a 
localized sleep He was led to this conclusion by 
the behavior of animals durmg his mvestigations 
of conditioned reflex action Drowsmess and sleep 
were frequent accompaniments of all forms of 
internal inhibition e g , inhibition of extmction 
and of delay (p 1060), conditioned and differential 
inhibition, or the inhi bition which ensued spon- 
taneously after the repetition of positive condi- 
tioned reflexes over a long penod of tune An 
ammal, for example, which is quite alert durmg the 
establishment of a reflex to a defimte musical tone 
becomes drowsy and falls asleep m the stand 
durmg attempts to develop differentiation (p 
1061) of a closely sunilar tone, its muscles relax, 
it may snore loudly and other positive conditioned 
stimuh fail to awake iL Moreover, drugs such as 
caffeme (p 1066) which reduce mtemal inhibi- 
tion, and those such as bromides which mcrease 
it, have correspondmg effects upon the mechan- 
ism of sleep As mentioned previously, positive 
conditioned reflexes after havmg been repeated 
over a long penod ultimately undergo inhibition 
At this stage m the mvestigations the experiment 
is frequently termmated by the animal fallmg 

* The electroencephalogram recorded from the cortex 
of the cat after transection at the lowermost limit of the 
medulla is essentially that of the normal waking state, 
after section at the upper border of the pons the elec- 
troencephalographic pattern is that characteristic of 
sleep From this it could be inferred that a wakmg center 
exists somewhere m the bram stem between the two sec- 
tions 


asleep Experiments mvolvmg the use of thermal 
and tactile stimuli are most frequently mter- 
mpted by the onset of sleep, auditory conditioned 
stimifli are the least likely to have this effect 

Protracted, mild stimulation of an extraneous nature 
was also foimd to cause cortical inhibition and lead to 
sleep It has been mentioned (p 1059) that an ex- 
traneous stimulus mduces inhibition, through settmg 
up an mvestigatory reflex, upon repebtion, the m- 
hibitory effect disappears, and the conditioned re- 
sponses return With further repetition, however, the 
extraneous stimulus agam causes inhibition, this time, 
it exerts, of itself, a direct inhibitory effect upon 
the cortex 

Pavlov’s theory has much to recommend iL 
The drowsmess which results from some oft- 
repeated form of monotonous stimulation, e g , 
readmg or bemg read to m a low even voice, a 
dull lecture, or boredom from whatever cause, 
is well known Also, the preparations for sleep — the 
various agenaes m a familiar environment — ^prob- 
ably serve themselves as mhibitory conditioned 
stunuh A dog, for example, which has fallen 
asleep durmg previous experiments may do the 
same when merely brought mto the room where 
the experiments have been performed or when 
preparations are bemg made to repeat them 
The customary hour for retirmg probably acts 
also as a tune conditioned stimulus 

For a cntique of Pavlov’s theory see Denny- 
Brown 

In some experiments described by Pavlov the m- 
hibitory process mvolved the cortex but did not de- 
scend to subcortical levels governing equihbnum and 
the postural reactions of the skeletal muscles The 
ammal assumed a trance-hke or cataleptic state m 
which muscular tone was retamed, the general attitude 
bemg one of alertness It stood with wide-open eyes 
but was qmte unrespionsive to all ordinary forms of 
stimulation Pavlov looks upon this state as a transi- 
tion stage between wakefulness and deep sleep, due to 
a less widespread diffusion of the mhibitory process, 
and similar m nature to hypnosis It is suggested that 
durmg sleep, also, all cortical areas, analyzers as 
Pavlov terms them, are not necessarily under the 
mhibitory influence The alertness of a mother, appar- 
ently m deep sleep, to the shghtest noise made by her 
baby, is a case m pomt. In such an mstance it is the 
auditory anal 3 ^r, or a part of it, which has remamed 
apparently outside the inhibitory influence 

These observations have undoubtedly some bearmg 
upon the producbon of dreams Dreams are evidently 
due to corbcal acbvity especially of the temporal lobes 
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(ch. 68), since they involve vivid memory, and the abil- 
ity to recall and brmg together various sensory impres- 
sions Itvjould seem, however, that the activity of other 
regions possessmg a more critical ability — those areas 
endowed with a higher analytic and synthesizing ca- 
paaty — is m abeyance Hie illogical, uncritical and 
often grotesquely absurd character of dreams is well 
known, yet the mental pictures are often drawn with 
great vividness, and a stimulus which in the waking 
sUte would leave httle impnnt upon consciousness is 
sometimes magnified enormously dunng sleep As 
Descartes says, "A flea bit me and I dreamt of a sword 
cutl” Sensations ansing in the viscera, such as those due 
to hunger, a distended stomach or bladder, thirst, etc., 
which dunng the day may cause no more than a passing 
thought may give rise to dreams filled wuth the most ex 
atmg events It has been mentioned that dreams occur 
only dunng hght sleep, that is, at a time when one would 
expect the internal mhibitory process to be restneted 
to the more highly speaalized parts of the analyzers 
and before it has spread to mvolve the entire cortex 
Dreammg may therefore be reasonably looked upon as 
bemg dependent upon a state of partial sleep — certain 
areas of the cortex being freed from the restraint which 
during the day is exercised by more cnticnl regions 

(6) Ku.miAK’s Theory According to Kleitroan, 
sleep is due to the inactivity ol the cerebral cortex 
resulting from a reduction m the number of aSereni 
impulses, espeaally from the muscles, reaching 
the sensonum Fatigue of the neuromuscular 
mechanism mediatmg musde tone, with conse- 
quent suppression of impulses from musde pro- 
pnoceptors, is considered to be the most important 
factor m the onset of sleep Accordmg to this 
author loss of musde tone is an invariable prdude 
to sleep 

Kleitman daims to have demonstrated a diurnal 
variation m the speed, accuracy and steadiness 
with which certam muscular acts arc performed 
The effiaency of performance was maximal in the 
afternoon and mmimal late at mght and in the 
early morning It is suggested that the vanabflity 
is due to a corresponding rhythm in the tone of the 
skeletal musculature But quite apart from these 
experiments, many observations give credence to 
the theory that cortical inactivity resultmg from 
the blockage of afferent impulses is an important 
element in the onset of sleep The exdusion of 
stimuli from visual, auditory and cutaneous recep- 
tors and the dumnution of the flow of propriocep- 
tor impulses as a result of muscular relaxation, 
are wdl-known means employed to mduce sleep’ 
whereas cortical activity, whether from psychic 


causes— anxiety, worry, exatement, etc —or as a 
result of impulses set up in cxtcroceptors or musde 
receptors, prevents sleep In extreme fatigue when 
musde tone is presumably at a minimum and the 
threshold of other afferent paths also probably 
raised as well, sleep comes on irresistibly Klcit- 
man and his associates found that after a prolonged 
period of wakefulness the only way m which they 
could keep from falling asleep was by moving 
about, or at least remaining m a standing or sittmg 
position Upon lying down and permitting their 
musdes to rdax they were immediatdy over- 
powered by sleep Jacobson found that piersons 
whom he had taught certain procedures for induc- 
mg progressive muscular relaxation fell asleep while 
they were relaxing 

An attempt has been made by KIcitman to 
reconcile the cortical theories of sleep with the 
undoubted fact that the hypothalamus is in some 
way concerned in the sleep process 

That sleep is not solely dependent upon the 
cortex IS evident from the fact that decorticated 
dogs show periods of sleep alternating with inter 
vals of wakefulness The sleep rhythm m these 
animals is not, however, related m any wmy with 
night and day but consists of a number of shorter 
or longer periods throughout the twenty-four 
hours The sleep periods occur most constantly 
after feeding Dunng the waking penods the 
animals walk around almost mccssantly Lower 
orders m the animal scale in which the cortex is 
rudimentary and which, in consequence, arc 
unable to develop a wude vanety of conditioned 
responses show a similar sleep rhythm This more 
pnmitive sleep mechanism is dependent conceiv- 
ably upon a center located at a subcortical level, 
and most probably in the hyTothalamus We mav 
regard it as presiding over vegetative functions 
and actmg contmuously to keep the animal asleep 
unless inhibited by impulses ansmg out of the 
more pnmilive processes and reactions, c g , 
hunger, thirst, cold or distension of the bladder 
or rectum 

The diurnal sleep rhythm, that is, the ability to 
keep awake throughout the day, is dependent, on 
the other hand, upon the development of condi- 
tioned reflexes So long as the cortex can bring 
its analyzing ability to bear upon the stream of 
impulses received from the different distance re- 
ceptors, muscles, skm, etc , the functions of the 
primitive sleep center are held in abeyance With 
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the spread of internal inhibition over the cortex, 
or as a result of the elimination of stimuli from the 
periphery, the center asserts itself, and the subject 
IS unable to remam awake The diumal sleep 
rhythm is therefore an acquired phenomenon — 
not mbom Infants and very young animals do not 
show it but, like decorticated animals, have several 
sleeping penods throughout the day 

Those who believe that sleep results from the m- 


hibition of a wakmg center m the hypothalamus 
take a somewhat different view According to them 
sleep IS a negative rather than a positive state, that 
is, it IS due to the inactivity of the waking center 
The activity of this center it is conceived is 
mamtamed by impulses received from the cortex 
Cortical function is dependent in turn upon a 
flow of impulses along vanous afferent channels 
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General Structure and Divisions 

The cerebellum consists of a narrow central body, the 
vermts (or worm) and two lateral masses, the right and 
left cerebellar hemispheres On its upper surface the 
demarcation between the vermis {superior vermts) and 
the hemispheres is sbght. Upon the under surface the 
hemispheres are separated by a deep depression— the 
vallecula, the floor of the latter is formed by the in- 
fenor surface of the vermis The mfenor aspect of 
the vermis {inferior vermis) consists of four subdi- 
visions, these are called m order from before back- 
wards the nodule, uvttle, pyramid and tuber On either 
side and contmuous with the nodule, is an elongated, 
somewhat lobulated structure called the flocculus 

The cerebellar surface is not convoluted like the 
cerebral cortex but is divided by parallel and curved 
furrows mto numerous lammae or foba (leaves) The 
total cortical area of the human cerebellum is about 
100,000 sq mm , or less than half that of the cerebral 
cortex 

Though the division of the cerebellum mto the ver- 
mis and two hemispheres possesses considerable de 
scnptive value, comparahve neurologists (chiefly Bolk, 
Ingvar, Elhott Smith and Larsell), have suggested’ 
other divisions which possess greater sigmficance from 
a phylogenetic and functional point of view In Larscll’s 
descnption the cerebellum is divided into two funda- 
mmtal or primary parts, (a) the small flocculonodular 
lobe or vesu^ar part, and (b) the combos ~ce?ebelh 
which is predommantly concerned with'the integration 
of propnoceptive impulses (from the muscles) These 
too parts are separated by a deep fissure-the postcro- 
lat^lfUsure^vihicb. is present m aU vertebrate brains 

Tan flocculonodular lobe, the most ancient part of the 
cerebeUum, comprises the flocculus and the nodule. It 
18 developed from the structures m the region of the 
Ktibular nuclei The corpus cerebclli, wbch mcludes 
the rest of the cerebellum, is separated from the floc- 
^onodular lobe by tha fissura poslerolaleralis, and is 
Sot si i fi-re-the/rmra /rmio 

S hn^l‘"l rr subdivisions, 

the Img^, lobulus centralis and cnlmen The posterior 
Me mcludes the lobulus simplex, dechve, tuber pZ. 
md and uvule, together with the assoaated narfa 

h.^wT ^ ^ the Paraflocculus (fig 701) In 

oftlisr, , prepyramidahs The nart 

m front is sometimes referred to as the 


middle lobe of Ingvar (Cg 70 1), from the functional 
view this 13 a convement subdivision The flocculonodu- 
lar lobe, the anterior lobe, and the lobulus simplex, 
pyramid uvalc and paraflocculus of the postenor lobe 
arc the phylogcnclically old parts of the cerebellum and 
arc referred to as the paleocerebellum The remainder of 
the cerebellum, i e , the lateral expansions or hemis- 
pheres (ansiform lobules) declivc and tuber (supenor 
vermis) are late acquisitions, and constitute the neo- 
ccrebellum, they correspond to most of Ingvar’s middle 
lobe, and appear m phjlogcnctic development at about 
the same time as the cerebral cortex and pjTamidal 
tracts, and the pons The ncoccrcbcllum, cerebral cortex 
and pons arc absent or rudimcntarj in submammahan 
forms ' 

The paramedian lobule (or tonsil) is a small compact 
mass lying on cither side of the infenor vermis The 
ansiform lobule, which constitutes a large proportion 
of the postenor lobe and forms the expanded lateral 
mass of the hemisphere, reaches its greatest develop- 
ment m the human brain, its function is concerned with 
the tonus adjustments required in the performance of 
skilled muscular movements 

INTERNAL STRUCTURE 

^\^lcn sectioned m the sagittal plane each hemi- 
sphere of the cerebellum presents a branc hing 
izhite jiattcr which f rom its foliage like 
appearai^, has bee n named the arbo r nlac The 
terminal branches of the white matfer arc^v’ered 
with a coating of gray substance which constitutes 
the cerebellar cortex The leaf-likc structures so 
formed are spoken of as folia, and are responsible 
for the laminated appearance of the cerebellar 
surface (fig 70.2) Unlike the cortex of the cere- 
brum all areas of the cerebellar cortax show a uni- 
form histological structure 

The gray matter 

Tm Cortex Three cell layers are distin- 
guished 

HMccular {or plexiform) layer is outer- 
most and consists largely of unmyelinated nerve 


sistsmerplir rvf „ k J viampre>;, and con- 

outgrou th^frora of nenous tissue formed b\ an 

Lie of hS?, 
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fibers denved from (a) the white substance, (b) nm transversely m relation to the long axis of the 
the cells of the two underlying layers, and (c) folium and arborize by means of collaterals 
the cells wi thin this layer itself The cells of the around the bodies of several PurLmje cells They 
molecular layer are arranged m a deep and a super- are referred to as “basket” cells (see fig 70 3) 



Floccufonodulor lobe 


Fig 70 1 Divisions of the human cerebellum (After Larsell, modified ) Afferent fiber connecbons stippled 
vestibular paleocerebellum, diagonals, spmal paleocerebeUum, dear, corticopontocerebeUar, neocerebeUum. 


SuppRioR Peduncle 



Fig 70^ Diagram of the cerebellar peduncles (redrawn from Vilhger) 

fiaal stratum, tteir axons synapse with t^ (2) The intermediate larger of Pu rkame^aih 

mje cells, w hose dendrites abomze throughout this The large flask-shaped bodies of these cells, which 
layer The cells of the superfiaal stratum are small, are pecuhar to the cerebellum, form a layer be- 
star-shaped and few m number The deep stratum tween the molecular and the granular layers Their 
IS composed of larger stellate cells whose axons dendntes pass outwards mto the molecular layer 
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where they arhonze liminantly, as just men- 
tioned, collaterals of axons of the basket cells 
arborize around their bodies The axons of the 
Purkmje cells enter the white substance, and end 
by synapsing with cells m the cerebellar nuclei 
The Purkinje arborizations extend outwards 
through the entire thickness of the molecular 
layer They are spread out or flattened m the 
transverse plane of the folium, thus resembhng a 
vme tramed against a waU rather than a bush 
The body of the cell is flattened m a sunilar 
manner 


than the nucleus dentatus, which is found only 
m mammals The fastigial nudei, which are the 
most anaent of all, he near the midhne on 
either side m the roof of the 4th ventncle 
They receive fibers from the paleocerebellum (an- 
tenor lobe, pyramid, uvule and flocculonodular lobe), 
and from the vestibular nuclei and 8th nerve 
through the infenor peduncle, they also project to 
the vestibular nuclei The globose and emboliform 
nuclei, which are placed more laterally than the 
roof nuclei receive fibers chiefly from the antenor 
lobe The globose nucleus also receives fibers from 
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CELL 



ICIZCUUB USER 

^ — LOEB OP ronnHre cma 
(HUSDUm U3PB 


TIBIR 

■PBOu huole omBELum pnxraon 
TO SOPHIIOH OnUBELIJUl PIIDRCIS 

•mOH UTORIOH CHiaEIiAR lEDDJCIZ 
orariiE Kunajs 

Fio 70J Diagram to show structure of cerebeUar cortex G. granule ceU, B, “basket” cel] 


(3) The^gmnu^jJa^, which rests upon the 
white matter, is composed of smaU, round, closely 
pa^ed cells, and numerous nerve fibers The 
cefe possess four or five dendntes which end m a 
Mt of branches dose to the cell body and connect 
mth ^ose of neighboring cells One long process 
(axon) of each extends mto the molecular layer 
where it romects with the dendntes of a large 

D^rnr’i ? ^ via the infenor cerebeUar 
pedundes make connections with the granule cells 

The cerebeJlcr nuclei 

nit?™*'”"” I”" “P*- 


Ae flocculonodular lobe. Both nudei project 
through the supenor pedundes to the large-ceUed 
nuc eus of the red nucleus The more lately acquired 
dentate nudeus, which is placed most laterally, is a 
large, crenated mass of gray matter, bent acutdy 
upon i^lf It received fibers from the neocerebel- 
um chMy from the Purkmje cdls of the ansiform 
d e. t projects through the sujjenor cerebellar 
p^unde to the small-celled nudeus ot the red nu- 
cleus (Md to some extent also to the large-ceUed 
nudeus), and to the ventrolateral group of the 
thalamic nudei (fig 70 4) 

The white matter, connections of the cerOidlum with 
0 ler parts of the central fiervous system — 
C€rd)dlar peduncles 

the hemispheres is com- 
posed of (a) tryechon.^^^ le, fibers -which 
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l eave or enter the cerebellu m v i a the ped uncles , 
(b) associah07i fiber s, which connect dififereiit 
regionsof the same hemisp here, and (c) coimmSz 
s ural fibe rs connecting ^corticaL areas of -the two 
hemispheres 

The flocculonodular lobe, mainly the nodule, is 
connected by both afferent and efferent fibers 
(relayed m the fastigial and globose nuclei) ^vith tlie 
vestibular nuclei The antenor lobes and the ansi- 
form lobules receive spinocerebellar and ponto- 
cerebellar fibers, respectively, and project to brain 


aroused by tactile stimuli to the cortex of the parame- 
dian lobule of the postenor lobe and to the lobulus sim- 
plex of the antenor lobe 

(3) Vestibulocerebellar tract from the vestibular nu- 
clei of the same side, and also directly from the ves- 
tibular nerve They pass to the three cerebellar nuclei 
(nucleus globosus, nucleus emboMormis and mainly to 
nucleus fastign) and are relayed to the cortex of the 
flocculonodular lobe and of the uvule 

(4) Olivocerebellar tract ansing m the infenor olive 
of the opposite side and to some extent m the nucleus 
of the same side, the fibers of this tract end in the cor- 



BECUSSATIOM 
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Fig 704 Diagram of a horizontal section through the cerebellum to show the cerebellar nuclei (viewed from 
in front) 


stem and nuclei thalamus The fibers, afferent and 
efferent, connecting the cerebellum with extracere- 
bellar regions are all earned m three large bundles 
called the mfertor, middle and superior cerebellar 
peduncles 

The Interior Peduncles (Restiforu: Bod- 
ies) Its fibers are predommantly afferent and 
convey non-sensory impulses from the labyrinth, 
joints, voluntary muscles and skm (tactile) Its 
constituent fiber tracts are (figs 70 2 and 70 5) 

A Aferent {entering) fibers 

(1) Dorsal {posterior) spinocerebdlar {direct cerebellaf) 
tract The fibers of this tract end in the cortex of the au- 
tenor and postenor lobes of both sides but mainly of 
the same side Some fibers also end m the nodule 

(2) Dorsal external arcuate fibers (p 990) from the 
nucleus graalis and cuneatus of the same side, and the 
ventral external arcuate fibers from the correspondmg 
nucleus of the opposite side These fibers carry impulses 


tex of those portions of the vermis and hemispheres 
constituting the postenor lobe 

(5) Fibers of the 5th nerve and possiblj' of the 9th 
and 10th nerves n hich terminate in the p 3 'ramid, uvula 
and paraflocculus 

(6) Tectocerebellar, from the colhculi to the cerebel- 
lum, the exact course and termination of this tract is 
unknotim 

B Efferent {leaving) fibers 

(1) Fastigiobidbar {or cerebellovestibular) tract This 
IS a pathway from the flocculonodular lobe and the roof 
nucleus to the vestibular nucleus, and the reticular for- 
mation of the medulla Impulses are relayed from the 
medulla via (i) the reticulospinal and the vestibulo- 
spinal tracts to the spinal centers, and (ii) the medial 
longitudinal fasaculus to the nuclei of the ocular nerves 
and into the antenor ground bundle of the cord 

(2) Cerebello-ohvarv tract to the infenor olives of 
both sides The latter are connected with the spinal 
centers through the ohvospinal tracts (p 994) 
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Fig 70^ Diagram of chief cerebellar connections Afferent fibers black, efferent fillers, red R N , red nucleus, 
D , dentate nucleus, N F , fastigial nucleus, N P , pontine nuclei, V N , vestibular nucleus, N G C , nuclei 
graalis andcuneatus, S G , cdl of Scarpa’s ganglion, C C , Clarke’s column (dorsal nuclcusl 1, dentalothalamic 
tract, 2, cerebellorubral tract, 3, temporopontine tract, 4, rubrospinal tract, 5, \entral (indirect) spinocerebellar 
tract, 6 fastigiovestibular tract, fi’, fastigiobulbar tract, 7, external arcuate libers passing from N G C to cerebel 
um, 8, fasacub gracilis and cuneatus, 9, vestibulospinal tract, 10, dorsal (direct) spinocerebellar tract 


The Middle Peduncles (Brachta Pontis) 
are also mainly afferent Each contains 

(a) fibers which anse from cells of the pontine nuclei 
and end in the cortex of the postenor cerebellar lobe 
(decltve, tuber, and the ansiform and paramedian lob- 
ules) of the opposite side, but also in smaller numbers 
to the homolateral hemisphere and vermis These fibers 


constitute the sccondarj’ neurons of the temporoponitne- 
ccrefcef/ar and \.hofrontoponlint cerebellar tracts (b) fibers 
■which pass from the cerebellar nuclei to the hemisphere 
of the opposite side (sec fig 70-5) 

The Superior Peduncles (Brachta Covjunc- 
tivae) enter into the formation of the upper part 
of the roof of the 4th ventricle and plunge into the 
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mid-bram just beneath the infenor coUicuh The 
supenor cerebellar peduncle contains both efferent 
and afferent fibers but is composed predominantly 
of the former It is through the supenor peduncle 
that the cerebellum exerts its mam influence upon 
the skeletal musculature 

A The efferent fibers anse chiefly from the dentate 
nucleus, but a few are also denved from the nuclei glo- 
bosus and embohfonnis The Purkinje cells of the cere- 
bellar cortex constitute the primary neurons of these 
paths The fibers decussate m the mid-bram with those 
of the opposite side and then divide mto an ascendmg 
and a descending group 

(1) The ascending fibers pass (a) directly to the lateral 
ventral nucleus of the thalamus where the impulses are 
relayed to areas 4 and 6 of the cerebral cortex, (b) from 
the dentate nucleus to the smaU-celled nucleus (« pamo- 
cellulartt) of the red nucleus, and from the globose and 
embolhform nuclei to the large-celled nucleus (m magno- 
ceJlularts) The impulses reachmg the smaU-celled nu- 
cleus (from dentate nucleus) are relayed via the rubro- 
thalanuc tract to areas 4 and 6 of the cerebral cortex 

It will be noted that the ascendmg fibers cormect 
one cerebellar hemisphere with the red nucleus, thala- 
mus and cerebral cortex of the opposite side, but, as a 
result of the crossing of the rubrospmal and pyranudal 
(corticospinal and corticobulbar) tracts, each cere- 
bellar hemisphere is ultimately connected with the 
same side of the bram stem and spmal cord 

(2) The descending fibers termmate around cells of 
the reticular formation of the pons, medulla and cervi- 
cal cord 

B The afferent fibers of the supenor cerebral pedun- 
cle are 

(1) The ventral (mdirect) spmocerebellar tract 
This ascends through the medulla and pons and reach- 
ing the upper level of the latter turns backwards, 
arches over the pieduncle, enters the antenor medullary 
velum, and passes withm this to the cerebellum The 
fibers end m the cortex of the anterior lobe mainly 
of the same side 

(2) The teclocerebellar tract, composed of fibers which 
ongmate m the supenor colhculus It probably con- 
ve 3 rs retmal impulses and so constitutes a pathway for 
visuocerebellar reflexes 

Afferent-efferent (cerebro-cerebello-cerebraT) circuit 
This consists of fibers (fronto-pontme) from areas 
4 and 6 of the cerebral cortex to the pontme nuclei, 
from the latter through the opposite middle cere- 
bellar peduncle to the dentate nucleus, from this 
nucleus (desenbed on p 1074) via the supenor pe- 
duncle to the bram stem where they cross to the red 
nucleus of the opposite side, thence to the postenor 
ventral nucleus of the thalamus, whence they return 


to areas 4 and 6 of the cerebral cortex Through these 
paths a steadymg action is exerted upon voluntary 
movements imtiated through the pyramidal tracts 

The fibers reachmg the cerebellar cortex via 
the peduncles are of two mam types (a) "mass 
fibers,” which end m moss-like ^pendages around 
the cells of the granular layer (fig 70 3) and (b) 
dtmbing fibers, which pass outward to the molecu- 
lar layer, here they give off collaterals resemblmg 
the tendrils of a vme which appear to cling to the 
arbonzations of the Purkmje cells According to 
Cajal the climbmg fibers are denved from the 
vestibular and pontme nuclei, whfle the direct 
spmocerebellar and ohvocerebellar tracts are con- 
stituted of moss fibers Through their connections 
with the cells of the granular layer each moss fiber 
IS connected mdirectly with a large number of 
Purkmje cells, whereas a climbmg fiber is m com- 
mumcation with only one or two Purkmje cells 

The Expeeimentai. Study of the Cerebellum 

EFFECTS OF EXaSION OF THE CEREBELLUM AND OF 
SECTION OF THE PEDUNCLES 

The earhest experiments upon the cerebellum 
were performed by Rolando (1809) and the French 
neurologist Flourens (1822) The latter removed 
the cerebellum of pigeons m which he observed, as 
a result of the ablation, grave disturbances of equihb- 
num and abnormal postures of the wmgs, neck 
and limbs Luciam, m the later part of the 19th 
century, earned out cerebellar ablations upon dogs 
and observed three cardmal effects (a) muscular 
weakness or asthenia, (b) a reduction m muscle tone, 
which he called aionia (really hypotoma), and (c) 
unsteadmess of voluntary movement, to which he 
gave the name astasia These defects which appeared 
about a month after the operation gave nse to a 
coarse, jerky tremor upon attemptmg to perform any 
voluntary act 

Disequihbnum, due to the removal of the ves- 
tibular impulses, which is readily demonstrated m 
monkeys, causes a staggermg, reelmg, drunken- 
like gait — cerebellar ataxia The animal — dog or 
monkey — stands with limbs spread m order to pro- 
vide a broad base, sw'ays from side to side with 
oscillations of the head 

Another charactenstic symptom of cerebellar 
ablation, and which is also seen m lesions of the cere- 
bellum m man, is dysmetna — the inability to gauge 
the strength or duration of the muscular contraction 
required to execute a certain voluntary act For 
example, if the arm reaches for an object it may 
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ovei^oot tht maik {HpcrTrcina) o' fall siort of it 
(h\pyr-iird) 

Tiie deep reSeies are bet bttle altered after de- 
cerd>ellat 2 ca, tboc^ the hnee jerk, rather tnan 
bemg a bd: teads to be peadular in character The 
pcetural reflexes (of antigra-nt% rmisdes) on the 
vdiole are exaggerated as is also the postoe sup- 
porting reaction. .Ml the labs-rmthme ngnting re- 
flexes are retained, smce their centers be m the imd- 
bram. Decerebrate ngiditj is enhanced, a fact 
first pointed out b> Sherrington, and amph con- 
firmed, detruction of the anteno' lobe alone has 
thB efiect. DecerebellaPon leax-es all tcpes oi sensa- 
tioa unaltered. 

Urla'nd at'a! or Renio\-al of one half ot the 
cetdidluni causes a reduction m tone oi the muscles 
of the same side and a tendencn to tall to that side. 
The bodv mar be cunwl toward the sound side. 

Std on Cj iJ-ep'djrda Section oi all six peduncles 
causes eSects identical mth those comp’ete de- 
cerebdlation, and division of the three of one sde 
results m effects described for unilateral ablation 
In the champanzee, asyrcrg-a, I^pc'or a, cosy fahg- 
abdJy, and a cosrsc Ircrror appear on the same side 
as the sectioi Severance of one supeno- pedunde 
causes at first defects somev-hat sunilar though less 
severe than those foUo-nng unflateral secUon of all 
three pedunde, and is later compensated for 
through those vhidi have been left mtact. Little is 
fcno-Ti with respect to the disabdiUes following sec- 
tion 01 one 0 * both middle i>edundes leron inter- 

rupting the fibers of the rnfenor pedundes causes, 
mamlv, equilibiato'v disturbances (due to dmsion 
of vestibular oonnectioas), and atama as a result of 
the mterruptiQu 01 spmooerebellar fibers Compensa- 
tion through the mtact cerebellar half tends to occur 
later, so that the effects become progresrely less 
severe. 

Even after unilateial section of the three pe- 
dundes, compensation is brou At about after a tunc 
through the remainmg hah of the cerebelluin and 
through the frontal lobes (Botterell and Fulton) 
The experiments ot Mmg and Fulton indicate 
that the nervous mechanism m\-ol\ ed m the produc- 
tion of cerebellar tremor bes m the exatable part 
of the cerebral cortex (area 4 and the upper part of 
area 6), removal of these areas after contralateral 
section of the cerebellar pedundes abolished the 
timer The abiliti to compensate for oetebdlar 
defects depends, apparentl\, upon the premotor 
area (area 6, upper part), removal of whiA is 
followed by maiied accentuapon of the cerebellar 
Egas and permanent impairment of the animal’s 


abilitv to compensate for the cerebellar defect. 
These findings suggest that the "cerebellar” signs 
which are sometimes seen clinically m lesions of the 
frontal lobe are probably due to mvoh cment of the 
premotcr cerebellar connections (frontopontine- 
cerebellar trart) On the other band, removal of 
the motor area (area 4) alone, tempomnly abolishes 
and permanently depr^ses the manifestations of 
cerebellar defiaency 

srnrciATioN or the ceeebeuaf vlcxei 

The following is a summary of the results ob- 
tained by Miller and Laughton 

(a) Farad-C sumulapon of the rndtui derJaius 
causes increased tone of the fleio' muscles of the ip- 
dlateral limbs (biceps btadm and tibialis anUcus) 
together with mhibiUon the tone of the eitenso' 
rmisdes (lateral head of the tnceps, gastrocnemius and 
so’eus) There is increased tone of the trunk muscles 
of the spurulated side with consequent curvature o' the 
bod\ There is no after dscharge in the case of the 
bmb fitio-s, “reboand” occurs in the eitenso*s after 
cessation of the sUmulauox 

(b) Stimulatioa of the nudeus embobfoTnis, glob- 
osus o* fasUgu causes similar hut more intense re- 
sponses Ocular moi ements may occur In the case of 
the nudeus fasbgu strong fiemoa of both forehrobs may 
result. 

The efferent pathwavs fo' these reactions are sna the 
supeno- pedunde, red nudeus and rubresp nal tracts 
m the case of the nuda dentatus, embobforrrus and 
globosus, and through the rnfenor pedunde, vestibu- 
lar (Dater’s) nudeus and vestibulospinal tract m the 
case of the nudeus fasbgu 

Lccahzalion tr ccrcbdiar cmicx 

In recent years representation m the cerebdlum, 
afferent and efferent, has e been shown to be much 
roore orcumscribed than had been supposed Yet, 
even so, locahzabon has not been found to be as 
precisely discrete as in certam regions of the cere- 
bral cortex, e-g., m the motor area. Owing to the 
double crossmg of the pathway for impulses from 
the cerebellum, as they ascend in the mid-bram 
(dentatombial tract) and as they descend to the 
spinal cord (rubrospinal tract), eaA ball of the 
cerebellum exerts its influence mamly on the mus- 
culature of the same ade of the body 
In the decerebrate animal stimulabon of the an- 
terior lobe inhibits the extensor ngiditv, but, as 
already menboned, the latter is accentuated by 
eiaaon of the anterior lobe. In normal animals 
hypotonia is caused by stimulabon of the cortex of 
this part of the cerebellum. 
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Representatioii m the cerebellar cortex of somatic 
receptive areas has been studied by Dow, Snyder 
and his associates, and by Adrian, by means of the 
method of evoked potentials (ch 68) Adnan re- 
corded the potentials evoked m the cortex of the 
anterior lobe of cats and monkeys by means of a fine 
wire electrode inserted beneath the surface Vanous 
receptive areas over the hmbs and face were stimu- 
lated by touch, pressure, joint movement, or stretch- 
mg of muscles (fig 70 6) 



•obului Centralis 
^ulmen 
'7ssuraPnm» 

L Simplex 
LJlnsifonrnis 


ooo Hind bmb 
nut* Fore Limb 
■ ■■ Face 


Fig 70 6 Spmocerebellar receiving areas for hmd- 
limb, fore-limb and face (vibnssae) m the cat, as deter- 
mmed by the method of evoked potentials (From 
Adrian ) 


The representation in the antenor lobe of the dif- 
ferent somatic areas is m reverse order That it to 
say, the hmdlunb area is placed anteriorly to the 
areas for the forehmbs and face Thus, stimulation 
of the hmdhmb evoked potentials from the lobulus 
centralis and an antenor stnp of the culmen, 
stimulation of the forelimb mduced responses 
from the remamder of the culmen, and stimu- 
lation of the face (vibnssae m cat) from the lobulus 
simplex The spmocerebellar impulses from the tail 
are probably received by the most antenorly situ- 
ated part of the antenor lobe, namely, m the Im- 
gula* An even, more precise localization was 
mapped out withm these areas, m the area for the 
hindhmb, the foot is m front of the knee and the 
knee m front of the thigh, m the forelimb representa- 
tion the shoulder m front of the wnst, with the 
wnst and hand followmg m correspondmg order 

Potentials were also evoked from the antenor 
lobe by stimulation (electncal or local apphcation 
of strychnme) of the motor area of the cerebral 
cortex, 1 e , by causmg a discharge over cortico- 
pontme and pontine-cerebellar pathways The re- 
ceivmg areas of these impulses he more laterally 
and extend mto the ansiform lobules The upper 
part of the motor area of the cerebral cortex, (i e , 

* In the giraffe the lobulus simplex is greatly enlarged, 
and m monkeys with a prehensile tni| the Imgiffa is 
elongated 


area for hmdhmb) was found to discharge to the 
contralateral hmdhmb area of the antenor lobe 
(lobulus centralis), the lower part (face area) to 
the lobulus simplex, and the forelimb area of the 
precentral gyrus to the cerebellar area m between, 
namely the culmen (fig 70 7) 



Fig 70 7 Subdivisions of pontocerebellar receivmg 
area m the monkey, showing their connection with 
different parts of the motor cortex (From Adnan ) 

Impulses from the auditory and visual systems 
are also conveyed to the cerebellum Sound, or 
flashes of hght, evoke potentials from an area cover- 
mg the lobulus simplex, dechve and tuber, and ex- 
tendmg laterally mto the ansiform lobule The 
visual impulses are relayed to the cerebellum from 
the supenor colhculus, the auditory from the infenor 
coUiculus The tectocerebellar tracts probably pro- 
vide the pathways for these impulses 

From ablation experiments topographical locah- 
zation similar m character to that descnbed above 
for the spmocerebellar and corticopontmecerebellar 
systems has been demonstrated for the efferent side 
The tail muscles are represented m the Imgula, the 
muscles for the hmdlimbs m the lobulus centralis, 
the forelimb musdes m the culmen, and the cervical 
and facial muscles m the lobulus sunplex Repre- 
sentation of the limbs m the rmddle lobe of Ingvar 
(ansiform lobule, dechve and tuber) has not been 
demonstrated, but from the relatively enormous size 
of this part of the cerebellum m higher mammals and 
from the fact that it (ansiform lobule) is the chief 
receivmg station for corticopontocerebellar fibers, 
it cannot be doubted that it is of paramount impor- 
tance m vohtional movement. 

The flocculonodular lobe, through its vestibular 
connections, is concerned with equihbratory fimc- 
tion, severe disturbances of balance resultmg from 
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overdioot the mark (hypcrmcirta) or fall short of it 
(hypomeina) 

The deep reflexes are but little altered after dc- 
cerebellation, though the knee ]crk, rather than 
bemg a kick tends to be pendular m character The 
postural reflexes (of anUgravity muscles) on the 
whole are exaggerated as is also the positive sup- 
porting reaction All the labyrmthmc nghtuig re- 
flexes are retained, smeo their centers lie in the mid 
bram Decerebrate ngidity is enhanced, a fact 
first pomted out by Sherrington, and amplv con 
firmed, destruction of the antenor lobe alone has 
this effect Decercbcllation leaves all types of sensa- 
tion unaltered 

Umlalcral ablaUon Removal of one half of the 
cerebellum causes a reduction in tone of the muscles 
of the same side and a tendency to fall to that side 
The body may be curved toward the sound side 
Section of the pedundcs Section of all sux pcrlunclcs 
causes effects identical wnth those of complete dc 
cerebellation, and division of the three of one side 
results m effects described for unilateral ablation 
In the champanzec, asyncrgia, hypoioma, easy foltg 
ahhty, and a coarse tremor appear on the same side 
as the section Severance of one supenor peduncle 
causes at first defects somewhat similar though less 
severe than those following unilateral section of all 
three peduncles, and is later compensated for 
through those which have been left intact Little is 
known with respect to the disabilities following sec- 
tion of one or both nuddlc pedundcs A lesion intcr- 
ruptmg the fibers of the infenor peduncles causes, 
mainly, equilibratory disturbances (due to division 
of vestibular connections), and ataxia as a result of 
the mterruption of spmocerebdlar fibers Compensa- 
bon through the intact cerebellar half tends to occur 
later, so that the effects become progressively less 
severe 

Even after unilateral section of the three jjc- 
dundes, compensation is brought about after a time 
throu^ the remainmg half of the cjcrchcllum and 
through the frontal lobes (Botterell and Fulton) 
The experiments of Anng and Fulton indicate 
that the nervous mechanism mvolved m the produc- 
tion of cerebellar tremor hes m the exatablc part 
of the cerebral cortex (area 4 and the upper part of 
area 6), removal of these areas after contralateral 
section of the cerebellar pedundcs abolished the 
tremor The ability to compensate for cerebellar 
defects depends, apparently, upon the premotor 
area (area 6, upper part), removal of which is 
followed by marked accentuation of the cerebdlar 
signs and permanent impairment of the animal’s 


ability to compensate for the cerebellar defect 
These findings suggest that the ''cerebellar" signs 
which are sometimes seen dmically m lesions of the 
frontal lobe arc probably due to miohcmcnt of the 
premotor cerebellar connections (frontopontinc- 
ccrcbcllar tract) On the other han<l. rcmov-al of 
the motor area (area 4) alone, tempornnl> alwlishcs 
and permanently depresses the manifestations of 
ccrcliellar deficiency 

STiMutATiov or Tiir crarnruAP vtent 

The following is a summary of the results ob 
lamed by Miller and Laughton 

(a) Fandic stimulation of the tiudrus dcniatus 
causes increased tone of the flexor murolts of the ip 
silatcra! limbs (biceps lirachii and tibiahs anticus) 
logcthcr with inhibition of the tone of the extenror 
muscles (lateral bead of the tncqis, gastrocnemius and 
sotcus) There is increased tone o( the trunk muscles 
of the stimulated Side with conscriucnt curvature of the 
txxl) There is no after dt«chargc m the case of the 
limb flexors, "relwund” occurs in the extensors after 
cessation of the stimulation 

(h) Stimuhtion of the nucleus cmlxiliformis, gtob- 
osus or (asligu causes similar but more mltn«c re 
sponscs Ocular movements may occur In the case of 
the nucleus fastigu strong flexion of lioth forclimbs may 
result 

The efferent pathways (or these reactions arc \ ix the 
superior peduncle, red nucleus and rubrospinal tracts 
in (he case of the nudei dcniatus, emboUfotmis and 
globosus, and through the inferior peduncle, veslibu 
hr (Dalcr’s) nucleus and vestibulospinal tract m the 
case of the nudeus fastigu 

LocaUzahon sn cerebdlar cortex 

In recent years representation in the ccrclicllum, 
afferent and efferent, have been shown to lx; much 
more arcumscribed than had been supposed Yet, 
even so, localization has not been found to be as 
precisely discrete as m certain regions of the curc- 
bral cortex, e g , m the motor .area Owang to the 
double crossing of the pathway for impulses from 
the cerebellum, as they ascend in the mid brain 
(dcntatonibral tract) and as they descend to the 
spmal cord (rubrospinal tract), each half of the 
cerebellum exerts its influence mainly on the mus- 
culature of the same side of the body 
In the decerebrate animal sUmulation of the an- 
tenor lobe inhibits the extensor ngidity, but, as 
already mentioned, the latter is accentuated by 
excision of the antenor lobe In normal animals 
hypotonia is caused by stimulation of the cortex of 
this part of the cerebellum 
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Representation m the cerebellar cortex of somatic area for hmdlimb) was found to discharge to the 
receptive areas has been studied by Dow, Snyder contralateral hmdlimb area of the antenor lobe 
and his associates, and by Adnan, by means of the Qobulus centralis), the lower part (face area) to 
method of evoked potentials (ch 68) Adrian re- the lobulus sunplex, and the forelimb area of the 
corded the potentials evoked m the cortex of the precentral gyrus to the cerebellar area m between, 
anlcrior lobe of cats and monkeys by means of a fine namely the culmen (fig 70 7) 
wire electrode inserted beneath the surface Vanous 


receptive areas over the limbs and face were stunu- 
lated by touch, pressure, jomt movement, or stretch- 
mg of muscles (fig 70 6) 

Centralis 

Pf/mt 

AW'' '///Jt-L^njiformis 





Hind S 


Fore 

_i ooo Hind Limb 


»««. Fore Limb 



■ ■a Face 

Fig 70 6 Spinocerebellar receiving areas for hind- 
lunb, fore-hmb and face (nbnssac) m the cat, as deter- 
mmed by the method of evoked potentials (From 
Adrian ) 



Fig 70 7 Subdivisions of pontocerebellar receiving 
area in the monkey, showing their connection with 
different parts of the motor cortex (From Adnan ) 


The representation m the antenor lobe of the dif- 
ferent somatic areas is m reverse order That it to 
say, the hmdlimb area is placed antenorly to the 
areas for the forelimbs and face Thus, stimulation 
of the hmdlimb evoked potentials from the lobulus 
centralis and an antenor stnp of the culmen, 
stimulation of the forelimb mduced responses 
from the remainder of the culmen, and stimu- 
lation of the face (vibnssae m cat) from the lobulus 
simplex The spmoccrebellar impulses from the tail 
are probably received by the most antenorly situ- 
ated part of the antenor lobe, namely, m the Im- 
gula® An even, more prease localization was 
mapped out withm these areas, m the area for the 
hmdlimb, the foot is m front of the knee and the 
knee in front of the thigh, m the forelimb representa- 
tion the shoulder m front of the wnst, with the 
vmst and hand followmg m correspiondmg order 

Potentials were also evoked from the antenor 
lobe by stimulation (electncal or local apphcation 
of strychnme) of the motor area of the cerebral 
cortex, 1 e , by causmg a discharge over cortico- 
pontme and pontme-cerebellar pathways The re- 
ceivmg areas of these impulses he more laterally 
and extend into the ansiform lobules The upper 
part of the motor area of the cerebral cortex, (i e , 

’ In the giraffe the lobulus simplex is greatly enlarged, 
and w monkeys with a pr^ensile tail the luig>ila is 
elongated 


Impulses from the auditory and visual systems 
are also conveyed to the cerebellum Sound, or 
flashes of light, evoke potentials from an area cover- 
mg the lobulus simplex, dechve and tuber, and ex- 
tendmg laterally mto the ansiform lobule The 
visual impulses are relayed to the cerebellum from 
the supenor colhculus, the auditory from the infenor 
colliculus The tectocerebellar tracts probably pro- 
vide the pathways for these impulses 

From ablation experiments topographical locah- 
zation similar m character to that desenbed above 
for the spmocerebellar and corticopontmecerebellar 
systems has been demonstrated for the efferent side 
The tail muscles are represented m the hngula, the 
muscles for the hmdlunbs m the lobulus centrahs, 
the forelimb muscles m the cnilmen, and the cervical 
and faaal mustdes m the lobulus simplex Repre- 
sentation of the limbs m the middle lobe of Ingvar 
(ansiform lobule, dechve and tuber) has not been 
demonstrated, but from the relatively enormous size 
of this part of the cerebellum in higher mammals and 
from the fact that it (ansiform lobule) is the chief 
receivmg station for corticopontocerebellar fibers, 
it cannot be doubted that it is of paramount impor- 
tance m volitional movement. 

The flocculotioduhr lobe, through its vestibular 
connections, is concerned with equilibratoiy func- 
tion, severe disturbances of balance resultmg from 
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its ablation Ablation of the nodule in dogs confers 
complete immunity to motion sickness (Bard and 
associates, see page 574) Removal of no other 
part of the cerebellum or of the cerebral cortex has 
this protective action (ch 65) Ablation of the 
noduh and fioatdtis (flocculonodular lobe, p 1072) 
m monkeys or of the nodule and part of the uvule 
(Dow) which causes injury to vestibular paths, is 
followed by pronounced disturbances of balance 
In man a lesion of this part of the vermis is also 
assolated mth disturbances of equilibrium, e g , 
“forced” falling Removal of the nodule alone in 
monkeys is followed by osallation of the head and 
neck (and, m some instances of the whole trunk) 
forced falling backwards and an abducted gait 
The functions of the tmle are largely obscure, 
its destruction alone is followed by some transient 
disturbance of equhibnum Very little is known of 
the function of the pyramid, though it appears to be 
concerned in some way with vision or eye movement 
Its excision causes no defect of balance Ablation of 
the pyramid m the monkey results m an inabihty to 
halt Its forward progression m time to prevent it 
from aashing into some obstacle Faradic stimula- 
tion of the pyramid eliats an upward movement of 
the eyes, and Fulton suggests from this fact and the 
precedmg observation the possibility of the pyramid 
being concerned in some way with the integration 
of propnoceptive impulses essential m judgmg dis- 
tance 

Summary of fundioiial locahzaiton 

(1) All cerebellar activities, afferent and efferent’ 
are earned out beneath consaousness 

(2) In the antenor lobe are represented m regular 
order the vanous receptive and muscular regions of 
the body It is concerned mamly with the adjust- 
ments of muscle tone and synergic action necessary 
for posture It receives spmocerebellar fibers (ven- 
tral and dorsal spmocctebcllat tracts, and dorsal 
external arcuate fibers carrying impulses from the 
nuclei graalis and cimeatus of the medulla) 

(3) The middle lobe oS Ingvar (neocerebellum) is 
the chief receptive region for corticopontinecere- 
bcllar tracts It is most highly developed in higher 
mammals 

(4) The flocculonodular lobe, the most ancient 
part of the cerebellum, is mtimately connected with 
the vestibular apparatus both through the vestib- 
ular nuclei and directly by fibers of the vestibular 
nerve, and therefore constitutes an important part 
of the neural mechanisms underlymg eqmUbratory 
function 


(5) The functions of the uvule and pyramid are 
little known, though the latter probably has to do 
with eye movements and the former, to a mmor de- 
gree, with equflibnum 

(6) Viewed m a broad and more general way we 
see the cerebellum as an organ to which impulses 
from proprioceptors m muscles, joints and vesti- 
bules, extcroceptors of the body surface as well as 
from auditory and visual receptors 

Electrical stimulation of the cortex of the hemi- 
spheres causes no obvious excitatory or inhibitory 
effect, though a rise m excitabflity of the motor 
area of the cerebral cortex can be induced by this 
means, and Miller Sound that the apphcatiou oS a 
J pier cent solution of strychnine to the surface of 
the cerebellar hemisphere caused increased ex- 
tensor tone and dome movements of the limbs, 
chiefly of the same side The effects following 
unilateral excision of one hemisphere (monkey) or 
its decortication are surpnsingly slight, consisting 
of hypotonia, some difficulty in the execution of 
skilled muscular acts and disturbances of gait 
(Botterell and Fulton) These defects involve 
both lunbs on the same side as the lesion and are 
transient, persisting for only a few days (1 to 2 
weeks) 

GENERAL SUIIJIARV OR CEREBELLAR FUNCTION 

Thus, the cerebellum is, as Sbemngton has called 
jt, “the head ganghon of the proprioceptive system” 
Through its afferent connections the cerebellum is 
kept in constant touch with all parts of the nervous 
system havmg to do with voluntary movements, and 
those postural adjustments of a reflex or semi- 
automatic nature which arc required for the main- 
tenance of equilibrium Through its efferent 
connections especially with areas 4 and 6 of the cere- 
bral cortex it brings an mfluence to bear upon the 
vanous muscle groups engaged m a voluntary move- 
ment which enables them to act smoothly and 
steadily as a cooperative whole, similarly, it exerts 
a steadying effect upon the contmuous muscular 
action required for the maintenance of posture, c g , 
holding the head erect, and the trunk poised upon 
the limbs 

Following Beevor, the muscles concerned m a 
voluntary muscular act may be classed m four 
groups ' 

(a) Prime Movers or Agonists, those whose 
contraction is essentiaUy responsible for the move- 
ment of the part 

(b) Antagonists, those which oppose the prune 
movers 
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(c) Synergists, those which assist the prune 
movers and reduce unnecessary movements to a 
minimum 

(d) FiVt\Tiov Muscles, those whose contrac- 
tion causes the fixation of the neighboring joints 
and maintains the limb or body m a position appro- 
priate for carrying out the particular movement 

Normally these muscle groups act as a unit 
The contraction of the prime mover, e g , the bi- 
ceps, IS accompanied by inhibition of the con- 
traction of its antagonist, i c , the triceps The 
reciprocal inhibition, however, is not absolute, the 
antagonistic muscle as showm bj Tilnej' and Pike, 
gives a coincident but weaker contraction, and 
thus serves the function of a “brake” or “snubber” 
to check the action of the agonist At the same 
tunc the fixation muscles of the neighboring joint 
contract, thus enabling the agonist to exert its 
force with a minimum of w’astc effort Anj' increase 
m the force of contraction of the agonist is ac- 
companied by a corresponding nse in tone of its 
opponent (antagonist) Mso, the muscles of fixa- 
tion and the synergists contract more powerfully 
as the contraction of the prime movers increases, 
while groups of fixation muscles and sjaicrgists, 
whidi in a weaker movement remain quiescent, 
may be called into play To give an example, 
when the fingers arc closed with moderate force 
the only fixation muscles which show activity arc 
the extensors of the wrist \\Ticn, however, the 
fist IS dcnchcd forably, musdes of the elbow and 
even those of the shoulder contract to fix these 
joints Through such action betw’ccn the vanous 
musdes taking part in a given act, smoothness and 
steadiness of movement are ensured and muscular 
force thereby economized After destruction of the 
cerebellum these nice cooperative actions arc lost. 
The asyncrgia results in jcrkincss, ovcraction and 
imperfect muscular control (ataxia) ® The force 
of a given muscular movement is not graded \vith 
precision for the w’ork to be done, but “over- 
shoots the mark” This led Babinski to suggest 
origmallv, that cerebellar activity (through the 
cerebral cortex) served as a “brake” to check 
such a tendency, that is, to overcome the inertia 
of the moving part 

* Holmes denies that the cerebellum exerts any 
specific function m respect to the distribution of tone 
among vanous muscles acting synergically The steady- 
ing action which tonic muscles normally exert over 
their antagonists is absent in cerebellar disease but 
Holmes maintains that this is due merely to the general 
hypotonicity 


The Manifestations of Cerebellar Disease 

The signs of cerebellar disease are much more 
pronounced m acute lesions, e g , abscess, hemor- 
rhage or trauma, than in those, e g , tumor, which 
develop more gradually In slowly developmg 
lesions or after the subsidence of acute cerebellar 
disease a certain degree of compensation for the 
cerebellar defect alw'ays occurs The majority of 
the signs of cerebellar disease are the result funda- 
mentally of asjmergia of the voluntary muscles 

Follow'ing Holmes, the chief features of cerebel- 
lar lesions w’lll be considered under the following 
headings (1) hypotonia, (2) asthenia, fatigability 
and slowness of movement, (3) tremor, (4) asynergia, 
(5) decomposition of movement, (6) dysmetria, (7) 
rebound phenomenon, (8) adiadochokinesis, (9) 
vertigo and past-pointing, (10) deviation of the eyes 
and nystagmus, (11) attitude and gait, (12) dis- 
turbances of speech, (13) reflexes 

Hypotonia This is usually a promment fea- 
ture in acute cerebellar lesions The muscles are 
flabby The lunbs for this reason assume un- 
natural attitudes and can be moved passively 
into positions of extreme flexion or extension 
The extremities flop about when shaken vigorously 
and, if the patient is suddenly rotated when stand- 
ing, the arms swing loosely from the shoulders 

Asthenia, Fatigability and SLotvNESS of 
Movement The muscles on the affected side are 
definitely weakened and tire easily The com- 
mencement of any voluntary movement is de- 
layed, and both contraction and relaxation phases 
are abnormally slow Neither hjqiotonia nor 
asthenia arc notable features in chronic lesions and 
it IS probable that in acute lesions hjqiotonia is not 
a result of the cerebellar defect itself but of the 
involvement of neighboring structures It will be 
recalled that hj^potonia was not observed by 
Magnus nor by Anng and Fulton after decerebcUa- 
tion Some also question whether asthenia is a 
manifestation of cerebellar deficit, but Holmes 
considers it to be due to involvement of the 
cerebellar nuclei 

Tremor This is a coarse mvoluntary jerking 
which supervenes upon any attempt at voluntary 
movement (intention tremor), or when the muscles 
are engaged m mamtammg a steady posture (static 
tremor), as in holding the head erect The pyramidal 
tracts are pnmarily responsible for the tremor, but 
normally inhibitoiy impulses arising in areas 4 and 
6, and travelling in the ccrebro cerebello-cerebral 
circuit mentioned on page 1077 e.xert a steadying 
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movement upon voluntary movement, which is lost 
when this arcmt is intemipted in any part of its 
course The tremor is abolished m man by sectioning 
the lateral pvramidal tract (Putnam), as alrcadv 
mentioned removal of areas 6 and 4 abolishes cere- 
bellar tremor in the monkey 

Asynergia It should be pointed out that this 
term as used by Holmes has a much more re- 
stricted meaning than that which is usually given 
to it This observer applied the term espcaally 
to the asynchronism observed between the ac- 
tions of the fixation muscles and the pnmc movers, 
as well as to the lack of cooperation w hich normally 
exists between the musdes of the limbs, trunk and 
neck dunng walkmg and standing, and other acts 
necessitaUng postural adjustments of the various 
members of the body agamst gravity Tor example, 
when the patient is asked to clench his fist, the 
extensors which normally fix the wrist as the 
fingers are flexed, either contract too carl> , and so 
over-extend the jomt, or too late In the latter 
event the ivnst is flexed as the fist closes Also, the 
patient may fall when he throws his head back 
owing to his failure to flex his knees, and so mam- 
tam his center of gravity over his base SimQarly 
when he attempts to sit upon a lov stool he may 
fall backwards because he cannot at the same time 
flex his trunk at the hips 
DECoMPOsmov OF Movesient The patient 
performs acts “by numbers”, to use a militarj’ 
expression When, for example, he is asked, as he 
lies in bed, to extend his arm vertically, and then 
to touch his nose with his forefinger, the latter 
movement is not performed naturally by simulta- 
neously lowermg the arm and bending the elbow 
The extended arm is first lowered to the side, not 
until this position is reached is the elbow flexed 
and the finger brought to the nose 
Dysuetria is the lack of ability to adjust the 
force of the contraction necessary for the accom- 
plishment of a given act For example, whan 
asked to touch a point with his finger the patient 
overshoots the mark or, less commonly, fails to 
reach it Dysmetna m a lower limb may be demon- 
strated by the heel to knee test, when the patient, 
while recumbent, is directed to rest the heel of the 
aSected side upon the opposite knee, he brings 
It m contact with the thigh or with the leg below 
the knee Dysmetna is another manifestation of 
the general lack of synergic muscular control 
Rebound Phenomenon If the patient is asked 
to attempt a movement against a resistance which 


IS then suddenly removed, the limb moxes (orabl> 
in the direction towards which the effort was made 
For example, if the observer holds the \ risl of the 
patient, then asks him to bend the elbow, and, 
while he is making the effort, the forearm is sud- 
denly released, flexion, of the arm occurs with an 
unusual degree of force This rebound phenome- 
non can be atUibutcd to the absence of the “bral ' 
mg” action (p lOSl) of the antagonistic muscles 
ADiADoaiOKiNESis (a pnvituc, dndocho «> 
succession, lincsis » moicment) i5lhenamcgii.cn 
by Babmski to the inability to execute alternating 
morements rapidly, c g , pronation and supination 
of the forearm, or flexion and extension of the 
fingers 

Vertigo and PAsr-PoiNriNr (p 9S2) A\Ticn 
the patient with hus c\cs closal is asl cd to rase 
the arm of the affected side and to toucli a pre- 
scribed mark, tlic arm dcxiatcs outwards, rarch 
inwards When dircctcrl to move the finger in the 
hortsonlol plane and touch the marl the arm in 
some cases, dcxiatcs upwards, in others dowai- 
wards 

DEXTATIOS of the n\T.S AND KiSTACMtS In 
an acute unilateral lesion there may be conjugate 
deviation of the c\ cs to the uninjuretl side WTicn 
the patient is asked to lool at an object in front 
of him the exes move into position but then 'lowjx 
dexnate again to the uninjured side, after full dcxi- 
ation the eyes may return again to the centra] 
position with a sharp jcrl These alternate hon 
ronlal mox cmcnls occur repeatedly and arc known 
as nx-stagmus (p 979) Thougli no deviation of 
the eyes is exadent, nystagmus can sometimes be 
demonstrated in the subject of a cerebellar lesion 
when he is aslcd to turn his eyes towards cither 
the injured or the uninjured side, the eyes arc 
moved m the direction indicated and then deviate 
slowly towards the mid line, only to be returned 
m a senes of jerks toward the pomt in which he is 
attempting to look The nystagmus is due to 
mjury of xcstibulo-ccrcbellar paths (sec also 
p 984) 

Skew dexaation of the eyes is sometimes obscrx'cd 
m acute cerebellar disease 

Attitude and Gait Cerebellar disease some- 
times results m abnormal attitudes The trunk 
may be concave towards the affected side and 
sometimes rotated with the affected shoulder ad- 
vanced Rotation of the head xxith the chin tow ards 
the sound side, and flexed towards the shoulder 
of the affected side is not uncommonly seen in 
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unilateral cerebellar disease (This attitude is 
probably due to an assoaated lesion of the vestibu- 
lar paths in the brain stem ) In standing the body 
IS indmed towards the side of the lesion and tends 
to fall to that side Fallmg backwards or forwards 
may occur (especially m lesions of the vermis) 
The abnormal attitudes of the limbs resultmg from 
the muscular hj^iotonicity when this is present, 
have been mentioned 

The gait is often staggermg, reehng or lurchmg 
m character The patient’s Ime of travel is not 
straight but tends to be curved, the deviation is 
towards the affected side When he is able to see 
his way he attempts to correct his tendency to 
deviate to one side by bnngmg himself back from 
time to time to his mtended hne of travel Thus 
he follows a zig-zag course to his objective. The 
movements of the lower limbs are ataxic, they are 
often thrown about m an awkward, uncontrolled 
manner, the feet are raised unnecessarily high and 
brought down agam clumsily, often in a clapping 
fashion 

Disturbances of Speech are due to asynergia 
of the muscles of phonation and articulation It is 
seen most frequently m lesions of the vermis The 
speech abnormahty may be drawlmg, scanning, 
smg-song or explosive m type. 

The Reflexes The cutaneous reflexes are 
normal and the deep reflexes, with the exception 
of the knee jerk, show as a rule no marked depar- 
ture from the normal The knee jerk is not un- 
commonly pendular m character That is to say. 


when the leg is hangmg free a tap on the patellar 
tendon causes a slower, less bnsk response than 
normal, but one of greater amphtude Also, un- 
like the response of the sound side, the return 
excursion of the leg is not arrested when, as a re- 
sult of the mfluence of gravity, it reaches the 
restmg position, but swmgs beyond Several to 
and fro movements follow before the limb finally 
comes to rest This behavior is evidently due to 
the hypotonicity of the flexor and extensor muscles 
and thus to a lack of the restraimng effect which 
they normally exert upon one another to prevent 
exaggerated excursions of the limb m either direc- 
tion 

Muscle sense and other forms of sensation are 
unaffected m cerebellar disease The foUowmg 
are the pnncipal types of cerebellar lesion (1) 
tumor, (2) abscess, (3) injury, e g , gunshot 
wounds, (4) degenerations of (a) the cerebellar cor- 
tex, (b) the middle and inferior peduncles, (c) 
more rarely, of the cerebellar nuclei and supenor 
peduncles, (d) of the spmocerebellar tracts, e g , 
Fnedreich’s ataxia, a hereditary condition 

A lesion mvolvmg the neocerebellum (supenor 
vermis and hemispheres) is associated with hypo- 
toma, dysmetna, weakness, slowness and ir- 
regularity of voluntary movement, tremor and 
nystagmus In disease of the flocculonodular lobe, 
there are marked disturbances of balance with a 
swaymg, staggering gait and a tendency to fall 
backwards 
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The discovery of the cerebrospinal fluid is gen- 
erally ascribed to Cotungo 0L.iquor Cotunnii) but 
the first dear descnption was pro\nded some 
fifty >ears after Cotungo’s report bj Magendie 
(1825) 

A^ATOMICAl CoVSroEEATION'S 

The dural and the arachnoid membranes form 
the menmgeal covering of the sac which contains 
the cerebrospinal fluid The fluid circulates in the 
subarachnoid space which is for the most part nar- 
row but IS widened mto spaces (ostema) at several 
pomts The prmapal dilatations are the cistema 
magna below the cerebellum and above the me- 
dulla, the cistema pontis on the ventral aspect of 
the pons and the cistema basalis, which contains 
the arde of Willis The subarachnoid space is 
Imed mth flattened epithelial cells and, at mter- 
vals, particularly m assocution with arachnoid 
villi, dumps of phagocytic cells called memngo- 
c^les, which stain like the cells of the reticulo- 
endothelial system, are found 

Site of FoRitAxiONT 

In 1853 Faivre reported the results of a histo- 
logical study of the villous projections of the 
chonoid plexuses into the ventndes of the bram 
He found evidence of secretory' activity in the cells 
covering these vascular structures WTiile this ob- 
servation served to turn the attention of physiolo- 
gists from the concept of Haller and Magendie, 
who beheved that the fluid was formed by the 
leptomemnges, the evidence that the choroid 
plexuses are the prmapal structures concerned 
was not obtamed until quite recently IVhile fur- 
ther histological and pharmacological studies gave 
additional support for this view, physiological 
experiments and observations on human cases have 
provided more condusive results Some of the 
more significant results will be ated (1) WTien the 
aqueduct of Sylvius is ocduded an mtemal hy- 
drocephalus IS produced (Dandy and Blackfan, 
Frazier and Peet), (2) durmg an operation on a 
human case a dear fluid was observed exudmg 
from a choroid plexus (Cushmg), (3) a sustamed 
outflow of fluid, similar m volume to that ob- 
tamed from the subarachnoid space was secured 


from a catheter inserted mto the aqueduct of 
Sylvius (Weed), (4) a unDateral internal hydro- 
cephalus can be produced by obstructing one 
foramen of Monro (Dandy) but there is no excess 
accumulation of fluid when the choroid plexus is 
removed from the lateral ventnde before the 
obstruction is produced These {mints lea\e no 
doubt of the importance of the plexuses m the 
elaboration of the fluid, but there is suggestive 
anatomical ev'idence that the pcnvascular spaces 
(Virchow-Robm), and the ependymal cells of the 
ventndes and the spmal canal may partiapate to 
some degree m this process Each blood vessel 
entenng the nervous system is surrounded by a 
channel Imcd for a distance, vary mg with the cali- 
ber of the vessel, with racsothdial cells These 
penvascular spaces were at one time thought to be 
connected with the lymphatic s\ stem but there is 
no evidence for this The spaces can be traced 
along the blood vessds until a direct communica- 
tion with nerve cells is demonstrated This large 
perivascular area provides a means of communica- 
tion for fluid between the subarachnoid space and 
nervous tissue 

CtRClTLATION 

The fluid formed in the lateral v entndcs passes 
through the foramen of Monro to join that pro- 
duced m the third ventnde and thence through the 
aqueduct of Sylvius to the fourth ventnde There 
is little doubt that the foramma in the roof of the 
fourth ventnde are true openmgs and not arte- 
facts The central one is the foramen of Magendie 
and the lateral openmgs bear the name of Luschka 
Through these channels the fluid passes mto the 
subarachnoid space and reaches the large cisternal 
dilatation (cistema magna) which is situated at 
the medial cerebello-bulbar angle From this as- 
tema the fluid passes slowly down the spmal canal 
withm the arachnoid membrane and then, with 
some loss due to absorption and some gam due to 
formation m the cells Immg the channel, it returns 
to the cerebral subarachnoid space The circula- 
tion upward from the cistema magna is somewhat 
more rapid, and the fluid bathes the base of the 
brain, the cerebral hemispheres, and mdeed the 
whole central nervous system (see fig 71 1) 


lost 


t 
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Absorption 

When a readily diffusible dye is introduced into 
the subarachnoid space its rapid appearance in the 
blood of the venous smuses under certain con- 
ditions demonstrates a possible path of absorption 
of the flmd When the dye is injected mto the 
cistema magna and the spinal canal is blocked, the 
absorption is not significantly lessened This 
indicates that the flmd is largely absorbed from 
the cramal subarachnoid spaces Key and Retzius 
believed that the flmd was absorbed through the 
Pacchioman granulations, but these are absent 
from the brains of infants and are now regarded as 
pathological enlargements of a few of the arach- 



Fig 711 Lateral, horizontal view of the ventncular 
system A, mtraventncular foramma, B, foramen of 
Monro, C, anterior commissure, E, postenor com- 
missure, F, pmeal gland, G, aqueduct of Sylvius, H, 
fourth ventncle, I, (darker shadow) lateral recesses 
superimposed on the shadow of the fourth ventncle, 
J, supenor postenor recess of the fourth ventncle, K, 
foramen of Magendie, L, tonsils of cerebellum, M, 
pons, N, medulla oblongata, O, antenor medullary 
velum, P, Imgula of vermis of cerebellum, Q, postenor 
medullary velum, R, nodulus of vermis of cerebellum, 
S, lamma termmahs, T, choroid plexus and ependyma 
of roof of third ventncle, U, fomix, V, suprapmeal 
recess (from Davidoff and Dyke) 

noid villL By long-contmued slow mjection of an 
isotonic solution of a mixture of potassium ferrocy- 
amde and iron ammomum citrate, Weed was able 
to demonstrate that the particles of Prussian-blue 
formed when the tissue was subsequently fixed m 
acid medium, preapitated m the mesothehal cells 
of the tips of the arachnoid viUi and withm the 
dural smuses mto which these vflli project A 
relatively slow absorption by way of the penneu- 


ral spaces mto the lymphatic system was also 
demonstrated These findmgs have been confirmed 
and it may be accepted that the mam absorption 
of the cerebrospmal fluid is through the arachnoid 
villi mto the great venous smuses The pathway 
postulated by Key and Retzius has therefore been 
established but the numerous microscopic arach- 
noid vilh have been substituted for the Pac- 
chioman granulations 

Mechanism: of Absorption Smce the hydro- 
static pressure m the subarachnoid space is always 
greater than that m the dural smuses, filtration is 
apparently adequate to account for the flow of 
hqmd mto the venous blood stream True solu- 
tions readily pass through the arachnoid villi, 
colloids more slowly, the rate dependmg upon the 
size of the molecule, particulate matter does not 
pass No evidence of any secretory activity of the 
arachnoid viUi has been obtamed 

Composition and Mechanism: of Formation 

In table 97 the amounts of the components of 
the cerebrospmal fluid are compared with those of 


TABLE 97* 

Comparisons of amounts of main constituents of blood 
plasma and cerebrospinal fluid 



BLOOD FLAB^ 

CBBEBSOSFINAL 

FLUID 


me per 100 cc 

me per 100 cc 

Pro tern 

6300-8500 

16-38 

Ammo aads 

4 5-9 

1 5-3 

Creatmme 

0 7-2 0 

0 45-2 20 

Unc aad 

2 9-6 9 

0 5-2 8 

Cholesterol 

100-150 

absent 

Urea 

20-42 

5-39 

Sugar 

70-120 

45-80 

Chlonde (NaCl) 

560-630 

720-750 

Inorgamc phosphate 
Bicarbonate (volumes per 

2-5 

1 25-2 0 

cent COi) 

40-60 

40-60 

Hydrogen ions (pH) 

7 35-7 40 

7 35-7 40 

Sodium 

325 

325 

Potassium 

20 

12-17 

Magnesium 

1-3 

3-3 6 

Calaum 

9 0-11 5 

4 0-7 0 

Lactic aad 

10-32 

8-27 


* Data largely that compiled by Flexner 


blood plasma The values given were obtamed 
from analyses of lumbar flmd, that obtamed from 
the ventndes may be shghtly different The 
water content of a umt weight of spmal flmd is 
somewhat greater than that of blood. 
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The question anses, how is the fluid formed? 

It will be apparent from the table that if certain 
constituents are mvestigated, diSusion from the 
blood plasma wfll be suffiaent to account for the 
findmgs However, before a decision can be reached 
as to whether the process is one of simple diffu- 
sion or of secretion, the concentrations of all the 
substances on both sides of the semipermeable 
membrane (the choroid plexus) must be deter- 
mined This was done by Flexner whose findmgs 
mdicate that work must be done to form this fluid, 
le., that it IS not merely a filtrate from blood 
plasma Smce the hydrostatic pressure of the 
capillary blood is believed to be greater than that 
of the spmal fluid, except under grossly abnormal 
conditions, this factor and the secretory power of 
the cells of the plexus are the two forces to be con- 
sidered Thermodynamic considerations mdicate 
that the hydrostatic pressure difference would 
provide only a small fraction (about one-thir- 
teenth) of the energy necessary This leads to the 
conclusion that ultrafiltration will not account 
for the formation of the cerebrospinal fluid and 
that the cells of the choroid plexus perform work 
m this process 

The Amount and Pressure 

Accurate figures for the volume of the fluid m the 
vanous age groups are not available The methods 
used to mvestigate the problem mvolve a change 
of conditions which mvahdate the results secured 
The total volume m healthy adults has been 
given as approxunately 130 cc The normal rate 
of formation has not been established When 
artificial drainage is provided very large volumes, 
several hters per day, may dram away The re- 
sults of the unnary excretion of dye mjected into 
the cerebrospmal space suggest that the volume 
of fluid IS renewed every three or four hours but 
this rate of formation is probably too high In 
recent experiments m which precautions were 
taken to mterfere as httle as possible with normal 
pressure conditions, Flexner and Winters found m 
experiments with adult cats, that approximately 
12 cc. of fluid per day could be collected from a 
cannula fixed m the aqueduct The pressure of 
the cerebrospmal fluid may be taken as 110 to 
130 mm of lunger’s for man m the recumbent 
position Flmd drops at the rate of approximately 
one drop per second from the lumbar puncture 
needle Pressure on the mtemal jugular vem or 
the nse of venous pressure produced by crymg or 
coughmg causes an mcrease m pressure of the 


flmd presumably be mcreasing the size of the 
capillary bed m the bram If the nse m venous 
pressure is long mamtamed there may also be 
reUrdation of the absorption of fluid 
Eeeect of Fluid and Salt Injections on 
Pressure (Weed and Hugiison) When large 
volumes of isotonic solutions are mjected mtra- 
venously there is a transient nse m venous and 
cerebrospmal pressure Hypotonic solutions cause 
a prolonged nse m flmd pressure due presumably 
to the passage of fluid mto the brain There is a less 
marked and more transient nse of venous pressure 
Hypertomc solutions (30 per cent NaCl) ad- 
ministered mtravenously, produce a fall m cerebro- 
spinal pressure which may persist for long penods 
Fluid is apparently attracted by the raised osmo- 
tic pressure of the blood from the brain substance, 
perivascular spaces, etc , mto the blood stream 
There is evidence also (Foley) that the direction 
of flow of the cerebrospmal fluid may be reversed 
When the aqueduct of Sylvius is obstructed and 
intraventncular pressure is measured dunng the 
mjection of the hypertonic solution, a fall in the 
pressure within the ventndes is noted Usmg 
Weed’s Prussian-blue, Foley was able to show that 
the dye passed from the ventndes mto the capil- 
lanes of the choroid plexuses When the aqueduct 
IS open there is a current of fluid from the sub- 
arachnoid space mto the ventndes These phe- 
nomena are attributable to the raised osmotic 
pressure m the capillanes of the choroid plexuses 
Weed and Hughson’s work was soon apphed to 
the dime. Intravenous mjection of hypertonic 
sabne has greatly facilitated bram operations by 
causmg shrinkage of the bram and thus preventing 
extrusion of bram substance through trephme 
openmgs It is obvious also that raised mtracranial 
pressure resultmg from vanous causes may be 
favorably affected, for a time at least, by the with- 
drawal of flmd from the bram The raised osmotic 
pressure of the blood is usually produced by mtra- 
venous administration of salme but the oral route 
may be used (Cushmg) 

Effect of Change of Position on Pressure 
It IS important to realize that the flmd m the sub- 
arachnoid space of the bram and spinal cord may 
be regarded as a smgle column (approximatdy 600 
mm long m tbe man of medium height) There 
are no structures to act as valves and restrictions 
of flow are not sufficient appreciably to mterfere 
with this rdationship The change m pressure 
produced by a change of position can largely be 
predicted by hydrostatic considerations when the 
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blood pressure remains constant, but the elasticity 
of the dural sac vanes m different mdividuals 
The pressures in the lumbar and occipital regions 
are identical when the subject is horizontal The 
pressure m the lumbar region m man is approx- 
imately 200 mm higher m the sittmg than m the 
prone position The pressure m the human cisterna 
magna m the erect posture is probably below at- 
mosphenc Experimental data mdicate that some 
point in mid-thoracic region has a pressure comcid- 
mg with that of the atmosphere The further 
exploration of these questions gives promise of 
important advances m our knowledge of the hy- 
drostatics of the cerebrospmal fluid (Weed) The 
hypothesis formulated by Monro and supported 
by Kellie (the Monro-Kellie doctnne) postulated 
constancy of cerebral volume, i e , a reaprocal 
relationship between the volumes of blood and 
spinal fluid The third substance within the dural 
sac, the bram cells, are usually assumed to remam 
of constant volume This hypothesis has been 
restated by Weed and now mcludes an “elastic” 
factor which takes mto consideration a component 
dependmg on the ease of vascular adjustments as 
well as the distensibility and coUapsibility of the 
menmgeal sac. 

Function of the Cerebrospinal Fluid 

The fluid withm the elastic meningeal sac serves 
as a protective covenng for the nerve cells By 
change m its volume compensation for change m 
the amount of blood is effected and the contents of 
the cranium thus tend to remain of constant vol- 
ume There is probably considerable exchange of 
metabohc matenals between the nerve cells and 
the fluid 

Ventriculograms and Encephalograms 

The location of a bubble of air mjected mto the 
cerebral ventndes (ventriculography) or through 


a lumbar puncture (encephalography) can be 
visualized by the X-rays The am should nse to 
the top of the column of fluid and follow change m 
position of the subject Failure to do this sug- 
gests abnormality of the commimicatmg channels 

Lipiodol, an iodized vegetable oil, opaque to 
X-rays, is sometunes mjected mto the cistema 
magna Normally it falls to the lower region of 
the spmal canal but narrowmg of the canal by 
tumor or adhesions may prevent its passage and 
the level of the obstruction can m this way be 
determmed from X-ray pictures 

Hydrocephalus 

A consideration of the formation, circulation 
and absorption of the spmal flmd leads to the 
assumption that hydrocephalus might be pro- 
duced by (1) Increased rate of formation of flmd 
A very definite mcrease can be produced by the 
administration of hypotonic solutions (Weed) but 
the decreased tonicity of the blood cannot be 
mamtamed long enough to penmt the develop- 
ment of hydrocephalus Chnically hypertrophy of 
the choroid plexuses might produce this condition 
and a suggestive case has been reported (Davis) 
(2) Obstruction to the passage of the flmd An 
obstruction by tumor or inflammation m the nght 
foramen of Monro, for example, would produce a 
right mtemal hydrocephalus Blockage of the 
aqueduct of Sylvius would produce a bilateral 
mtemal hydrocephalus as would an obstmction m 
the fourth ventncle or at the foramma of Magendie 
and Luschka (3) Interference with the absorption 
of flmd by way of the arachnoid vflli Blockage of 
many of these villi or mterference wnth their 
function by other means may lead to an external 
hydrocephalus Increased mtracerebral venous 
pressme may produce a temporary decrease m 
absorption of fluid 
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THE AUTONOMIC NERVOUS SYSTEM 


(Synonyms — involuntary nervous system, 

vegetative nervous system) 

The autonomic nervous system has been touched 
upon m many of its aspects m other sections of 
this book There remains to be given an account 
of the structural plan of this system as a whole, a 
general summary of its functions and of the struc- 
ture wbidn it nmer^nt'ea 

ological and pharmacological viewpomts the au- 
tonomic system falls naturally mto two mam 
divisions— the sympatbeitc or Ihoraacolitmbar onl- 
£aw and the parasympalhdic or cramosacral out- 
flow (see fig 72 1) 

The Sympathetic Division 

The cfflls of ongin of the sympathetic division 
are situated m the lateral horns of the spmal cord 
(intermediolateral cell column) from the 8th cervi- 
cal or 1st thoracic to the 2nd or 3rd lumbar seg- 
ments The asons of thee cells leave the cord ^y 
the correspondmg anterior nerve roots and synapse 
with nerve cells m one or another of the ouUvmg 
ganglia The fibers ansmg from the spinal cells are 
medullated and are called pregangltomc, those 
ansmg from cdls of the ganglia are non medullated, 
and are called poslganghoiitc Evidence for the ex- 
istence of a higher center m the postenor region of 
the hypothalamus has been considered m chapter 
67, and m the cerebral cortex m chapter 68 
The ganghon cells are all motor or secretory m 
function (p 1095) They have no afferent connec- 
tions 

The ganglia are arranged m three systems or 
groups (A) vertebral (or central), (B) prevtrtebral 
(or collateral) and (C) lermtnal (or peripheral) 

A. THE VEETEBRAL (oE CENTRAI,) GANGUA AND 
THE GANGUATED COED 

The vertebral group hes m close relation to the 
vertebral bodies and consists, on each side, of a 
senes of some 22 ganglia connected together by 
mtervenmg fiber tracts to form a nodular cord 
eitendmg from the base of the skull to the front 
of the coccyx This is known as the sympal/tehc 
chain or the ganghated cord of the eympathehc It 
will be descnbed m sections 


The cervical part of the sympathetic chain 

The cervical part of the sympathetic cham 
possesses three ganglia— the superior, middle and 
tnfenor cervical ganglia They are relatively large 
3 nd are believed to result from the fusion of two 
pr more smaller ganglia 

The Supemor Cervical Ganguon, situated 
heton the base of the skull, is the largest of the 
three It receives preganglionic fibers from the 
upper thoraac segments of the cord, and its cells 
supply fibers (postganglionic) to the vessels, 
glands and cutaneous muscle of the head It is 
probably formed by the fusion of the uppermost 
three or four cervical ganglia Its branches are 

(1) The Internal Carotid Nerve This nerve, 
composed of postganghonic fibers, arises from the up- 
per pole of the supenor cervical ganglion and, passing 
mto the cranium with the artery of the same name, 
fojms the internal carotid and cavernous plexuses 

(i)The iniernol carotid /ifesiis, situated on the lateral 
side of the internal caroDd arterj sends branches to 
the following 

(a) The abducent nerve. 

(b) The tympanic branch of the glossophaorngeal 
nerve 

(c) The sphenopalatme ganghon These fibers pass 
by way of the deep petrosal nerve and the nerve to the 
pterygoid canal which is formed by the union of the 
former nerv e with the great superficial petrosal nerve. 
Orbital branches of the sphenopalatme ganglion con- 
vey sympathetic fibers to the lacrymal gland, the soft 
palate, nasopbaryni and pharynx receiv e fibers through 
the palatine and pharyngeal branches of the ganghon 

(d) The semilunar (tngemmal) ganghon 

The sympathetic fibers pass through the spheno- 
palatine and semilunar gangba without internipPon 

(ii) The cavernous plexus, situated on the inner side 
of the mtemal carotid artery as it hes in the cavernous 
sinus, sends branches to the foUowmg 

(a) The oculomotor, trochlear and abducent nerves 
and the nasoohary branch of the ophthalmic division 
of the tngemmal nerve. Through the long ahary nerves 
(twigs of the nasoohary nerve), apathetic fibers are 
conveyed to the dilator pupillae (see also p 1174 ) 

(b) The ohary ganghon, through which the sympa- 
thetic fibers pass without interruption into the short 
ahary nerves These fibers provide an additional path- 
way for sympathetic impulses to the dilator of the 
pupil 
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The Mihdm Ceewcal Ganguon is fonned 
presumably by the coalescence of the fifth and 
sixth cervical gan^a Its branches are as follows 

(1) Branches to the fifth and sixth cenical nenes 
and thence to the blood vessels, sweat glands and cu- 
taneous muscle vnthm the area of distribution of these 
nerves 

(2) The middle cardiac nerve to cardiac plexuses. 

(3) Branches which extend along the mfenor th>Toid 
arterj to the Ihyrmd and parathyroid glands 

The Interior Cervical Ganglio'i probably 
represents the union of the seventh and eighth 
cervical ganglia, m the dog and cat, and m most 
human subjects, it is often fused with the first 
thoraac ganglion, and occasional!}' with the second 
as well, to form the so-called stellate ganglion It 
gives off the following branches 

(1) Branches to the sertnlh and eighth cervical 
and the first thoracic nerves, sometimes also to the sixth 
cervical and the second thoraac 

(2) The inferior cardiac nerve to cardiac plexuses 

(3) Branches which form plexuses upon the sub- 
clavnan artery and its branches S)Tnpathetic fibers are 
thus earned mto the cramal cavity along the vertebral 
artery, and over the axillary and commencement of 
the brachial (see also ch, 27) 

The thoracic, lumbar and sacral ganglia 

The thoracic ganglia are 10 or 12 m number on 
each side They are evenly spaced, one to each 
spinal segment As mentioned above the first 
thoraac and mfenor cervical ganglia are commonly 
partiallv or completely fused to form an irregularly 
shaped mass, called the stellate ganglion There are 
usually 4 lumbar and 4 or 5 sacral ganglia ' The 
sacral portions of the two sympathetic trunks con- 
verge below and fuse upon the antenor surface of 
the cocej's to form a terminal swelbng — the coc- 
cygeal ganglion or ganglion impar 

' Small accessor} pngha, called intermediate ganglia, 
are lound outside tie s^rmpatbetic chain proper, at- 
tached to the rami commumcantes dose to the spinal 
nerv e roots m the cervneo thoraac and lumbar regions 
From these gangha sjmpathetic postganghomc fibers 
proceed for distribution bv the brachial and lumbar 
to the hmb V essels Bregangliomc fibers leaving 
too oord b} the antenor roots and entenng the inter- 
me^te gangha without passing through the sympa- 
tneuc chain offer a possible alternative pathway for 
sympathebc impulses to the hmbs Such fibers would 
remain intact though t 
erased, their presence w 
bon m some instances for 
tom} to complete!} denei 


B THE PREVERTEBRAL (OR COLLATERAL) GANGLIA 

These be in the thora.v, abdomen and pelvis m 
relation to the aorta and its branches The larger 
of the prevertebral ganglia are (a) the celiac (solar 
or semilunar) ganglion, lying in relation to the 
ongm of the cehac arter}, (b) the superior piesen- 
itne ganglion, situated below the origin of the 
supenor mesentenc arteo'j and (c) Xhatttjerwr ntes- 
enienc gaiig/ion, which bears a corresponding rela- 
tion to the mfenor raesentenc arter} , this ganglion 
IS rarely present in man (see also p 1094) 

C THE TERSILNAL GANGUA 

These consist of small collections of ganglion 
cells situated in close relation to the innen'ated 
organs, especially those of the pelvTS, e g , the 
bladder and rectum 

THE OUTTLOU OF SVMPATHETIC FIBERS FROM THE 
CENTRAL NERVOUS SVSTEU 

It has alread} been stated that the cells giv'ing 
nseto thes}’mpathet)c fibers (p 1088) are situated 
in the thoracic and upper lumbar segments of the 
cord It IS from this limited region (8th C or 1st 
T to 2nd or 3rd L inclusive) that the s} mpathctic 
(preganglionic) fibers emerge This region coitslt- 
(ufes the onl^ outlet for s^mpalhitic impulses So the 
term thoraacolumbar outflow sirapl} means the 
sympathetic divnsion of the autonomic nerv’ous 
system The fibers emerge from the cord through 
the antenor root of the spmal segment m which 
their cell bodies are placed In a cross section of 
the antenor root they appear as fine meduHated 
fibers (2 5^ or less in diameter) intermingled with 
the larger, medullated, somatic (motor) fibers 
The} separate almost immcdiatel} , howev er, from 
the voluntar} motor fibers of the antenor root 
and enter the correspondmg ganghon of the sympa- 
thetic chain Thu^, the spinal nerv’es from the 8th 
cervical or 1st thoraac to the 2nd or 3rd lumbar, 
but not others, are connected each to a vertebral 
ganglion by a delicate white strand composed of 
preganglionic fibers and known as the white ramus 
communtcans (plural, rami commumcantes, fig 
and fig 27 1, p 274) A preganglionic fiber 
after entenng the ganglion ma} pursue one of 
three courses ^(a) form synapses with cells in the 
ganglion whichut first enters, (b) pass up or dowm 
the S} mpathetic trunk for some distance to termi- 
nate m a ganghon at a level higher or lower than 
that of the segment from which it ongmated It 


s}'inpauiebc cimm wei 
ould, thus, offer an explan; 
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may give oflF collateral branches to ganghon cells 
along Its course In any event, the preganglionic 
fibers issumg from a given segment connect with 
several ganglia (from five to nine) Furthermore, 
each preganglionic fiber may form a large number 
of synapses withm a given ganghon Ranson and 
Billingsley found that m the case of the supenor 


of the ganghon cells which are therefore called post 
ganghomc The gray rami m the thoracic and upper 
lumbar regions jom the spmal nerves close to the 
pomts at which the white rami arise Their con- 
stituent fibers are continued m the penpheral 
nerves for the supply of the blood vessels, sweat 
glands and smooth muscle of the skm Whereas, 



Fig 72 2 Diagram showing the connections of sympathetic Sbers Efferent fibers m black, preganghomc, sohd 
lines, postganghomc, mterrupted lines Afferent visceral fiber m red 


cervical ganghon each fiber communicated with 
some thurty-two ganglion cells, this accounts for 
the diffuse nature of the sympathetic discharge 
(c) Traverse the gangliated cord without interrup- 
tion to find a Cell station m either a prevertebral 
or a termmal ganghon 

PLAN OF DISTRIBUTION OF SYUPATHETIC FIBERS 
TO THE PERIPHERY 

1 

To the hvibs and trunk 

The gangha of the sympathetic cham are con- 
nected with the spmal nerves supplymg the limbs 
^d trunk by delicate filaments called gray rami 
^^^munxcantes They are composed of the axons 


as already mentioned, only a hmited number of 
spmal nerves possess white rami, every spinal nerve 
receives a gray ramus It therefore follows that 
sjunpathetic impulses going to parts supplied by 
upper cervical, low'er lumbar or sacral somatic 
nerves, must travel considerable distances up or 
down the sjmipathetic trunk before reaching an 
outlet through a gray ramus The preganghonici 
fibers to the upper hmb arise from the 2nd to the 
7th spmal segments, most of these fibers are con- 
tamed m the white rami of the 2nd and thud' 
thoracic nerves The postganglionic fibers to the 
upper hmb arise from the first thoraac, and the 
inferior and rmddle cervical gangha (see also ch 
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lover limb from the lumbar and fenor cardiac ner\es are postganglionic, ^eir ^ 
of the mfenor ceiaocal stations hnng m the corresponding cemcal gan^ia 
the stellate ganglion (fig 252, p 244) The preganghonic fibers arise 
from the upper four or fi%e tboraac segments of 


27), thc« for the 
sacral ganglia Elxcisioa 
and first thoraac ganglia, or 
vhen present mtemapts the s\Tnpathetic pathway = 
to the upper hrab as veU as those to the head and 
neck and most of those to the heart This operation 
ma\ fail, hover er, completeb to remore the 
sr-mpathetic suppb to the arm since a grar ramus 
(KunU’= ner\-e) frequentlr passes from the second 
thoraac ganglion ria the first thoraac nene to 
jom the brachial pleius In man, rirtuaUr complete 
sr-mpatheUc denerr-ahon of the upper limb can be 
effected br sectionmg the rami commumcantes of 
the 2nd and 3rd thoraac nerves, and dmdmg the 
sjinpathetic cord below the 3rd ganghom 

To Ike iMd and neck 

SvTnpiathetic impulses to the structures of the 
necl face, scalp and intracranial cavntv are con- 
% ev ed from the cord in the while rami of the upper 
two thoraac nerves Thev ascend to cormect 
with cells m the middle and supenor cervical 
ganglia From the latter postganghomc fibers are 
distributed through the mtemal carotid, cav emous 
and catemal carotid plexuses as described on 
page 273 Tbe svmpathetic as wd), as suppljmg 
the blood vessels, sweat glands and pilomotor 
musdes of the head and neck also innervates the 
sahvarv glands the dflator pupfliae, Mueller’s 
musde and the smooth musde component of the 
levator palpebrae supenons Sympathetic fibers 
also descend the infundibular stalk to the pituitary 
gland The spinal center for the dilator pupBlae 
la situated fm man) m the 8th cervical or 1st tho- 
raac cegment The pregan^omc fibers are foimd 
in the white rami of the first thoraac nerve, and 
are distributed, as abeadv stated through the m- 
ternal carotid and aliary nerv es 

To the thoracic viscera 

The svmpathetic postganglionic fibers join with 
the branches from the vagus to form the cardiac, 
pulrroTtary and csopka$caI plexuses 
The cardiac plexus hes in relation to the ongins 
of the aorta and pulmonarv artery It consists of a 
superficial and a deep jxirtion, and is formed by 
the mlerlaccmenl of fibers from the cardiac 
b-anches of the vagus (parasympathetic) and 
sympathetic neues The \-agus fibers are pre- 
ganglionic, They terminate around ganglion i*ellc 
m the walls of the heart (p 241) The syTnpalhetic 
fibers derived from the supenor, middle and m- 


the cord 

The pulmonary plexuses, antenor and postenor, 
he in relation to the corresponding aspects of tbe 
root of the lung They are formed from post- 
ganghomc fibers of tbe sympathetic (T 2, 3 and 4) 
and preganglionic fibers of tbe vagus Tbe latter 
connect with ganglion cells in the walls of the 
bronchi Herein is situated an intrinsic nen ous 
plexus consistmg of these ganglion cells and medul- 
lated and non-meduUated fibers 
The esoplageal plexus embrace the lower half 
of the esophagus Vagal and sympathetic fibers 
(from the upper thoraac ganglia and from the 
thoraac portion of the great splanchnic nerve) 
enter mto its formation The vagal fibers end 
around ganglion cells of the mtnnsic plexus of 
Auerbach m the esophageal wall 

To {he abdominal and pelvic viscera 

The greater, lesser and least splanchnic nerves 
These are composed of preganghomc fibers, and 
mav be looked upon as elongated white rami They 
connect with cells in tbe prevertebral (collateral) 
ganglia The postganghomc fibers alter emerging 
from the latter jom the neighbonng plexuses The 
greater splanchnic nerve arises from the cord from 
as high as the 4th or 5th thoraac segment, and as 
low as the 9th or 10th Its fibers end m the upper 
part of the cehac ganghon, from here postgan- 
ghomc fibers are contmued mto the cehac plexus 
The lesser splanchnic and the least (or Icnccsl) 
splanchnic nerves are much smaller The former 
arises from the 9th and 10th or the 10th and 1 1th 
thoraac segments and its fibers, after passing with- 
out mterruption through the vertebral ganglia at 
these lev els, end m the lower portion of the celiac 
(or aorticorenal) ganglion The least splanchmc 
nerv e arises from the last one or two thoraac seg- 
ments and first lumbar segment, il joms the renal 
plexus (fig 722) Postganghomc fibers ansmg from 
small ganglia vithm the plexus are distnbuted to 
the kidney and ureter 

The lumbar splanchnic nerves are three or four 
strands which anse from the second and third 
lumbar segments Their fibers pass through the 
lumbar portion of the sympathetic cham and enter 
the inferior mesenteric ganglion, here some are 
rday ed, others are contmued without mterruption 
and find their cdl stations m penpheral ganglia. 
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The Piexuses of the Abdomen and Pelvis 
The sympathetic fibers form nch plexuses m rela- 
tion to the aorta and its branches from which 
filaments pass to the abdommal and pelvic viscera 
Parasympathetic fibers also enter mto the consti- 
tution of these plexuses 


plexuses — the hepaitc, gastric, splenic, renal and adrenal 
plexuses — which invest the corresponding artenes and 
their branches 

The superior mesenteric plexus is continuous above 
with the cehac plexus It surrounds the supenor mesen- 
teric artery, along the branches of which it is prolonged 
as subsidiary plexuses The plexus is composed of post- 



The cdtac (or solar) plexus hes upon the abdominal 
aorta at the ongin of the cehac artery The celiac 
ganglia, nght and left, he embedded within the plexus, 
which is made up of fibers arising in the ganglion (i e , 
F>ostganglionic fibers of the greater and lesser splanch- 
nic nerves) together with pregangliomc fibers of the 
vagus The lower part of the cehac ganglion is often 
detached and is then referred to as the aorticorenal 
ganglion The plexus invests the cehac artery through- 
out Its course and gives nse to several subordinate 


ganglionic fibers which arise in an aggregation of nerve 
cells — the superior mesenteric ganglion — lying withm it, 
of preganghonic fibers denved from the lumbar seg- 
ments of the cord, and from the cehac plexus It and the 
other plexuses to be descnbed also contain paras^^npa- 
thetic fibers The supenor mesentenc plexus supplies 
the pancreas, and the small mtestine and the large in- 
testmes as far as the commencement of the descending 
colon 

The aortic or intermesenteric plexus hes upon the aorta 
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between the ongins of the stipcnor and infcnor mescn 
tenc arttnes. It receives fibers from the cehac plcms 
and from the upper lumbar ganglia The aortic plexus 
gives nse secondanI> to the spermatic and oranan 
plexuses which supplj the testes and ovary with auto- 
nomic fibers. It IS connected below mth the inferior 
mesenteric plexus which invests the artery of the same 
name. The inferior mesenteric ganphon, a coUccUon of 
ganghon cells lying withm the latter plexus, receives 
the lumbar splanchmcs, this ganghon is not present, 
as a rule, m the human subject (Lcarmonth), but a 
number of smaller ganglia arc found scattered through 
the plexus The plexus is formed of fibers derived from 
the aortic plexus and from the mfenor mcscntcnc gan 
ghon when this is present From it secondary plexuses 
arise which invest the branches of the inferior mescn 
tenc artery and carry s> mpathclic impulses to the dc 
scendmg colon, ihac colon, peine colon nnd rectum 
The superior hypogastric plexus is the doimward 
extension of the aortic plexus It lies ov cr the lower end 
of the aorta, and m the angle formed hy the aortic bi 
furcation Though rarely condensed into a single bun 
die It IS sometimes referred to as the h\pogastnc nerre 
or the presacral nerre It transmits inhibitory impubes 
to the pelvac colon and \aa the pelvic plciu'cs to the 
rectum, bladder and other pelvic viscera It divides be 
low into the nght and left peHc or inferior hypogastric 
plexuses These he one on either side of the rectum and 
are composed of medullated and non-mcdullatcd fi 
hers among which are scattered numerous small ganglia 
which are sometimes referred to collectively as the hy- 
pogastric ganglion Parasympathetic fibers enter the m 
fenor hypogastric plexuses through the pelvic nerve 
(sacral outflow, p 1095) The sympathetic fibers con 
tnbuting to the pelvic plexuses have their ulumatc 
source m the lumbar segments of the cord They reach 
the plexuses via the hypogaslnc plexuses as well as 
more directly from the sacral part of the sympathetic 
chain Through subsidiary plexuses — hemorrhoidal, 
vesical, uterine, vaginal and proslaltc — fibers (sympa 
thetic and parasympathetic) are conveyed from the 
pelvic plexuses to the pelvic viscera 

The Parasympathetic or Craniosacrae 
Division of the Ahtonouic Nervous 
System 

The cells giving nse to parasympathette fibers 
are situated at three different levels of the central 
nervous system — the mid bran, the medulla and 
the sacral region of the spinal cord The axons of 
these celts leave the central nervous sy'stern to 
connect with ganglion cells lying within or in 
dose relation to the innervated organ (see fig 05 9) 
As m the case of the sympathetic division the 
axons of the central cells are called preganglionic, 
those of the ganghon cells, postganghomc The 

onner are medullated, the latter non-medullatcd 


The three levels from winch parasv mpathclic 
fibers emerge will be referred to as the teclal (or 
mtd brain), the bulbar and the sacral outflows, 
respectively 

A THE TFXTAb OR MID HP \IN OinTLOW 

The group of cells compo-ing the l^lingcr- 
Wcstphal nucleus of the oculomotor ntrvcfp 1181), 
jn the floor of the cerebral aqueduct, are lie 
licvcd to give rise to the tcctal fibeO' 

The autonomic fillers arc convey cl in the third 
nerve as far as the ahary ganglion where ihcv find their 
cell stations Postganglionic filters cmc-gv from the 
ganghon in the short ahary nrnrs, and irrroinatc in 
the sphincter pupillac and the ciliary mu,sclc (ji 1174) 

n Titr nuT-iiAR outtlow 

These fibers leave llic brain in tlic facial, glossa^ 
p) ary iigeal and vagus t erves 

(1) The parasympathetic fibers {«cCTclory and vaso- 
dilator) entenng the faci I rerte nnst from the superior 
salt alary (salrary) rucleiis, which lies do-^al and btcral 
to the lower end of the motor nucleus of the facial* 
Thc'e fibers emerge from the bnm in the fen*ory toot 
of the facial ncTv c (ntr JJ intfTmfdiuj, th fiO) and t rav el 
with the latter to the facial canal of the ttm]>oral Iionc 
Here they leave the facial, (i) m its chorda Ivrrpari 
branch which later joins the lingual to lie convtvcd to 
the floor of the mouth At this jiomt some of the cho-da 
fibers (secretory and vasodiLator m function) separate 
from the lingual again to enter the submaxillar’, {sub- 
mandibular) garglwn from where thev are rclavcd, the 
postganglionic fibers jiass to the submaxillary and ‘ub- 
maxillary glands, and the mucous mvmbranc of the 
mouth (ii) In the great superficial pclro«al nerve and 
nerve of the pterygoid canal (Viduan nerve) to the 
sphenopalatine ganglion From here postganglionic ii 
licrs pass V la orbital branches of the ganglion to the 
lacrymal gland, and to the mucous membrane of the 
soft palate, nasopharynx and pharvni via the palatine 
nerves Vasodilator fitiers also leave the facial by the 
great superficial petrosal nerve, nnd entering the cra- 
nium arc conveved along the middle meningeal artery 
and Its branches 

(2) The parasympathetic fibers (secretory and vaso- 
dilator) of the glossopharyngeal nerve arise from cells 
ol the inferior sah-atory (salmary) nucleus This nucleus 
hes m the uppermost part of the medulla immediately 
below the superior sahvatory nucleus, and lateral to the 
motor nucleus of the glossopharyngeal nerve The 
autonomic fibers leave the brain with the latter nerve 
but separate from it again m its tympanic branch 
(Jacobson s nerve) which joins a twig from the genicu- 

*This nucleus is actually m the lowest part of the 

Tinnc * 
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late ganglion (g of faaal nerve) and filaments from the 
internal carotid plejnis to form the iympantc plexus 
From th i s plexus emerges the small superficial petrosal 
nerve through wluch parasympathetic fibers are con- 
tinued to the otic ganghon From this ganghon post- 
ganghonic fibers are conveyed to the parotid gland via 
the aunculotemporal nerve (p 492) The tympamc 
plexus itself sends filaments to the mucous membrane 
of the tympanic cavity, the mastoid air-ceUs, auditory 
(Eustachian) tube and themtemal ear 

(3) The vagus nerve contams the greater proporhon 
of the fibers of the bulbar outflow They arise from the 
dorsal nucleus of the vagus and are distnbuted through 
the latter’s numerous branches to the thoraac and 
abdommal viscera (ch 66) Unhke those m the other 
two cranial nerves, the preganghomc fibers of the vagus 
connect with ganghon cells situated withm the inner- 
vated organs Thus the vagal fibers to the heart con- 
nect with ganghon cells m the cardiac walls those to 
the bronchi with the nerve cells of the mtrmsic plexus 
m the bronchial walls, those to the esophagus, stomach 
and mtestme form symapses with the ganghon cells of 
the myentenc plexus of Auerbach and the submucous 
plexus of Meissner The preganghomc fibers are there- 
fore quite long, the postganghonic very short The cells 
of ongm of most of the cardiac fibers of the vagus form 
a discrete group (cardio-inhibitory center) lymg along- 
side the dorsal nucleus of the vagus 

C THE SACRAL OUTFLOW 

The cells of ongm lie m the antenor horns of the 
2nd, 3rd and 4th and sometimes the 1st sacral 
segments of the cord The pregangliomc fibers 
emerge m the antenor roots of the correspondmg 
sacral nerves The fibers leave the spmal nerves 
agam and, proceedmg penpherally as the pelvic 
nerve (or nerviis ertgens), on each side, enter mto 
the formation of the pelvic plexus The fibers ter- 
mmate aroimd ganghon cells lymg m close relation 
to the pelvic organs They cany motor impulses io 
the walls of the descendmg colon, rectum and 
bladder, inhibitory impulses to the mtemal anal 
and vesical sphmcters and to the uterus, and di- 
lator impulses to the blood vessels of the bladder, 
rectum and genitaha 

The Afferent Visceral Nerves 

Impulses are transmitted from the viscera by 
afferent fibers which pass through the vanous 
plexuses and reach the central nervous system via 
the vagus, pelvic, splanchmcs and other auto- 
nomic nerves 

The afferent fibers of the sympathetic division are 
the penpheral processes of 'ganghon cells m the 
posterior spmal nerve roots from the 1st thoraac 
to the 3rd lumbar segments None arise from 


sympathetic ganglia They reach the sympathebc 
trunk via the white rami commumcantes and are 
distnbuted to the viscera along with the cone- 
spondmg efferent fibers (fig 122) Though some of 
these afferent fibers are non-meduUated the major- 
ity are medullated, and of larger size than the 
efferent fibers The ganghon cells of the postenor 
roots which give ongm to the afferent fibers of the 
sympathetic (or of the pelvic nerve) have not been 
shown defimtely to differ from those givmg rise to 
the ordmary somatic sensory fibers For this reason 
the sympathetic system proper is sometimes re- 
garded, though perhaps irrationally, as consistmg 
solely of efferent neurons The afferent fibers pass 
to then: destinations without mterruption m any 
of the sympathetic gangha, passmg dnectly to the 
viscera m the splanchmcs or the other visceral 
nerves A certain proportion also enter the spmal 
nerves for distnbution to the hmbs via the gray 
ranu 

The Afferent fibers of the vagus are the penpheral 
processes of cells m the ganglion jugulare and the 
ganglion nodosum The central processes of these 
neurons termmate m the dorsal nucleus of the 
vagus (ch 66) Therem connections are made with 
efferent parasympathetic neurons to complete the 
reflex arc. The afferent fibers of the pelvic nerve anse 
from cells m the postenor root ganglia of the 2nd, 
3rd and 4th sacral nerves They pass penpherally 
with the efferent autonomic fibers 

The visceral rfflex arc, as pomted out by Gaskell, 
is formed upon a plan similar to that upon which 
somatic reflexes are based The afferent fiber m the 
latter instance is connected to the antenor horn 
cell through the mtermediary of an mtraspmal 
(mtemunaal) neuron or a senes of such neurons 
These are spoken of as connector neurons In the 
case of visceral reflexes, the afferent fiber makes 
contact with a cell m the lateral horn of gray mat- 
ter The axon of this cell — the preganghomc fiber 
— ^which connects with a ganghon cell of the sympa- 
thetic system, corresponds to the connector fiber 
of the somatic reflex arc In development, however, 
this neuron has migrated from the central nervous 
system, being only m part mtraspmal The neuron 
with which it commumcates, i e , the ganglion cell 
and postganghomc fiber, though it has been car- 
ried entirely beyond the bounds of the central 
nervous system, corresponds to the motor neuron 
of the somatic reflex arc 

A certam degree of mdependent reflex activity 
can be earned out through the mtnnsic plexuses, 
e g , of the mtestme, when these are separated 



1096 


THE NERVOUS SYSTEM 


Seclion VIII 


horn the central nervous s>'steni by division of 
the main autonomic nerves It is also true that 
some independent activity can be carried out 
through axon reflexes or possibly through some of 
the more peripherally placed ganglion cells Other 
parts of the autonomic system, however, cannot 
function apart from the central nervous system 
The larger ganglia of the parasympathetic or 
sympathetic, for instance, do not serve as reflex 
centers It is dear from the description of the origin 
and course of the visceral afferent nerves given 
above that no anatomical basis for such action 
exists 

The Ft7^CTIovs of the Autonomic Nervous 
System 

The autonomic nervous system governs the 
activities of cardiac and smooth musde, of the 
digestive glands and sweat glands of the adrenal 
medulla and possibly of certain endocrine organs 
It is concerned with those processes which normally 
are beyond voluntary control and are for the most 
part beneath consaousness The term autonomic 
as applied to this system is not altogether suitable 
smce, as we have seen, it is under the control of 
centers withm the central nervous system, and 
cannot function as an independent umt 
Through its vanous activities the autonomic 
system exercises the important function of mam- 
tammg the constancy of the fluid environment of 
the body's cells, it serves to combat forces, actmg 
either from withm or without, which tend to cause 
venations m this environment Regulation of the 
composition of the body fluids, of their tempera- 
ture, quantity and distnbution, is effected through 
the actions of the autonomic nerves upon circula- 
tory, respiratory, exaetory and glandular organs 
For example, of glandular structures under auto- 
nomic influence, the liver, pancreas and adrenal 
medulla are of especial unportance m the regula- 
tion of blood sugar, the sweat glands aid m the 
control of body temperature The neural lobe of 
the pituitary, m most of its functions at least, is 
also under autonomic nervous control On the 
contrary, the thyroid gland, adrenal cortex, adeno- 
hypophysis and probably also the parathyroid 
glands, are governed by hormones hberated by 
the pitmtary (di 57), though it is not improbable 
that they may be influenced also by impulses 
received through autonomic paths The stabihty 
of the internal environment (the milieu wierne of 
Claude Bernard) which is so charactensUc of the 
healthy body, is spoken of by Cannon as homws- 


lasis Accordmg to Cannon, the essential and 
particular function of the autonomic sj'stcm is to 
bnng about the internal adiustmcnts upon ohich 
this constant state depends He therefore refers 
to the autonomic nen'es as the vitcrofcclivc system 
He speaks of the voluntary system (i e , the central 
nervous system and the somatic nen’cs) as the 
bxtcrojeclive system, since through its exteroceptors 
and effectors a direct relationship is established 
with the external environment 
The great ma)onty of the effector organs of the 
autonomic system are innervated b> both sjm- 
pathetic and parasympathetic di\. isions (see table 
98), and the effects exerted by the two t\T>es of 
fiber going to a given organ are antagonistic 
Thus the heart’s action is inhibited by the vagus 
butaugmented by the sympathetic. In the in- 
testine the effects of the two nerves are reversed, 
the parasympathetic (vagus nerve to the small 
bowel and upper half of the colon, and the pelvic 
nerve to the lower half of the latter) arc augmentor, 
the sympathetic is mhibitory The rcmoial of the 
effects of one set of fibers, as by section, results, 
as a rule, m the effects of the other set becoming 
more proroment. This fact indicates that each 
type of fiber exerts a constant or tonic action and 
suggests that the two effects arc delicately balanced 
one against the other Thus, section of tiie vagus 
nerves causes an increase in the cardia^ rate, and 
section of the parasympathetic or of the sympa- 
thetic fibers to the ins causes, respectiv ely’, dilata- 
tion or constnction of the pupil Sec pupillarv' re- 
actions, (p 1174) 

Taken as a whole the actions of the sympathetic 
division and its ally the medulla of the adrenal 
gland (sympathoadrenal system, ch 59) arc di- 
rected towards strengthening an animal’s defences 
against the vanous dangers which beset it, eg, 
extremes of temperature, depnvation of water or 
the attacks of its enemies It has been shown by' 
Cannon, however, that the sympathetic sy stem is 
not mdispensable, both ganghated cords may be 
completely removed yet the animal remains in 
good health provided it is kept m the sheltered 
environment of the laboratory Sympatbectommed 
cats if kept warm and carefully tended wiU live 
mdefimtely Kittens depnved of their sy mpathetic 
trunks grow normally, female cats become preg- 
nant and give birth to young, though the raam- 
mary glands do not function normally and the 
maternal instinct is lacking Sympathectomized 
animals are, however, incapable of arduous work, 
sugar IS not mobilized from the liver on demand, 
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TABLE 98 



PAIUSYirPATHTTIC 

EFFECTS* 

OWGIN OF sympathetic 
POSTGANGLIONIC FIBERS 

SYMPATHETIC EFFECTS 

Ecarl (p 241, 243) 

Inhibition 

Supenor middle and in- 
ferior cervical gangha 

; Acceleration 

Vessels 




Cutaneous (p 272-279 and 312) 

— 

Vanous vertebral ganglia 

Constnction 

hluscular (p 275j 

— 

Vanous vertebral ganglia 

Dilatation, Const 

Coronar} (p 326) 

Constriction/ 

Cervical gangha 

Dilatation 

Salivan,' glands (p 489) 

Dilatation 

Superior cervical ganglion 

Constnction 

Buccal mucosa 

— 

Supenor cervical ganglion 

Dilatation 

Pulmonarj’ (p 333) 

Dilatation and con- 
stnebon 

Thoracic vertical ganglia 

Constnction anil 

dilatation 

Cerebral (p 339) 

Dilatation 

Supenor cervical ganghon ; 

Constnction 

Abdominal and pelvic Msccra (p 

1 

Prevertebral ganglia 

Constnction 

1093) 

I 



External genitalia (p 278) 

Dilatation 

Preverlebral gangha 

Constnction 

Eye 




Ins(p 1174) 

Constnction 

Supenor cervical ganghon 

Dilatation 

Ciliarj muscle (p 1153) 

Contraction 

Supenor cervical ganghon 

Relaxation 

Smooth muscle of orbit and upper 

— 

Supenor cervical ganglion 

Contraction 

hd (p 1181) 




Nictitating membrane (cat and 

— 

Supenor cervical ganghon 

Retracbon 

dog) 




Bronchi 

ConstncUon 

Thoraac gangha 

Dilatation 

Glands 

j 



Sweat (p 734) 


Vertebral ganglia 

Secrebon 

Sahvarj' (p 489) 

Secretion 

Supenor cervical ganglia 

Secrebon 

Gostne (p 505) 

Pancreas (p 531) 

Secretion 

Cehac ganglion 

Inhibibon? 

Secretion of mucus 

Aani 

Secretion 

Cehac ganglion 

~ 

Islets 

Secretion 

Cehac ganglion 

~ 

Liver (p 535) 

— 

Cehac ganghon 

Glycogenolysis 

Adrenal (p 827) medulla 1 

— 

No postganglionic fibers 

Secrebon 

Smooth muscle 




Of skin 


Vertebral gangha 

Contracbon 

Of stomach wall (p 568) 

Contraction or inhibi- 
tion 

Cehac ganghon 

Contracbon nr inhi 
bibon 

Of small intestine (p 583) 

Increased tone and 
motility 

Cehac and superior mes- 
entenc ganglia 

Inhibibon 

Of large intestine (p 584) 

Increased tone and 
motility 

Infenor mesenteric and 
h)T50gastnc gangha 

Inhibibon 

Of bladder wall (p 483) (detrusor 
muscle) 

Contraction 

Infenor mesentenc and 
hypogastnc ganglia 

Inhibibon 

Of tngone and sphincter 

Inhibition 

Infenor mesenteric and 
h^^pogastric ganglia 

Conbacbon 

Of uterus, pregnant 

nil 

Infenor mesentenc and 
hypogastnc gangha 

Contracbon 

Of uterus, non-pregnant 

ml 


Inhibibon 


* With certain eitceptions, e g , those supplying the sublingual and parotid glands and the sphincter pupillae’ 
the postganglionic fibers of the parasympathetic arise from cells situSted m, or in close proximity to, the inner- 
vated organ itself 


an increase of arculating red cells does not occur constriction) fail, and adrenaline is not liberated 
during excitement or exerase (p 70), the usual in an emergency They are also less able to with- 
reactions to cold (elevation of the hairs and vaso- stand oxygen lack or hemorrhage than are normal 
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animals It is evident that the sympathectomized 
animal eould not fend for itself, and, in the struggle 
for existence, "would soon succumb to the hazards 
of the environment 

Parasympathetic effects, rather than being char- 
acterized by a diffuse outburst of activuty, as may 
result from sympathetic stimulation, are more 
localized m character It has also been suggested 
that they are concerned mth conservatne and 
restorative processes, and the sympathetic with 
processes mvolvmg the expenditure of energj' 
InhibiUon of the heart, contraction of the pupil 
for the protection of the eye from mtense light and 
the ac.tw\Ues of the. digesUve tract, through w hich 
the energy stores of the body are replenished, are 
frequently given as examples of acts of conserva- 
tion presided over by the parasympathetic. These 
apparent differences m the actmties of the two 
divisions have led some (followmg Gaskell) to 
speak of the functions of the sympathetic and para- 
sympathetic divisions as calabohc and anabolic, 
respectively It is an mterestmg but perhaps a too 
speculative generalization 
A summary of the actions of the autonomic 
system nponvanons strnctnresis given in table 9S 

The Acnovs of Certain Drugs uron the 
Autonomic System (see also p 247) Synaptic 

AND NEUROiroSCITLAR TRANSMISSION, Cho- 
unesterase 

Nicotine paralyzes ganglion cells or the junc- 
tion (svmapse) between the cell and the pregan- 
ghonic fiber The fibers themselves rcraam un- 
affected by the drug An excitatory effect precedes 
the paralysis The power of nicotme to paralvzc 
ganghon cells renders it a most valuable means of 
locating the gan^on cells of autonomic nerves 
If, for example, after a certam ganglion has been 
painted with the drug, stunulation of the fibers on 
the proximal side of the ganglion fails to cause the 
customary response, then it is concluded that the 
fibers m question have their cell stations m the 
treated ganghon Nicotme also causes the contrac- 
tion of striated bird and frog muscle and of de- 
nervated mammalian muscle This exatatory effect 
is abolished by an excess of mcotme 
Curare This drug blocks, neusomMSwilaT and 
synaptic transmission by antagonizmg the action 
of acetylcholme The researches of Cowan indi- 
cate that the antagonism is due to curare pre- 
venting the depolarization of the nerve or muscle 
by the choline ester (see below) 

Adrenaline (ch 59) exerts its acUon upon struc- 


tures which are innervated bj the sjunpathclic. 
The sweat glands of most animals and the adrenal 
medulla itself are exceptions The responses which 
fldrenalme cv okes arc similar to those caused ’d> 
stimulation of the corresponding s>mpathctic 
nerves Denervation of the effector organ increases 
its sensitivity to adrenaline Bum and Bulbring 
have shown that adrenaline in low concentration has 
an augmenting effect upon the action of acct>lcho- 
linc on junctional transmission (ganglionic and cen- 
tral synapses, and neuromuscular junctions), an 
effect contrary' to that which it exhibits elsewhere, 
e g , heart, intestine, etc In high concentrations, 
on the other hand, adrenaline depresses the action 
of acetylcholine m these situations Bulbnng ob- 
served further that adrenaline is liberated from 
qrmpathctic ganglia during stimulation of the pre- 
ganglionic fibers This suggests that tlic enhance- 
ment of Tccty Icholinc action by adrenaline is a 
physiological effect 

Ergoloxinc and crgotaminc paralyze motor and 
secretory fibers of the svmpathctic but not the 
inhibitory fibers I\Tien injected intravenously into 
the conscious animal (cat) ergototme produces 
a cowdiUow of "sham rage" (pp and 1027) 

Pilocarpine causes parasympathetic effects, eg , 
cardiac inhibition, contraction of the smooth 
muscle of the eye, bronchioles and alimentary 
tract, and secretion from the salivary, bronchial 
and gastric glands It also stwiulales the siccat 
glands vvhich receive exatatorv fibers from the 
sympathetic. The action of pilocarpine like that of 
muscarine or of acetylcholine is directly upon the 
effector cell 

Muscarine acts similarly to pilocarpine upon 
the heart and the smooth muscle of the alimentary’ 
tract, bladder and bronchioles It constnets the 
pupD, and stimulates the saliv ary glands and sw eat 
glands It also causes vasodilatation 

Choline and its ester, acffylc/ioliiie, imitate 
closely the effects of parasympathetic stimula- 
tion, causing cardiac inhibition, cxatation of the 
smooth muscle of the digestiv c tract and bladder 
wall, and the secretion of sahva and tears It causes 
m addition dilatation of the arterioles, sweating 
and a fall m blood pressure Acetylcholine is some 
4WO times more piowerful than choline itself One 
part in many millions causes inhibition of the per- 
fused frog’s heart or contraction of an isolated m- 
testinal segment The ester is rapidly hydrolyzed 
in alkaline media into acetic acid and choline, and 
blood and other body fluids contam an enzyme — 
cholinesterase — which rapidly inactivates it In ad- 
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dition to the parasjTnpathetic effects of acetyl- 
choline mentioned above, which have been termed 
Its “muscanne” action, it has a stunulant action 
upon ganglion cells, upon the muscles of the body 
wall of the leech, upon voluntary frog muscle and 
upon denervated mammalian muscle These effects 
of acetylcholine resemble those caused by nicotme 
and are referred to as its “nicotme” action ® The 
latter, unlike the “muscarine” action, is not an- 
nulled by atropine but is abolished by a large dose 
of nicotme and by curare Cholinesterase, specific 
for cholme esters, is widely distnbuted throughout 
animal tissues, but is m greatest amounts m muscle, 
nerves and brain In muscle, it is concentrated in 
the neighborhood of the motor end plates In 
nervous tissue it is present m the nerve fiber, as 
well as in the cell body It is present m the blood 
and, m man, is contained mainly m the red ceUs 
The presence in serum of a von-specific cholinester- 
ase was demonstrated by Mendel and Rudney 
They named it pscudochohncslcrase It differs from 
true or specific cholinesterase m bemg capable of hy- 
droUzmg non-cholme esters, e g , tnbutyrm, as well 
as acetylcholine It is also relatively insensitive to 
the inhibitory action of eserme (see below) , but is m- 
activated more readily by di-isopropylfluorophos- 
phate than is true cholmesterase A further dissimi- 
larity between the two enzymes is with regard to 
the concentrations of acetylcholme at which they 
mactivate this substance Pseudocholmesterase is 
most active w’hen the acetylcholme concentration 
IS high, whereas it has but slight hydrolytic action 
at the low (physiological) concentrations of acetyl- 
cholme at w'hich true cholmesterase is most active 
Pseudocholmesterase is found m pancreatic tissue 
as well as m serum, its function is unknown Only 
true chobnesterase is present m nerve fibers and 
brain 

Antichohneslerases, physoshgvniie or esenne, 
proshgmine, neostigmine and di-isopropylflnorophos- 
phate (DFP) These drugs exert an action similar 
to that of acetylcholme because they destroy or 
mactivate cholmesterase The actions of acetyl- 
choline produced m the tissues (e g , and muscle) 
is not effectively removed its action is thus pro- 
longed and intensified Di-isopropylfluorophos- 
phate (DFP) is an especially powerful anticholm- 
esterase Its administration is followed by the 
effects of severe acetylcholme poisonmg Later, 

* The muscanne action of acetylcholme is exerted on 
the heart muscle, secreting glands and smooth muscle, 
whereas its effect upon the cells of the adrenal medulla, 
muscle end plates, and the cells of sympathetic and 
parasympathetic ganglia is a nicotine action 


when the cholmesterase falls to a low level, nerve 
conduebon fails, owmg, apparently, to failure of 
the nerve to become repolanzed (p 926) The 
macbvation of cholmesterase by DFP is irreversi- 
ble, whereas that caused by the alkaloids, eserme 
prostigmine or neostigmme, is reversible Prosbg- 
mme also differs m its action from both eserme 
and DFP, for the latter two drugs abohsh nerve 
conduebon , prosbgmme does not It has been sug- 
gested that this difference is due to the prostig- 
mme bemg unable to penetrate the nerve mem- 
brane and thus to come mto contact with the 
enzyme Tetraethylpyrophosphate (TEPP) has 
an action similar to that of DFP 

Atropine annuls parasympathebc effects, and 
antagonizes the actions of pilocaipme, of mus- 
carme and of the “muscarme” acbon of acetyl- 
cholme It IS believed to act directly upon the 
effector cell, preventing the action but not the 
liberation of acetylcholme It therefore quickens 
the heart, and paralyzes the sphmeter pupiUae 
and ciliary muscles and thus causes pupiUary 
dilatabon and failure of accommodation It sup- 
presses the secretion of saliva, and of the nasal, 
bronchial and gastnc glands It is mhibitory to 
the bronchial muscles and lowers the tone of the 
mtestmal musculature It also suppresses the secre- 
tion of the sweat glands which are mnervated by the 
sympathetic 

The Chemical Transmission of Nervous 
Effects to Autonomic Effectors and 
Skeletal Muscle 

The liberation of chemical substances (humors) by 
nerves 

The work of a number of investigators, start- 
mg with that of Loewi, has fuUy estabhshed the 
fact that autonomic effects are associated with the 
Uberation of chemical substances at the nerve 
termmals In the case of parasympathetic fibers 
(preganglionic and postganglionic) the chemical is 
acetylcholme This substance is also produced by 
preganglionic sympathetic nerves Adrenaline or 
noradrenahne liberation (ch 59) occurs with the 
arrival of the impulse at postgangliomc S}Tnpa- 
thetic terminals 

Since anatomical terms fail to express these 
physiological conceptions Dale suggested that the 
fibers which liberate acetylcholme be called cholin- 
ergic, and the term adrenergic be used for those 
which liberate an adrenahne-like substance Thus 
(a) parasympathebc postganglionic fibers, (b) 
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sjTnpatlietic postgangbomc fibers supplying the 
STveat glands and uterus, and (c) sympathetic pre- 
gangliomc fibers, are cholinergic — the “muscanne” 
action being prominent m the first two mstances, 
the “mcotme” action m the last (d) The 
parasympathetic pregangbomc fibers and the 
postgangbomc s>'mpathetic fibers causmg \'aso- 
dilatation (see p 1101) are also cholinergic. Post- 
ganghomc sjunpathetic fibers, e.g, to the heart, 
mtestme, etc., as well as those causmg \'asocon- 
stnction, are adrenergic (fig 72 4) 
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Acet)lcholme is present m the tissues m an i 
active bound form (probablj m loose corabmaU 
^th protein or bpoprotem), and is active or 
after it h^ been freed also m this form alone is 
susceptible to the action of cholmesterase MTi 
bound ,t IS protected from the acUon of the enavTi 
pace does not permit an extended account 
the e^nmental work upon which present d- 
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motor nerve stimulation with the pharmacological 
actions of acetjlcholme or, (b) the stimulation of 
the autonomic nerves to an organ, eg, the sah- 
vary gland, and testmg the venous blood issumg 
from it, or the fluid with which it has been perfused, 
for an acetjlcholme-like action In order to pre- 
vent the hvdrolj'sis bv cholinesterase of acetyl- 
choline after its hberation from the nerve termi- 
nals, esenne in a dilution of 1 m 1 million or so is 
added to the perfusion fluid The following is a list 
of the teats emploved and the pharmacological 
effects which mdicate the presence of acetylcholine 
(1) Blood pressure of the cal Dilatation of the 
arterioles and a fall in blood pressure (“mus- 
canne ’ action) The effect should be annulled by 
atropme (2) ItilttbUton of the perfused frog’s heart 
or rabbU’s auncte (“muscarme” acUon annulled by 
atropine) (3) Conlradton of the voluntary muscle 
(redus abdomtms) of the frog (“mcotme” action) 

(4) Controclton of the musde in body icall of the 
esennized leech (“nicotine” action) This test is 
sensitive to 2 gamma of acetylcholine per liter 

(5) The active substance should be inactivated bv 
alLah or by unesennized blood (which contams 
cholmesterase) 


substance is liberated and enters the blood or 
perfusion fluid in such mmute amounts that its 
chemical identification is out of the quesUon Had 
acetylchohne not been demonstrated by chemical 
analysis to be a normal constituent of the body, 
such purely pharmacological tests for its appear- 
ance dunng nerve sUmulaUon would still leave 
some doubt that it was actually the substance 
conarned This doubt was removed by the work 
of Dale and Dudley who obtamed chemicaUv 
r^gnmable amounts of this cholme ester from 
the spleen of the horse. It m also present in human 
placentae and m nervmus tissues, only mmute 
ai^unts are present m blood That the chemical 
medmtor is actually acetylchohne is now generally 
arapt^ With one exception (namely pyruv-y- 
^Ime) no cholme ester other than acetj^Aoline 

comparable with that 
chemical transmitter Moreover, 


h\ ‘'*«**/*i 40 itx me pia\ed 

by ccdyichohne m the transmission of nervous efJs 

glands Babb^’I^d his^^L^^te 
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the blood which caused a fall ui blood pressure and 
sccrebon from the denervated salivary gland of the 
opposite side. These effects were abohshed by atro- 
pme Similar results have been obtained by others 
Dunng stunulation of the chorda of a perfused sahvary 
gland, for example, a substance identical m action 
with acetylcholine was found by Henderson and 
Roepke in the perfusion fluid 

(2) The hberalion of acclytehohne from parasympa- 
thetic cndtnss m the tns WTien a strong light n-as thrown 
into one eje, the other eve being shaded, an acetyl- 
choline-like substance nas obtained from the aqueous 
humor of the illuminated eye but not from the darkened 
e\c (Engelharl) 

(3) AcciylchoUne and vasodilator nerves The hyper- 
scnsilmtv of denervated structures to chemical stimulation 
Many \cars ago Philipeaux and Vulpian (1863) ob- 
serv cd that a/fer section and degeneration of the hjqjo- 
glossal ner\ e, stimulation of the chorda tjunpani going 
to the tongue caused a peculiar slow and prolonged 
contraction of the lingual muscles (Vulpian effect) and 
\’asodilatation Stimulation of the chorda causes no 
effect upon the normal tongue other than vasodilata- 
tion Acetj Icholine also causes this peculiar contraction 
of the deneiaated tongue muscles (“nicotine” action) 
together nith vasodilatation (“muscanne” action) It 
has therefore been suggested that the \asodiIatation 
following chorda stimulation is due to the liberation of 
acct> Icholine from the neiw'e terminals, and that the 
Vulpian effect results from the diffusion of the active 
substance to the muscle fibers rendered sensitive by 
denervation A reaction analogous to the Vulpian 
effect was desenbed by Shemngton, who found 
that after the muscles of the leg were deprived of 
their motor innervation bj'- sectioning the ventral 
roots containing fibers for the sciatic nerve, and 
allowing time for the degeneration of the fibers to 
occur, stimulation of the saatic caused the charactens- 
tic slow contraction of the muscles The effect can be 
duplicated by acclj Icholine Evidence was subsequently 
obtained which indicated that the nerv'e fibers con- 
cerned ended upon the blood vessels It was therefore 
concluded that the effect was due to the hberation of 
acetj Icholine from the sensory fibers which normally 
earned antidromic vasodilator impulses (p 276) It 
now appears, however, from the work of Hinsey and 
Cutting, that sympathetic postganglionic fibers ansmg 
from the lumbar and sacral ganglia and reaching the 
sciatic nerve via the gray rami arc responsible This 
leads to the suggestion that acetylcholine liberation 
from sympathetic terminals upon the blood vessels 
causes vasodilatation and the Shemngton phenomenon 
as a secondarj effect due to diffusion of the ester frorn 
Its site of production to the muscle fibers The latter 
as well as the Vulpian effect is intensified by esenne 
An effect of the same nature as the Sherrington phe- 
nomenon IS obtained upon stimulation of the cervical 
sympathetic after section and degeneration of the faaal 


nerve, viz , dilatation of the vessels of the gums and 
lips together with contraction of the muscles of the 
upper hp (Rogowitz) 

Another example of mcreased sensitivity of de- 
nervated muscle to acetylchohne is the mterestmg and 
suggestive observation made more recently by Bender 
After section and degeneration of the 7th nerve m 
monkeys the denervated faaal muscles were found to 
contract involuntarily when the animal became angry 
or fnghtened This “fright reaction" can be dupheated 
bj' the injecbon of acetylchohne and is accentuated by 
esenne It is attnbuted to the release of acetylchohne 
into the general arculation from some unknown source. 
The phenomenon recalls the hberation of adrenahne 
m emotional states and the hypersensitivity to adrena- 
hne or sympathin of the denervated ins Further 
examples of the hypersensitivity of denervated struc- 
tures to acetjdchofine, adrenahne and other chemicaf 
agents can be ated, e g , the greater secretory' response 
of the denervated salivary gland to pilocarpine, the 
hypersensitivity of the pupil to acetylchohne after 
section of the 3rd nerve and of the nictitating membrane 
to adrenahne follownng exasion of the supenor cervical 
ganglion The inhibitory effects of adrenaline (e g , on 
the bowel and non-pregnant uterus) are also enhanced 
bj' denervation These and other similar observations 
have led to the formulation by Cannon of a law of 
daicrvatwn which he states in the following terms 
“When in a senes of efferent neurons a unit is destroyed, 
increased imtability to chemical agents develops m the 
isolated structure or structures, the effect being maxi- 
mal in the part directly' denervated ” 

If the effects desenbed in the first paragraph of this 
subsection arc actually due to acetj'lchohne one would 
expect the vasodilatation (“muscanne” action) to be 
prevented by atropine But this is not the case Though 
atropine annuls the vasodilator action of acetj'lchohne 
It does not prevent the effects of stimulating vasodilator 
nerves It has been suggested (Dale), m an effort to 
explain this discordant fact, that acetylchohne is 
liberated in such intimate relation to the smooth 
muscle of the vessel that atropine fails to reach it. 

(4) Acetylchohne as an intermediary of parasympa 
thetic cjffects to the alimentary tract and bladder It has 
been shown that Rmger’s solution in which a beatmg 
loop of intestine is immersed is capable of augmenting 
the activity of another similar loop (Waland) It has 
also been found that if the vagus nerve to the intestine 
IS stimulated and a loop then removed and suspended 
in Ringer’s solution, the contractions of this loop are 
greater than those of a similar one which had not beerv 
previously exated m this manner These expenment*! 
suggest that dunng intestinal activity a substance is 
liberated by the vagal endings which has an augmentmg 
effect upon the contractions Evidence for the liberation 
of acetylchohne by the gastric vagus has recently been 
obtained by Dale and Feldberg A substance identical 
in action w'lth acetylchohne was detected m the venous 
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threshold dose augments the effect of a senes of sub- 
mazimal stimuh apphed to the preganglionic fibers 
(Fddberg and Varbamen) When the concentrabon of 
potassium chlonde is raised to four tunes the normal, 
acetylcholine appears m the venous outflow from the 
ganglion (Feldberg and Brown) It bad been reported 
previously by Beznak that KCl caused the hberabon 
of acetylchohne m the frog’s heart After secbon of the 
cervical sympathebc and degenerabon of the pregan- 
ghomc fibers the addibon of KCl to the fluid perfusing 
the supenor cervical ganghon, though sbll causmg 
excitabon of the cells, results m the hberabon of an 
msigmficant amount of acetylchohne This fact mdi- 
cates that the K ion itself (i e., qmte mdependent of 
acetylchohne) has a stimulant acbon upon the ganghon 
cells There has been some discussion of the mterpreta- 
bon of these findmgs m respect to the r61e played by 
the K ion m the normal conducbon m sympathebc 
gangha Brown and Feldberg found, for example, that 
curanne, which blocks transmission at synapbc junc- 
bons, does so by preventing acetylchohne from actmg 
on the ganghon cell The hberabon of acetylchohne at 
the preganghonic ending is not affected by curanne 
These observabons suggest that potassium is not 
directly concerned in the transmission of the effect 
across the synapse. Cowan’s observabons suggest that 
the effect of curare upon the myoneural juncbon is due 
to Its prevenbng the depolanzabon of the end-plate 
caused by acetylchohne 

A SUMMARY OF THE THEORIES OF SYNAPTIC AND 
NEUROMUSCULAR TRANSMISSION 

According to the onginal views of Dale and his 
associates, acetylcholine was supposed to act as a 
direct stimulant to the ganglion cell or the muscle 
end-plate (see fig 72.5) That is, the nerve impulse 
upon amvmg at the preganghonic terminal or 
nerve-endmg in the muscle end-plate, liberated 
acetylcholme which acted as a chemical transmitter 
of the nervous effect to the postjunctional struc- 
ture, a fresh impulse bemg thus set up 

Since it IS known that each impulse m the pre- 
ganghonic fiber causes only one impulse to be dis- 
charged from the ganglion cell, it follows that the 
acetylcohne liberated must be immediately de- 
stroyed by the action of cholinesterase and the 
nerve fiber restored to its onginal state That is, 
the removal of acetylchohne is necessary for the 
recovery of the nerve This, m brief, is the chemtcaJ 
theory ot juncbonal transmission 

f 

As a result of much research on this subject m recent 
years the chemical theoiy in the simple form outlined 
above has given place to other views One of the first 
ohjecbons advanced (Eccles) to the chemical theory as 
apphed to rapid types of nervous acbon, namely, the 


transmission of exatabon at a synapse or myoneural 
juncbon ("mcotme” acbon), was the great rapiity with 
which acetylcholme must be removed after it had 
exerted its effect. It must disappear withm the refrac- 
tory penod of nerve — a matter of millisecoiids at mosb 
This objecbon need not apply to the slower types of 
nervous acbvity, such as the inhibitory effect of the 
vagus on the heart (“muscanne” acbon) It was also 
doubted that suffiaent quanbbes of acetylcholme for 
exatabon could be produced with such hghtmng-hke 
rapidity A still more senous objecbon was the fact 
that only relabvely small amounts of acetylchohne 
could be recovered from flmd perfusmg a ganghon 
durmg exatabon of the preganghomc fiber Even though 
esenne is employed to prevent the destrucbon of 
acetylchohne, only about 1/40,000 of the quanbty 
required to stimulate the ganghon cell can be obtamed, 
and only 1/100,000 of the quanbty necessary to sbmu- 



Fig 72 5 Diagram of the region of the muscle end- 
plate (from Acheson after Couteaux) 

late muscle The experiments of Mamay and Nach- 
mansohn have answered some of these objecbons 
They have furnished evidence of a high concentrabon of 
cholmesterase at the motor end-plates Accordmg to 
their esbmabon, the concentrabon of enzyme at these 
sites IS many thousand times greater than in the rest 
of the muscle 

The rate of producbon of the enzyme at the muscle 
end-plates is the basis for the esbmabon of the forma- 
faon of its substrate, acetylchohne In other words, 
the rate at which acetylchohne is hydrolysed is taken as 
a measure of its producbon In this way it has been 
estimated that about 2 X 10~* rmcrograms of acetyl 
chohne can be split at a single nerve ending of the 
frog’s sartonus muscle wi thin the tune of the refractory 
penod This amount which corresponds to the produc- 
bon of 8 X 10’ molecules of acetylcholme, is considered 
to be more than suffiaent to stimulate It has also been 
found that m a sympathebc ganghon from 3 to 6 X IC* 
molecules of the ester can be hydrolyzed withm a 
millisecond 

The discovery of an enityme m extracts of bram and 
nerve which synthesizes acetylchohne at a high rate 
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blood leaving the resting stomach or in the esennized 
fluid perfusing its -wall During wgal stimulaUon the 
quantity of the acUve material was increased four- 
fold 

An acetylcholine like substance has also been iden- 
tified by Henderson and Roepke m the fluid perfusing 
the bladder during stimulation of its parasjmipathetic 
nerves In the case of the intestme and bladder as m 
the case of vasodilator nerves, the same discrepancy 
exists between the action of atropine upon the effects 
of nerve stimulation and the action of the drug upon the 
effects of acetylchohne admmistration Atropine 
abolishes the action of acetylchohne when apphed 
arUfiaally to these organs but does not depress the 
contractions set up by parasympathetic stimulation. 
Henderson and Roepke conclude from the results of 
therr experiments that, whereas the tone of the intes- 
Pne and of the bladder is dependent upon the libera 
Uon of a chohne ester, another mechanism is responsible 
for the phasic contracPons Atropme, as is well known, 
depresses the tone of the mtestmal and vesical muscula- 
tures but exerts no direct effect upon the contractile 
mechanism 

(S) The hberatton of acttykholtne from sympalhcltc 
preganglionic fibers Feldberg and Gaddum perfused 
the superior cervical ganghon with esennized fluid 
The inflow cannula was inserted mto the common ca- 
rotid artery , all branches of which had been tied except 
the one to the ganglion The fluid was collected from 
the mtemal jugular vein, all its trfbutanes except that 
from the ganghon having been occluded Dunng sUmu 
laPon of the cervical sympathepc trunk below the 
ganglion the fluid issuing from the vem was found to 
possess an action idenPcal with that of acetylchohne. 
WTien the collected fluid was passed through the gan 
glion of the opposite side its stimulant acpon (“mcoUne” 
action) upon this structure was evidenced by a contrac- 
tion of the mcUtaUng membrane Fluid collected before 
or after the period of stimulation showed no such 
activity 

(6) Acetylchohne liberation dunng the discharge of 
adrenaline StimulaPon of the sympathetic fibers sup- 
plymg the adrenal medulla causes an acetylchohne like 
substance to appear m the blood of the adrenal vem It 
has therefore been concluded that acetylchohne acts 
as a chemical transnutter from the nerve terminals to 
the medullary cells. It will be recalled that the syrnipa 
thebe fibers ending m the adrenal are preganghomc, the 
adrenal cell itself taking the place of the ganghon cell 
(p 828) It is mamlj the “mcoUne” acbon of acetyl- 
chohne (i e , abolished by a large dose of nicoUne but 
not by auopine) which is exerted upon the adrenal, but 
there is also a slight “muscanne" action 
(7) Acetylcholine as (he Iransmiler of effects to the 
smat glands Though the human sweat glands are in 
nervated by the sy mpathebc their behavior to drugs is 
similar to that of structures supphed by the parasyonpa 
thebe, they are unaffected by adrenalme, stimulated 


by pdocarpme, and paralyzed by atropine. An expen- 
ment by Dale and Feldberg gives an eiplanabon of 
these disaepanaes, or at any rate brings the roechamsm 
of sweat seorebon into the general scheme Exatabon 
of the sympathebc fibers to the foot pads of the cat 
was followed by sweating and the appearance of acetyl- 
cholme in the esennized fluid perfusing the paw 
(8) Chemical transmission of motor nerve impulses to 
voluntary muscle Evidence that acetylcholine is liber- 
ated from the terminals of motor nerves and serves as 
a transmitter of impulses to the muscle fibers has been 
oblamed by Dale and his associates 

(a) Upon rhy thmical sbmulabon of the hypoglossal 
nerve of the perfused tongue of the cat, acetylchohne 
appeared consistently in the v enous fluid Similar 
re^ts were secured with the perfused leg muscles of 
the dog dunng stimulation of the ventral spinal roots 
after excision of the lumbar symspatheUc chain 

(b) The sudden injecbon of a small dose (2 to 10 y) 
of acetylchohne mto the artery supplynng the gastroc 
nemius of the cat dunng arculatory arrest caused a 
sharp contracbon of the muscle This is a “nicotine 
acbon” of acetylchohne, it is annulled by curanne but 
not by atropme The direct appbeabon of a mmute 
amount (5 X 10^ y) of acetylcholine to the motor 
end plate of the muscle fiber causes a short sharp tetanic 
contracbon Ten bmes this quanbty apphed elsewhere 
to the fiber is meffecbve (Buchthal and Lmdhard) 

(c) The mbravenous admmistrabon of esenne (0 2 
to 0 3 mg per kg) to a spinal cat caused an in- 
crease of 130 per cent m tension of a gastrocnemius 
twitch provoked by sbmulabon of the motor nerve 
Esenne had no such effect upon the response of dc 
nervated muscle to direct sbroulabon 

(9) There is evidence lor the cholinergic nature of 
the secretory nerv es of the neural lobe of the hypophy- 
sis 

From the results of the investigations ated m 
the foregoing paragraphs, it can be stated that 
acetylcholine production and liberation accompany 
the exatabon of parasympathetic nerves, such as 
the chorda tjunpani going to the salivary' glands, 
and those to the sweat glands, adrenal medulla, 
neural lobe of the pituitary, sphincter pupiUae, 
heart, stomach, bronchioles, erectile tissue, v olun- 
taiy muscle, etc. It is also probably' liberated by 
both sympathebc and parasynajjathetic vasodilator 
nerves, and by both types of nerves supplying the 
mtesbne and bladder All preganglionic fibers are 
cholmergic 

The rtle played by potassium sons in symaptic 
transmission 

The injecbon of small amounts of potassium chloride 
mto the flmd perfusing the supenor cervical ganghon 
stimulates the nerve cells, and the injecbon of a sub- 
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tlireshold dose augments the effect of a senes of sub- 
maxunal stimuh applied to the preganghomc fibers 
(Fddberg and Vartiainen) When Ae concentration of 
potassium chlonde is raised to four times the normal, 
acetylcholme appears m the venous outflow from the 
ganghon (Feldberg and Brown) It had been reported 
previously by Beznak that KQ caused the hberation 
of acetylcholme m the frog’s heart After section of the 
cervical sympathetic and degeneration of the pregan- 
ghomc fibers the addition of KCl to the fluid perfusmg 
the supenor cervical ganglion, though still causmg 
exatation of the cells, results m the liberation of an 
insignificant amount of acetylcholme. This fact mdi- 
cates that the K ion itself (i e , quite mdependent of 
acetylcholme) has a stimulant action upon the ganghon 
cells There has been some discussion of the mterpreta- 
tion of these findmgs m respect to the r61e played by 
the K ion m the nonnal conduction m s>’mpathetic 
gangha Brown and Feldberg found, for example, that 
curarme, which blocks transmission at synaptic junc- 
tions, does so by preventmg acetylcholme from actmg 
on the ganghon cell The liberation of acetylcholme at 
the preganghomc endmg is not affected by curarme 
These observations suggest that potassium is not 
directly concerned m the transmission of the effect 
across the synapse Cowan’s observations suggest that 
the effect of curare upon the myoneural junction is due 
to Its preventing the depolarization of the end-plate 
caused by acetylcholme. 

A STJMMARY OF THE THEORIES OF SYNAPTIC AND 
NEUROMUSCULAR TRANSMISSION 

According to the onginal views of Dale and his 
assoaates, acetylcholine was supposed to act as a 
direct s tim ulant to the ganghon cell or the muscle 
end-plate (see fig 72.5) That is, the nerve impulse 
upon amvmg at the preganghomc tennmal or 
nerve-endmg m the muscle end-plate, liberated 
acetylcholme which acted as a chemical transmitter 
of the nervous effect to the postjunctional struc- 
ture, a fresh impulse bemg thus set up 

Smce It IS known that each impulse m the pre- 
ganghomc fiber causes only one impulse to be dis- 
charged from the ganghon cell, it follows that the 
acetylcohne liberated must be immediately de- 
stroyed by the action of chohnesterase and the 
nerve fiber restored to its ongmal state That is, 
the removal of acetylcholme is necessary for the 
recovery of the nerve This, m bnef, is the chemical 
theory of junctional transmission 

As a result of much research on this subject m recent 
years the chemical theory m the simple form ou timed 
above has given place to other views One of the first 
objections advanced (Ecdes) to the chemical theory as 
apphed to rapid types of nervous action, namely, the 


transmission of excitation at a synapse or myoneural 
junction (“nicotine” action), was the great rapiity with 
which acetylcholme must be removed after it had 
exerted its effect. It must disappear withm the refrac- 
tory penod of nerve — a matter of millis econds at most 
This objection need not apply to the slower types of 
nervous activity, such as the inhibitory effect of the 
vagus on the heart (“muscarme” action) It was also 
doubted that suffiaent quantities of acetylcholme for 
exatation could be produced with such hghtnmg-hke 
rapidity A still more serious objection was the fact 
that only relatively small amounts of acetylcholme 
could be recovered from flmd perfusmg a ganghon 
durmg exatation of the preganghomc fiber Even though 
eserme is employed to prevent the destruction of 
acetylcholme, only about 1/40,000 of the quantity 
required to stimulate the ganghon cell can be obtained, 
and only 1/100,000 of the quantity necessary to stimu- 



Fig 72 5 Diagram of the region of the musde end- 
plate (from Acheson after Couteaux) 

late musde The experiments of Mamay and Nach- 
mansohn have answered some of these objections 
They have furnished evidence of a high concentration of 
chohnesterase at the motor end-plates According to 
their estimation, the concentration of enzyme at these 
sites IS many thousand times greater than m the rest 
of the musde 

The rate of production of the enzyme at the musde 
end-plates is the basis for the estimation of the forma- 
tion of its substrate, acetylcholme In other words, 
the rate at which acetylcholme is hydrolysed is taken as 
a measure of its production In this vay it has been 
estimated that about 2 X KT* micrograms of acetyl 
chohne can be spht at a smgle nerve endmg of the 
frog’s sartonus musde withm the time of the refractory 
penod This amount which correspionds to the produc- 
tion of 8 X 10' molecules of acetylcholme, is considered 
to be more than suffiaent to stimulate It has also been 
found that m a sympathetic ganghon from 3 to 6 X 10“ 
molecules of the ester can be hydrolyzed within a 
nulhsecond 

The discovery of an enzyme m extracts of bram and 
nerve which synthesizes acetylcholme at a high rate 
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under anaerobic condibona indicates that a mechaniam 
exists for the rapid production of the choline ester This 
enryme is called chohnt aceiylose ‘ Nachmansohn and 
his associates suggest that the energy for the resynthesis 
of acetylcholine is denved from the break down of 

adenosmetnphosphate. 

Those who supported the classical theory of neuro- 
muscular and synaptic transmission, namely, that the 
action currents set up m the motor nerve or pregan 
ghomc fiber exate the muscle or the ganghon cells, point 
out that the mterval between the amval of the nerve 
impulse at the motor end plate and the begmmng of the 
propagated disturbance m the muscle (end plate delay), 
is of about the same duration as the “spike potential 
Erlanger has shown also that the nerve impulse can 
exate the secbon of nerve beyond a blocked region of 
from 1 to 2 millimeters m length. He argued, there- 
fore, that it was unreasonable to mointam that dis- 
contmuity at a synapse (or presumably at the myo- 
neural juncbon) would prevent transmission of the 
impulse Such facts advanced by the proponents of 
the electncal theory could not be disregarded, yet, it 
was difficult to beheve that the liberabon of acetyl- 
choUne by nerve impulses, a fact proved beyond dis- 
pute, and the telabvely high concentrabon of chohn- 
esterase at the prease site where it could play an 
essenbal idle in the cheimcal mechanism, and the wide- 
spread distnbuUon m nervous tissue of a speafic en- 
xyme for the synthesis of acetylcholine, are merely 
inadental and without any physiological significance 

Within more recent years attempts have been made, 
espeaally by Nachmansohn and his associates, to har- 
monize the chemical and electncal concepbons Acetyl 
chohne production by nerve and the electncal changes 
are considered by Nachmansohn as two inseparable 
parts of one process The elaborabon of the chemical is 
viewed as an essenbal accompaniment of the conduction 
of the impulse along the nerve fiber It is hberated, not 
only at the nerve terminals but throughout the length 
of the axon. Its producbon is thought to be a pnmary 
e\ ent m exatabon, precedmg the electncal response 

The theory of NachmanBohn is based upon the dasa 
cal membrane theory of exatabon and conducbon m 
nerve (p 926), and the correlabon between electrical 
and chemical phenomena (drug acbons, cholinesterase 
concentrabons, etc.) * The theory, bnefly stated, is 

‘ Chohne acetylose is very widely distnbuted m the 
nenous tissues, bang found in brain, gangha and pe- 
ripheral nerves, it is also present in the placenta andm 
electnc organs, but is absent from hver and kidhiev 
r or optimal acbvity this enzyme requires Mg, K 
^ ions The concentrabon of chohne acetylase m nerve 
fibers declines during their degenerabon, but some still 
reiTiMs even after the nerve has ceased to conduct. 

pie dose relabonship between acetylcholme me 
tabohsm and the EM F of the acboi 
been shown clearly by Nachmansohn ac 
in a study of the declnc organs of such 
tnc eel and torpedo These organs ca 
electnc shock which m some of the 


fish as 
n disc 
large 


as follows The nerve fiber is surrounded by a semi- 
penneable membrane, polarized during the rcsbng 
state, with potassium ions concentrated upon the inside 
An mcrease m pcrmeabihty of the membrane causes 
potassium ions to leak out, dcpolanzabon and reduced 
resistance of the nerve fiber result. The depolarized 
region is electrically negabvc to other parts of the nerve, 
a current is thus set up which is associated with the 
propagabon of a wave of exatabon along the nerve fiber 
(p 926) The r6Ic of increasing membrane permcabihty 
and dcpolanzabon, or of lowenng membrane resistance, 
IS assigned to acetylcholine The propagated electncal 
disturbance, which is accompanied by the release of 
acetykhohne, upon amving at the synapse or myo- 
neural juncbon, crosses the “gap" (sec fig 72 5) and 
exates the ganghon cell or the muscle fiber Thus, the 
funcUon of acetylcholine m transmission of the impulse 
IS the same m the nerve fiber as across a juncbon. 
Having brought about dcpolanzabon, acetylchohne 
must be rapidly removed m order that rcpolanzabon 
shall occur and the nerve be ready to transmit another 
impulse This “cocking of the tngger”, as it were, is 
brought about by chohncstcrasc A new supply of 
acetylchohne (probably by the cstcnCcabon of chohne 
present in the nerve sheath) must be produced This is 
the funebon of chohne acetylase. The energy for re 
synthesis is furmshed by the phosphate nch bonds of 
adenosmetnpbosphate. 

There are several observations which have been 
raised against this theory, one of which is the very 
small amount of acetyl chohne in sensory nerves If 
acetylchohne were essenbal for conducbon of the nerve 
impulse, one would expect to find comparable amounts 
of these substances in both tj^ics of nerve 

It has been even more difficult to obtain decisive 
evidence With respect to the rMe played by acetylchohne 
m the central nervous sj’stem, but whatever its r61e 
here may be, it is probably the same as that in gan- 
ghomc synapses That its funebon is an imjxirtant one is 
evidenced by several facts, but whether it is involved 
directly m synapbe transmission, is, as m the case of 
ganghonic synapses, a highly controversial quesbon 

The following observabons can be ated in fav or of 


aiBounts to from 400 to 800 volts The electnc organ 
13 composed of plate like structures arranged in senes 
which are believed to have evolved from 
the end plates of skeletal muscle They resemble m 
tbe^ arrangement a voltaic pile. One side only of 
each plate is innervated, and this side becomes nega- 
tive dunng activity The other side is positive. High 
concentrations of diolinesterase are produced m these 
organs In some instances several kilograms are formed 
in an hour, or an amount three or more times the 
weight of we organ itself A close correlation has been 
shown by Nachmansohn and his colleagues to exist in 
^e elec^c organ of ElectropJwrus decincttSy between 
number of plates per cm , the E M F per cm and 
the «mcmtrabon of cholinesterase There remains 
UtUe doubt that the production of acetylcholme is 
closely assi^ated with the activation and electncal 
discharge of these organs 
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the chemical theory of synaptic transmission m the cen- 
tral nervous system 

(1) Activity m the central nervous system is contm- 
uous, and the contmuous or “spontaneous” hberation 
of acetylchohne has been demonstrated repeatedly, 
chohuesterase and chohne acetylase are present in 
bram m considerable amounts 

(2) Eserme apphed to various parts of the central 
nervous system has a sbmulatmg action The followmg 
responses have been obtamed, (a) movements of the 
opposite limbs after the apphcation of the enzyme to 
the motor area of the cortex, (b) hmb movements after 
apphcation to antenor lobe of the cerebellum, (c) move- 
ments of the tongue and of the muscles of deglutition 
when pamted on the hypoglossal nucleus (see Miller), 
(d) hberation of the hormone of the postenor lobe of 
the pitmtary after its apphcation to the supraoptic 
nucleus 

(3) Bulbrmg and Bum perfused the lower half of the 
spmal cords of dogs with an esennized solution, this was 
followed by activity of a reflex nature which persisted 
for several mmutes, stimulation of the central end of 
the sciatic nerve dunng this period caused an mcrease 
m the amount of acetylchohne m the effluent flmd 

Myasthenia grams This condition, as its name im- 
phes, IS a condition of profound weakness of the muscles, 
those of the eyes, face and throat bemg, as a rule, m- 
volved first Collections of lymphocytes (lymphor- 
rhages) and degenerative changes occur m the muscles 
The disease is accompamed by a high degree of crea- 
tmuna and a reduction m the excretion of creatinme. 
The thymus is frequently enlarged, and myasthema 
gravis is a frequent accompaniment of thyrmc tumors- 
Administered creatmeis practically all excreted as such 
Death results from mvolvement of the respnatory mus- 
cles Myasthema gravis is associated sometimes with 
th 3 uotoxicosis m which enlargement of the thymus is 
also commonly seen 

In 1934 Walker descnbed a dramatic improvement 
m a case of myasthema gravis followmg the administra- 
tion of eserme, later prostigmme was found to confer 
even greater benefit The effect, unfortunately, is tran- 
sient, lastmg for no longer than 3 or 4 hours Other 
antichohnesterases, e g , neosbgmme and di-isopropyl- 
fluorophosphate, have smce been employed, the latter 
agent, though it has a more lastmg effect is otherwise 
inferior to prostigmme or neostigmme. The first drug 
to be used with benefit was ephedrme, mtroduced by 
Edgeworth m 1930, who was herself a victun of the 
disease 

The muscular weakness m m3Tisthenia gravis is not 
due to any disease of the central nervous system, nerve 
trunks, or muscles but, as shown by Harvey and hiS 


assoaates, to some defect at the myoneural junction 
With regard to the nature of the junctional disorder, the 
action of chohnesterases suggests three possibihties, 
namely (a) defiaency of acetylchohne production, (b) 
the presence of excessive amounts of chohnesterase, or 
(c) the production of a substance with a curare-hke 
action The mvesbgations of Wilson and Stoner pomt to 
the last mentioned as the most likely factor They found 
no mcrease m the chohnesterase content of the blood 
m subjects of the disease, nor any evidence of a failure 
m acetylchohne synthesis, but the serum of patients 
suffermg from the disease, but not imder treatment 
with prosbgmme, caused neuro-muscular block m the 
nerve-muscle preparabon of the frog Serum from 
pabents receivmg prosbgmme treatment exerted no 
curare-hke acbon With the idea that the primary fault 
ongmates m the thymus, thymectomy has been resorted 
to m some instances, with apparently beneficial results 

Aitections of Autonomic Nerves 

Horner’s Syndrome is the name given to the 
group of effects resultmg from section or paralysis 
of the cervical sympathetic They are (a) Flosts 
(droopmg of eyehd) and emphthalmos (recession 
of the eyeball) due to paralysis of the smooth 
muscle of the upper hd and orb’t respectively, 
reduction m mtraocular pressure (b) Constnction 
of the pupil (myosis) The pupil of the affected 
side IS smaller than its fellow of the opposite side 
as a result of the unopposed tome action of the 
pupillo-constnctor center (see p 1175) (c) Vaso- 
dtlaUUion, higher temperature and absence of sweat- 
ing over the affected side of the face Imtation of 
the cervical sympathetic tends to cause the oppo- 
site effects, namely, widened palpebral fissure, 
exophthalmos, dilated pupil (mydnasis) and exces- 
sive secretion of sweat on the affected side In the 
dog stimulation of the cervical sympathetic causes 
marked protrusion of the eyeball The movement 
IS due to the contraction of the circularly disposed 
smooth muscle fibers m the fasaa bulbi A lesion 
of the bram-stem or spinal cord may interrupt the 
central course of the sjmipathetic fibers to the 
head, with the production of Homer’s syndrome 

The relations of the autonormc system to Ray- 
naud’s disease (p 297), asthma (p 428), mega- 
colon (p 591) and spastic states of the skeletal 
muscles (p 963) have been considered m other 
sections 
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Anatomicai. OtmjuE of the Eye 

The human eyeball (bulb or globe of the eye) is ap- 
proximately spherical, bemg shghtly flattened from 
above down (see figure 73 1) In the adult it measures 
to about 24 mm m its anteroposterior and transverse 
diameters and 23 5 mm m its vertical diameter It is 
compounded of the segments of two spheres, its pos- 
terior I bemg the large segment of a sphere with a radius 
of about 8 mm The center of the anterior curvature of 





the e> eball is called its anterior folt and the correspond- 
ing point on the posterior surface the paitcrior pole 
\ straight hne joming the two poles is known as the 
optic axis The visual ans passes through the cornea a 
httle to the nasal side of its center of curvature and the 
fovea centrahs, the optic and visual axes therefore 
cross at a pomt a httle behmd the center of the lens ' 


' The angle formed by the intersection of the c 
^ with the vi^al axis is about S' and is referre 
as the cngle alpha 


The oicumfetence of the cveball midway between the 
two poles IS termed the equator Any imaginary atcle 
drawn to pass through both poles of the cj c is called a 
meridian The oplic nerve (p 1109) enters the eyeball a 
httle to the mner side of the postenor pole. The optic 
axes arc nearly parallel, converging only shghtly 
behind, whereas the axes of the optic nerves followed 
backwards converge more sharply to the optic chinsma 
A thin fibrous membrane— the /ujcio bulbi or capsule 
of Tenon — encloses the globe from the entrance of the 
optic nerve to just behind the arcumfercncc of the 
cornea, where it blends with the outer coat (sclerotic) of 
the eyeball The fasaa bulbi is pierced a httle in front 



Fig 73 2 The lacrymal apparatus 1, kcrymal 
ducts, 2, lachry mal sac, 3, nasolachryTnal duct Region 
marked off by interrupted Ime mdicatcs the position of 
the lacrymal gland 

of the equator of the globe by the ocular musdes, it 
blends with the sheaths of these muscles Fasaal shps 
{check ligaments) pass from the muscle sheaths, espea 
ally those of the external and internal recti, to the 
walls of the orbit and serve, it is bcheved, to check the 
movements of the musdes In the region surrounding 
the optic nerve entrance the fascia bulbi is pierced by 
the ohary vessds and nerves and just behmd the equa- 
tor by the vortex veins The space between the fasaa 
bulbi and the globe is occupied by a meshwofk of fine 
areolar Ussue, the eyeball thus Ues in a cushioned 
socket, separated from the other contents of the orbit 
The CoNjtrNcnvAi, xm Laceyual Apparatus 
The exposed part of the eyeball is covered by delicate 
mucous membrane — the conjunctiva — ^which is reflected 
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on to the inner surfaces of the eyehds The conjunc- 
tival surfaces are lubncated and kept dean by a film 
of fluid secreted by the lacrymal gland (fig 73 2) The 
lacrjTnal gland is about the size and shape of a shelled 
almond It hes imder the shelter of the bone formmg 
the upper and outer part of the orbit (i e , the zygo- 
matic process of the frontal bone) It is of the racemose 
tjTie, somewhat resembhng m structure a serous sah- 
varj' gland, its secrehon — the tears — is dehvered 
through a number of fine ducts mto the conjunctival 
fornuc The secretion is a dear watery, shghtly hyper- 
tome flmd havmg, according to Ridley, the foUowmg 
composition 


Water 

per cent 

98 2 

Total sohds 

1 8 

Ash 

1 05 

Total N 

0 158 

Non-protem N 

0 051 

Urea 

0 03 

Protem (albumm and globulm) 

0 669 

Sugar 

0 65 

Chlondes (as NaCl) 

0 658 

Sodium as Na»0 

0 60 

Potassium as K;0 

0 14 

Ammonia 

0 005 


A sample of tears collected from the conjunctival 
surface con tain s traces of mucus secreted by the con- 
junctiva Itself The tears also contain the bacteriolytic 
enzyme Ij-sozyme (ch 37) 

Several small accessory' lacrymal glands are situated 
m the conjunctival formces their secrebon suffices for 
lubncation and cleansmg under ordmary circumstances 
The mam glands are called mto play only upon speaal 
occasions, e g , imtation of the conjunctiva, as a result 
of pain, certam emotional states, such as gnef, disapi- 
pomtment, anger, etc , and dunng the acts of yawnmg 
and coughmg 

The wmking movements of the hds spread the tears 
over the conjimctival surfaces, the flmd is directed mto 
the lacrymal lake — a small tnangular area lymg m the 
angle bounded by the innermost portions of the hds 
The center of the lacrjmal lake is occupied by a small 
pmk structure the laciymal caruncle, composed of mod- 
ified skm, and contammg sebaceous glands and a few 
slender hairs The tears are dramed from the lacrymal 
lake by tis o small tubes — the lacrymal ducts The mmute 
orifices of the latter — the pnneta lacrymalia — may be 
seen one on the margm of each hd The lacrymal ducts 
lead mto the upper part of the nasolacrymal duct, this 
opens mto the mfenor meatus of the nose, its upper 
blmd end is termed the lacrymal sac 

The dramage of tears mto the nose does not depend 
merely upon gravity Flmd enters and passes along the 
lacrimal ducts by capillary attraction aided by aspira- 
tion caused by contraction of a part of the orbicularis 
ocuh muscle which is inserted mto the lacrymal sac 


(pars lacrymahs muscle) When the hds close, contrac- 
tion of this muscle causes dilatation of the upper part 
of the sac and compression of its lower portion Tears 
are thus aspirated mto the sac, and any which have 
collected m its lower part are forced down the naso- 
lacrymal duct towards its op enin g mto the mfenor 
meatus of the nose As the hds open the muscle relaxes 
The upper part of the sac then collapses and forces flmd 
mto the lower part which at the same tune is released 
from compression Thus, the act of b linkin g exerts a 
suction-force-pump action m removmg the tears from 
the lacrymal lake and emptymg them mto the nasal 
cavity 

The secretory fibers to the lacrymal gland are derived 
from the parnsj-mpathetic. They arise from the supenor 
sahvatory nucleus, or, accordmg to some, from a separ- 
ate group of cells (lacrymal nucleus) m close relation to 
the latter The fibers leave the bram m the nervus 
mtermedius of Wnsberg, the sensory root of the facial 
Thty pass to the gemadate ganghon which they leave 
m the great superfiaal petrosal nerve (see fig 66 10, p 
1000) This nerve joms the deep petrosal nerve to form 
the nerve of the pterygoid canal (Vidian nerve) The 
fibers are conveyed m the latter nerve to the spheno- 
palatme ganghon and thence mto the zygomatic branch 
of the maxillary nerve. A branch of the zygomatic nerve 
(zygomaticotemporal) anastomoses with the lacrymal 
nerve — a branch of the ophthalmic The lacrymal 
nerve thus receives the parasjmpathetic fibers and 
dehvers them to the lacrymal gland, it also cames 
sensory fibers to the gland 

The sympathetic fibers are denved from the cervical 
sympathetic, they pass mto the carotid plexus and 
travel m the deep petrosal nerve to the great superfiaal 
petrosal nerve They accompany the parasympathetic 
fibers to the gland The sympathetic is probablj purely 
vasomotor m function, it does not appiear to furmsh 
secretory fibers to the lacrymal gland 

Lacrymation is mduced reflexly by stimulation of 
nerve endmgs of the cornea or conjunctiva (ophthalmic 
division of the 5th nerve) The reflex is armulled bv 
anesthetization of the surface of the eye, by section of 
the sensory nerves or of the great superfiaal petrosal 
nerve, or by blockage of the sphenopalatme ganghon 
Emotional lacrymation is not affected by local anes- 
thetization nor by seebon of the ophthalmic division of 
the 5th nerve, but is abolished by seebon of the great 
superfiaal petrosal nerve or by blockage of the spheno- 
palatme ganghon Excessive laciymabon may foUou a 
lesion of the faaal fibers central to the faaal ganghon 
Defecbve or complete absence of a lacrymatory re- 
sponse, either psychic or reflex is seen, though very 
rarely, as a congemtal anomaly 

THE TUNICS OF THE EYEBALL 

The wall of the eye is composed of three concen- 
tric layers or tunics (1) An outer or fibrous tunic 
— the sclera and corttea, (2) a middle vascular 
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tunic— the choroid, catary body and trts, and (3) a 
nervous tunic— the rdtna (sec fig 73 1) 

The Outer or Fibrous Tunic. The poslcnor I of 
this coat IS opaque and is called the sc/era, it is composed 
of white fibrous tissue and fine elastic fibers Its an 
tenor i is perfectly transparent and is called the cornea 
The sclera appears m front as the so-called "white of 
the eye” The point where it joins the cornea— the 
sderocomeal junction— is marked bj a famt groove (sec 
p 1164) The sclera where it is pierced by the optic 
nerve is reduced to a thin membrane contammg perfora 
tions for the transnussion of the retinal vessels and the 
bundles of nerve fibers This part of the outer tunic, 
known as the lamina enbrosa, is the weakest part of the 
wall of the globe and is the first to yield to a persistently 
high mtra-ocular pressure (see Glaucoma, p 1165), 


At the oitumfotnce of the cornea the postenor clastic 
lamma breaks up into fibers which arc continued into 
the pectinate ligament (ch 75) The cornea is devoid 
of blood vessels, it icccivcs nourishment from lymph 
derived from v csscls at its margin, and which percolates 
through the spaces between its cells. It is suppbed 
around its arcumfercnce b) a rich plexus of pain fibers 
Fine non mcdulLatcd filaments denv cd from this plexus 
pass through the posterior clasUc lamina and form a 
second plexus m the substantia propna (stroma plexus) 
From the stroma plexus fibers proceed outwards 
through the anterior clastic lamina where thej form a 
Eubepithchal plexus, nerve filaments can be traced 
from the latter to the epithelial cells The pain fibers 
have a ver) low threshold being aroused bj very mild 
forms of EtimulaUon This has led to the general belief 
that the cornea is devoid ol touch receptors and that 



Fig 73.3 Vertical section of human (l^g honzontall)), 1, corneal epithelium, 2, antenor clastic lamma, 3 
substanUfl propna, 4, postenor elasuc lamma, 5, cndothchum of the antenor chamber (After Waldej cr, modified ) 


produemg the so-called “cupping” ol the optic disc 
The cornea is convex antenorly, bemgthesmall segment 
of a sphere havmg a radius of about 7 7 mm ’ It is al- 
most circular m circumference, measunng 11 mm and 
12 mm respectively m its vertical and horizontal me- 
ndians It is from 0 5 nun to 1 mm in thickness The 
cornea is composed of five layers in the following order 
from before backwards, (a) the comeal cpithchum, 
(b) the antenor elastic lamina of Bowman, (c) the sub- 
stantia propna, (d) the postenor elastic lamina of 
Descemet, and (e) a layer of endothehal cells (fig 133) 
The corneal epilhehiim is continuous with that of the 
conjunctiva, it consists of several strata of cells of dif- 
ferent sizes and shapes Columnar cells compose the 
deepest layer, this is overlaid by two or three layers of 
polyhedral cells The cells of the supierficial three or 
four layers ase of the squamous type The aiihstanUa 
propna is a tough transparent membrane consisting of 
a number of flattened lamellae composed of bundles of 
modified conuecUve tissue fibers conUnuous with those 
of the sclera The anterior etartic lamina of Boiomon 
and the portenor elasltc lamina of Descemet bound 
the cortespondmg aspects of the substantia propna 


^e penpheral zone is somewhat flattened as ( 


slimuh which give a sensation ol touch when apphed 
to the skin arc painful if applied to the cornea It is 
claimed, however, that certain weak and innocuous 
sumulating agents, such as a jet of fluid impinging 
upon the cornea, arouse a sensation of touch nlonc. 

Tut Middle or Vascular Lavxr consists from 
behind forwards of the choroid, ctliarj body and the ins 
The choroid is composed of a nch capillary plexus and 
the numerous small artcncs and veins leading to and 
from iL It is dark browTi in color, due to the presence 
of pigment cells, and forms the middle lay er of the poste- 
nor i of the globe, it terminates anteriorly at the level 
of the ora serrata of the retina The ciliary bodv and ins 
arc desenbed elsewhere 

The Nervous Tunic or Retina The retina is 
composed of seven layers of nenous dements, an outer- 
most layer of pigment cells and two supporting mem- 
branes The following is a list of the ten retinal lay ers 
from wTthm outwards (sec also fig 73 4) 

1 Internal limiting membrane 

2 Lay er of opUc nerve fibers (stratum opticum) 

3 Layer of ganglion cells 

4 Inner plenform or reticular layer 

5 Inner nuclear layer (bipolar cell lay cr) 

6 Outer plexiform or reUcular layer 

7 Outer nuclear layer 
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8 Exierml hmttmg membrane 

9 Layer of rods and cones 

10 Pigment layer (stratum pigmenb) 

The layer of ophc nerve fibers is composed maml}' of 
the naked axons of the ganghon cells composing the 
subjacent layer They make a sharp turn a short dis- 
tance from their ongms and converging towards the 
posterior part of the globe form the optic nerve 

The layer of ganghon cells There are several (five at 
least) varieties of these cells Some are large (giant 
ganghon cells), others quite small (midget ganghon 
cells) They also differ in shape, oval, pyriform and 
multipolar forms can be distinguished The axons of 
the ganghon cells compose the first layer mentioned 


mop bipolar makes counecbons mainly with groups of 
rods and the flat bipolar with both rods and cones 
(b) Horizontal cells These are small flattened stellate 
or larger irregularly shaped elements whose axons run 
horizontally They are purely associative m function, 
their short dendntic processes formmg contact with a 
cone fiber, and them axons to a more distant group of 
rods and cones (c) “Amacrtne" cells Many of these 
appear to possess no axons Their dendntic processes 
for the most part ramify m the mner plexiform layer 
(dtfiiise type) The dendntes of others do not leave 
the mner nuclear layer (stratified type) The axons of 
some can be seen ramifymg m the outer plexiform layer 
The polanty of the amacrme cells appears to be m the 


Zlanbrana 
l^mUana lu/ema*- 
Stralum oplicum 

Oangltontc lai/tr. 


inner iil4x\form. 
layer 

Centrifugal fibre 


inner nuclear 
layer 

Fxbre of MOUer^ 

Outer plexiform^ 
layer ** 


Outer nueUar, 
layer 

Membrana 
Umilane externa, 


Layer of rode „ 
and oonee 



IhffuBt OTnaenne 
ctU 

Amacrtne eeUe 
•Horuontal cell 

Bod ffronuUs 

— 4 * granulee 


’Pvjmenied loym 


Fig 73 4 Layers of retma (After Cajal ) 


above, their dendntes ramify in the mner plexiform 
layer where they form synaptic connections with the 
bipolar cells (see below) Each giant ganghon cell may 
receive impulses from both rods and cones through 
the mop and flat bipolar cells of the inner nuclear layer 
But the “midget” ganghon cells connect each with a 
smgle “midget” bipolar, which, m turn, provides a 
pnvate hne from mdividual cones (see fig 73 5) 

The inner plexiform layer is made up mainly of the 
dendrites belonging to the ganghon cells and to the cells 
of the inner nuclear layer There are, m addition, a 
few small horizontal nerve cells piossessmg short branch- 
mg processes 

The inner nuclear layer is consbtuted of three types 
of cell (a) Bipolar cells These possess oval bodies 
and two long slender processes which arise from oppo- 
site poles Three main types are descnbed by Polyak, 
midget, flat and mop btpolars The midget bipiolars are 
plentiful m the central part of the fovea, and as men- 
boned above convey impulses from smgle cones The 


centrifugal direcbon, and, therefore, opposite to that 
of the bipolar and ganghon cells, which convey impulses 
centnpetally 

The outer plexiform layer is made up of the ramifica- 
bons of the processes of the bipolar and horizontal cells 
of the mner nuclear layer and the termmabons of the 
rod fibers and cone fibers 

The outer nuclear layer is composed of the cone 
granules and fibers and the rod granules and fibers 
The nervous elements of the vanous layers are suf>- 
ported by a framework of fibers of neuroghal character 
(sustentacular fibers of Mueller) They extend from the 
mner aspect of the stratum opbcum where they con- 
sbtute the internal limiting membrane to the bases of 
the rods and cones where they break up mto a fine 
feltwork of fibers to form the external limiting membrane 
The layer of rods and cones The rod and cone cells 
(fig 73 5) are the visual receptors Both these elements 
he with theu long axes perpendicular to the retmal 
surface The rod cell (40n to 60/i long) consists of two 
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wdMefined porbons, a cybndncal outer segment 
the rmf— which extends from the external limiting mem- 
brane to the pigment Ia}-er, and an inner segment-^e 
rod jiher The latter is a long slender filament swollen 
at a variable distance along its course hj the cell 
nucleus— the so-called rod panvlt The inner end of 
the rod fiber shows a sh^t enlargement called the end 
hUlon or spherule which makes connection with the 
arborizations of the bipolar and horizontal cells m the 
outer plenform layer The rod itself shows two seg- 
ments of about equal length, but the outer one is oal> 
about half the thickness of the inner and is marked by 
tiansserse stnae. The two parts of the rod differ 


The number of receptors m the human retina accord- 
ing to most recent estimates is about 115,000,000 ro^ 
and 6,500,000 cones. In the primate fovea each cone ccU 
has Its own private pathway to the brain, vna a midget 
bipolar and a midget ganghon cell with its opbc nerve 
fiber, whereas, m the ertrafoieal region a single fiber m 
the optic nerve carries impulses from a numberof rods or 
of rods and cones. There appear to be three mam path- 
ways from the retina, (a) a pure cone pathway via 
midget b^olar and midget ganghon cell, (b) a primary 
rod path vm the mop bipolar and the giant ganghon 
rflk, and (c) a common cone rod path via the mop 
bipolar and a giant ganghon celL 



Fio 13JS Chief neural connections of the rods and cones (From Polyak, modified ) A, pure cone pathway, 
mixed rod and cone pathway , C, rod pathway, mainly 1, imdmt bipolar cedi, 2, midgit ganglion cell, 3, flat bipolar 
supplying cones, 4, flat bipolar supplying ro^ and cones, 5, brush bipolar supplying rods and cones, 6, mop bi- 
polar cell, 7, amacnne cells The brush bipolar is a variant of the flat bipolar 


chemically , each reactmg in its own way to cer tain dyes, 
the outer thinner portion is composed of a my elm like 
material, the inner, of protoplasm The outer-segment 
breaks up after death along the stnae just mentioned 
into Uny transverse plates, this part of the rod alone 
contains a reddish pigment — the visual purple or 
rhMopsin 

The cone cell consists of a pyTamidal portion — the 
cant — situated on the outer side of the external limiting 
membrane with its pointed end directed towards the 
pigment layer, and an inner segment — the cone fiber — 
which vanes m length and thickness accordmg to the 
part of the retina m which it is situated The cone 
fibers contain the nuclei, these are the cone granules 
already mentioned with the rod granules as being the 
chief elements of the outer nuclear layer The cone 
cells vary from 28 to 85 microns m length m different 
parts of the retina, and from 2 5 to 7 5 microns m 
thickness. 


It IS evident that hght m order to reach the rod and 
cone layer must, except at the fovea, pass through all 
the other nervous layers The reUna has been compared 
to a transparent carpet laid upside down (Walls) The 
pDe then corresponds to thevisual receptorsand the jute 
backmg to the maze of nerv e fibers which support the 
visual and mtegrate the impulses mitiated m them. 

The pigment layer consists of a,sin^e row of epithelial 
cells containing mobile tod shaped granules of a dark 
brown melanin like pigment called /acten The outer 
surfaces of the pigment cells are hexagonal m outline 
(fig 73 6) and are firmly attached to the choroid. From 
their inner portions fine processes arise which are m- 
smuated between the rods and cones In darkness or 
dim hght the pigment granules are aggregated m the 
inner half or so of the cell body but m certam speaes, 
e-g , the frog and fishes— not m mammals — (p 1130), 
illumination of the eye causes them to move mto the 
processes between the visual cells. The pigment serves 
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like the black pimt on the inside of a camera, to absorb 
hght which otherense would be diffused and cause 
blumng of the retinal image In albinos the hexagonal 
cells are free from pigment 

DFVFLOPj.rrNT OF TiiF Rftina and Description of 
Its Gross \ppfara\cf Knowledge of the ongin of 
the rcuna is an important step towards an understand- 
ing of Its functions It is dc\ eloped from a hollow out- 
growth of the rudimentarj' fore brain called the apitc 
’^■sidc The distal iwrtion of this diverticulum expands, 
while the proximal portion remains narrow and is 
termed the cpltc stalk As dexelopmcnt proceeds the 
outer wall of the optic \csiclc collapses and becomes 
inaaiginalcd, finalK, it meets the inner wall and joins 
wath It, tlius a two laxered cup shaped structure — the 
aptic cup — IS formed Thcoutcr la\cr consists of a single 
row of epithelial cells which acquire pigment, and is 
seen in the adult retina as the stratum pigmenti The 
inner la\cr formed from the in% aginated wall becomes 
thicl cned, and from it arc dc\ eloped thcncrxous laxers 
of the retina After death the neiwous la 3 crs (retina 
proper) can be rcadih stnpped up from the pigment 
cells which remain attached to the choroid The mem- 
brane frcshl} detached from the pigment lajcr appears 
reddish (due to the prc'scnccof \ isual purple) and, trans- 
parent when shielded from strong hght Upon exposure 
to bright hght, howexer, it rapidly becomes colorless 
(bleached) and clouded The line of union between the 
two walls of the optic cup isalwaj's a weak part in the 
adult retina, and in the In mg eye detachment of tlic 
retina from the pigment laj cr is not an uncommon ac- 
cident 

The retina proper extends from the margms of the 
optic papilla (see below) to just behind the aliarj' body 
At this point it ends abruptlj in a dentated border — the 
ora serrata (sec fig 75 29, p 1152) Its thickness dimin- 
ishes progressnely from the optic papilla (where it 
measures about 04 mm ) to the dentate border where 
it is onlj’ 0 09 mm thick The pigment layer is con- 
tinued forwards from the ora serrata over the deep 
surface of ciliary body (pars ctltaris retinae) and inS 
(pars tridtce retinae) Two rcUna] areas require special 
mention — the optic disc and the macula lutca with the 
fovea centralis 

The optic disc is situated about 3 mm to the nasal 
side of and a little above the posterior pole of the ej'e- 
ball. It has a diameter of about 1 5 mm in man As 
viewed in the human eje by means of the ophthalmo- 
scojic (p 1147) it appears as a pink arcular area fading 
to a creamy white toward the center It is pierced near 
Its center by the retinal vessels — arteria centrahs retinae 
and Its accompanying vein (PI III, opp p 1146) The 
circumference of the optic disc is elevated to form the 
optic papilla Tlie central depressed part is known as the 
physiological cup or the excavation of the optic nerve 
The vessels climb up the inside of the cup to reach the 
retina All layers of the reUna except the nerve fiber 
layer are absent from the optic disc It is therefore 


totally insensitive to hght and is known as the blind 
spot of the rebna The reader is referred to figure 76 2 for 
a demonstration of the bhnd spot in his own eye 
The macula lutea A small diffuse yellow area called 
the macula lutca (j'ellow' spot) is seen m the retina a httle 
to the temporal side of the posterior pole of the globe, 
1 e , about 3 5 mm from the outer edge of the optic disc 
Its color IS due to the presence of a yellow pigment 
which, like the visual purple, is bleached by hght, 
though much less readily The central zone of the 
macula lutca is depressed and is referred to as the. fovea 
centralis This is the region of the reUna concerned 




Fig 73 6 A, rod, B, cone, C, pigment cells viewed 
from the surface 


with acute vision , in man it has a diameter of about 0 44 
mm (Wolfrum) The depression is due to the extreme 
thinning of the retina proper at this point, brought 
about by the disappcarincc of the nerve fiber, ganglion 
cell, inner plcxiform, inner nuclear and outer plexiform 
layers The elements which compose these layers are 
sxvcpt pcnpherally, leaving onlj' the cone cells which 
arc here exceptionally long (85;t) and slender (fig 73 7) 
At the bottom or center of the fovea the thickness of the 
retina is only 0 1 mm Moreover, the cone fibers of this 
region arc elongated and, mstead of passing perpendicu- 
larlj' inwards, incline obhquely to connect with the 
bipolar cells around the margins of the fovea In this 
way a layer is formed which, though it corresponds to 
the outer nuclear layer, differs in appearance from that 
of any other part of the rebna It is called the outer 
fiber layer of IJenle In this region it alone overlies the 
cones The pigment layer is exceptionally w ell developed 
at the fovea 
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The human fovea is rod free In the remamder of the 
retina the cones dimmish progressively m number from 
the foveal margm to the periphery, vrhae the rods m- 
crease proporUonately The macula immediately sur- 
rounding the fovea is nearly but not quite rod free 
In some ammals, e g , the rat and certam rnght-fliung 
birds, the retma throughout contams only rods, in 
others, espeaally day birds, rods are almost entirely 
absent. 

It must never be forgotten that the retma is an out- 
groivth of the brain and retains the structural and func 
tional characteristics of nervous tissue. The neurons 
composmg its several lajers are coimected through 
sjTiapbc junctions, and such phenomena as spatial 
summation, latency, inhibition, corn ergence and oc- 
clusion (see chapter 64) have been demonstrated in the 
retina 

The OctTLAE CmcuLATioN Thirtj three separate 
artenes enter the eje ball The reltiia is supphedbythe 
ariCTta cenfraJts retinae, a branch of the ophthalmic 


the tissue of the ins to the pupillary margm, here they 
jom to form a smaller artenal rmg (ctrctihis arteriosus 
minor) The short postenor ahary artenes perforate the 
sclera around the optic nerve and supply the choroid 
and cihary process The anterior cihar> artenes and 
their companion veins pierce the globe a little behind 
the sderocomeal juncUon The blood is returned from 
the choroid by a system of vems in the outer choroidal 
layer From their whorl-hhe arrangement thej are 
termed the nortex veins (^venae vorlicae) The smaller 
and medium sized vessels of this sj-stem become con- 
fluent to form four trunks nhich penetrate the sclera 
and appear on the surface of the globe eqmdistant from 
one another just behind its equator These vessels and 
the anterior cihary vems drain into the ophthalmic 
veans The central vein of the retina empties mto the 
cavernous sinus either directly or through one of the 
ophthalmic vems (p 1151) 

In man the pressure m the central artery of the retina 
IS from 70 to 85 mm Hg sj’stobc and from 40 to 50 mm 



^-IllT LI>UT MHAB 
-- VERVE FIBER lAYER. 

GAWGLIOH CELL lAlfER 
--INltER ?LEX lAYBR 

--IN11ER NUCLEAR UYER 

'--HENLB'S FIBER LAYBR 

J 

--OUTER NUCLEAR LAYER 
’—OUTER LIMIT WEHB. 
t -LAYER OF ROUS AND 
CODES 


Fig 737 Seebon through the center of the fovea centralis (From Wolff, after Eisler) 


artery The central artery with its compamon vem 
pierces the optic nerv e about 1 23 cm behind theey eball 
and bending sharply runs forwards m the center of the 
nerve. Perforating the lamina cribrosa it appears inside 
the eyeball at the center of the opbc disc It immedi- 
ately divides into two mam branches which redivide 
to form a vascular netn ork, the finer channels ending m 
a capillary plexus uhich extends outwards as far as the 
inner nuclear lay er The fovea itself is devoid of v essels 
The choroid, ms and ciliary body are supphed by a 
separate svstem of vessels denied from the long and 
short posterior ahary artenes, branches of the ophthal- 
mic, and from the antenor ahary artenes which are 
twigs of the lacrvmal branch of the ophthalmic The 
two long postenor ciliary artenes pierce the sclera a 
short distance from the opbc nerve and, running for- 
wards on either side of the globe between the choroid 
and the sclera, anastomose with branches of the short 
postenor aliary artenes and of the antenor ciliary 
aiten to form a vascular nng (circiiliu arleriosiis major) 
which cnarcles the penphety of the ins Branches pass 
from this vascular arde along convergmg lines thrODgh 


diastohc But owmg to the presence of the mtra-ocular 
flmd and the resistant nature of the sclerobc coat, puka- 
bon of the rebnal artery as observed by ophthalmo- 
scopic exammabon is shght. The pressure m the 
rebnal artery of the intact globe may be detenmned by 
the method of Bailhart which consists m observing the 
vessel with the ophthalmoscope while a measured pres- 
sure IS made upon the globe. Maximal pulsabon is 
taken as mdicabng the diastohc level and the disappear- 
ance of pulsabon as an mdex of the systohe pressure 
There are several fallaaes m this or any other mdirect 
method, the results bemg far from reliable The pres- 
sure m the central vem of the retma is around 25 mm 
Hg A venous pulse is also observed, it is aUnLuted 
to the transmission of the impulse from the artery 
through the mtra-ocular flmd to the vems That is to 
say, with each expansion of the artery the veins for a 
short distance proximal to where they leave the orbit 
are compressed and an extra quanbty of blood is ejected 
from the ey eball 

The lens and ciliary body are described in chapter 75, 
the visual pathway and ocular muscles in chapter 76 





Chapter 73 


PHYSIOLOGY OF VISION 


1113 


THE DOTUCmr THEORY OF RETINAL FUNCTION 

The theory that the retina is a duplex organ was 
first proposed by Max Schultz m 1866 There is 
today abundant evidence for Schultz’s doctrine, 
which IS now referred to as the Dicphaiy Theory, 
that the rods function in dim light, below an il- 
lummation of 0 01 foot candle (scotopic mston), 
and do not register sensations of color, whereas 
the cones are stimulated only by higher levels of 
hght mtensity (pholoptc vision), and are responsible 
for the perception of color The fovea, which con- 
tains but few if any rods, is the region of the most 
acute vision The surroundmg (penpheral or extra- 
foveal) retina is composed of both rods and cones, 
the proportion of the former type of element m- 
creasing, that of the latter dimmishmg towards 
the penphery w here cones are entirely absent 

The sensitivity of the rods is dependent upon a 
photochemical substance (see visual purple) 
Though rods “take over” from the cones as the 
mtensity of the light is reduced below the threshold 
of the latter, they do not cease to function when, at 
a higher level of illummation the cones become 
active Within a certain range both types of re- 
ceptor respond, but as the mtensity of the light is 
further mcreascd the rods cease to react 

At the nsk of some repetition m other sections 
the evidence for the duplex nature of retmal func- 
tion will be briefly reviewed 

(1) The Purhtnje sJnfl When the spectrum is viewed 
m a bnghthghtfi e , by the hghtadapted eye, p 1125) 
it IS seen as a senes of colors with the maximum bnght- 
ness (lummosity) in the yellow (sodium D-hne) If the 
lUummation of the spectrum is reduced and the eye 
dark adapted, the region of maximum lummosity will 
be found to have shifted nearer to the violet end The 
red portions gradually become darker, the blues corre- 
spondingly bnghter, and with further reduction in the 
mtensity of the hght a point is reached where the spec- 
trum is colorless, the maximum luminosity is nowinthe 
region of the E hne (see Plate II and fig 73 8) 

These facts explam the familiar visual expenence 
that red and blue objects though equally bnght m day- 
hght, show different degrees of bnghtness m twihght 
As mght falls the red geraniums m the garden become 
darker and darker, and finally appear black, and, there- 
fore all but mvisible, while the blue delphmia can still 
be seen as gray patches 

This shift of the spectral region of maximal lummos- 
ity with a change in the mtensity of illummation is taken 
^ strong evidence for the existence of two types of hght 
sensitive elements m the retina, one tjqie — the cones 
being responsive at intensities above 0 01 foot candle, 
the other type — the rods — reactmg to the lower levels 


of illummation The Purkmje phenomenon cannot be 
demonstrated at the fovea, where rods are absent or 
very few m number 

The Purkmje phenomenon is shown graphically by 
means of curves of retmal sensitivity to the different 
wave-lengths, m bnght and dim hght, respectively 
The curve ob tamed m bnght hght is called the photo ptc 
luminosity or visibility curve, that obtained at low illu- 
minations after dark adaptation, the fovea bemg unre- 
sponsive (bhnd), IS known as the scolopic luminosity or 
visibility curve In obtaming the data for the curves, 
monochromatic hghts of the different wave-lengths are 




Fig 73 9 Curves showing the relahve energy and 
lummosity of the different regions of the spectrum 
(Starlmg, Pnnaples of Human Physiology, 3rd Edi- 
tion, Lm & Febiger ) 

employed, and, m the case of the scotopic curve, thresh- 
old mtensities are detennmed It is not feasible to 
obtain a photopic curve in the same way In this case, 
a hght of a standard bnghtness is shown in one half of a 
photometer field and the other half of the field filled 
successively with monochromatic hghts of the vanous 
wave-lengths The mtensity of each of the latter hghts 
is altered by the observer untd a match m bnghtness is 
made. In the construction of either curve the reaprocal 
of the energy required to make a match, or for a thresh- 
old stunulus m the case of the scotopic curve, is plotted 
against the wave-length Thus, the sensitivity of the 
retma is related mversely to the quantity of energy 
emploj ed — the less the energy required the greater the 
sensitivity of the retina 

The greater sensitivity of the retma to some wave- 
lengths ihnn to others IS not simply a matter of the total 
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encrE> content. A glance at figure 73 9 ■mil shore that the 
distribution of cnergj in the spectrum is not related to 
the luminosit) cun e In figure 73 10 the luminosity 
nines are corrected to an equal-energ> spectrum It mil 
be obsen cd that the maximum luminosity is at a ivare 


■mth a wave length of 560 m/i, it 'mil be seen from the 
cun es that the former has a stimulating power m arbi- 
trary umts of nearlj 100 at low mtensiUes of illumma- 
tion (rods), and only about 70 in bnght light (cones) 
Yelloii hght has a rod stimulating pow er of about 40 



riG 7310 \Tsibihty or luminosity curves for scotopic and photopic vision (After HechL) 



Imgth of ^SOniM for high light intensities, and 

of 510 mu, and 


units as compared with nearly 100 umts of cone stimu- 
lating power 

(2) Using the electroretinogram (ch 74) as the 
mtenon of reUnal response Graham and Riggs found 
ttot a Purlonje effect could not be demonstrated m 
the white rat The wave length of maximum effecUve- 
ness was the same m both the hght and dark adapted 
eye, namely, 510 mn, which, as just stated, is that for 
the dark adapted eye of man The s.gmficant point 
is that the retina of the white rat contains onl> rods 
In such forms as the frog and fish which possess both 
rods and cones the Purkinje shift can be demonstrated 
b> electrophj^iological means (see figure 73 11) On the 
oAer hand the rePnas of day birds such as the domesPc 

W I but very 

to thnf ft ^ spectral sensitivity corresponding 

such if "'Sbt 

the rat (lc f ^ f ““““'als as well as 

contam mainlj or only rods, show a spectral 
«^m,ty similar to that of the human rePna m dim 

the Illumination of the retina wnth red and 

the^k™e\^‘'^nn^ of ^me night birds, notably 
suited that their rePnns",^^ absolute darkness has 
radTations to which the 

ti'c Thus, It has been of mammals are insensi- 
o E , a mouse, ha\nnir a bird’s prey, 

surroundings, ernTt^^infm that of its 

*>es can detect Careful m ^hich the asnan 

has pro\cd, howeicr that T'estion 

"« s;”S iSLZ'’’ 
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with blue light give further evidence for photopic and 
scotopic mechanisms (Adnan) With red light, which 
stimulates mainly the cones, the record shows a brief 
diphasic change which is increased only shghtly by 
dark adaption Blue light, which stimulates the rods 
predominately, results in a slower monophasic response 
This response is increased greatly by dark adaption 

(3) The sensitivit}’’ of the human retma beyond the 
fovea is enormously mcreased by dark adaptation, 
whereas the fovea shows relatively httle change The 
color sense is completely lackmg from the most periph- 
eral part of the retina which is cone-free 

(4) Night blindness {nydalopta) and day blindness 
{hemeralopia) In night bhndness, which is usually due 
to vitamin A deficiency but may be hereditary, vision 
IS defective in dim hghts, whereas daylight vision is 
normal and the spectral sensitivity of the fovea is that 
of the normal eye The visual purple of the rods sup- 
posedly IS lacking or regenerates very slowly m the 
dark after exposure to hght In day bhndness there are 
lack of color sense and photophobia These facts accord 
with the belief in the independent functions of the rods 
and cones 

(5) Visual actitly (p 1118) and the dtscrmtnatton of 
light intensity (.p 1121) Investigations of these faculties 
and of the phenomenon of flicker (p 1122) furnish 
additional evidence of the dual nature of retinal func- 
tion 

(6) The close correspondence between the scotopic 
lummosity curve and the absorption curve of visual 
purple (p 1127) is further evidence for the functionmg 
of the rods m twihght 

(7) The perception of movement is more acute in the 
penpheral retina than at the fovea 

The differences between the functions of the rods 
and cones are not quite as definite and clear-cut 
as the foregoing expenmental results would seem to 
imply There are certam observations which con- 
flict with the generalizations of the classical view, 
some revision m our ideas is required m the light 
of recent work Snakes, for example, which have 
a pure cone retina do not appear to be blmd m the 
dark (in India they mvade houses usually at night) 
and many mammals whose retmas contain cones 
are apparently without color sense The retma of 
the gumea-pig which is of the pure cone type, shows 
as far as dark adaptation is concerned, exactly 
the same reactions (e g , Purkmje shift) as the 
mixed cone-rod retma of tbe cat (Granit) The con- 
clusion seems inevitable, and it is now generally 
believed that there are two types of rods which 
though indistinguishable histologically, differ m 
function Rods of one type behave bke the cones 
and have been called “day rods”, the other type 
behaves like the ordinary classical rod m so far as 


Its possessing visual purple, and its reactions m 
dark adaptation are concerned This latter type of 
rod IS beheved to be especially sensitive to the blue 
end of the spectrum, and is absent from the fovea 
Accordmg to WiUmer the fovea is blue blmd, the 
cones and the “day rods” bemg insensitive to this 
color 

The Reactions of the Retina, Subjective 
Phenomena 

Mechanical and Electrical Stimulation 
The visual cells — the rods and cones — are highly 
specialized for the reception of radiations of the 
visible spectrum and for the conversion of the 
radiant energy into nerve impulses The retma, m 
he exp ressive phrase of Sherrmgton, is a “glorified 
heat spot” But, though it is stimulated most 
effectively by light, which is therefore the adequate 
shmidiis, crude visual sensations can be evoked by 
mechamcal and electncal forms of stimulation 
Pressure upon the eyeball, for example, causes to 
appear a lummous nng, known as a phosphene, and 
the flash of hght caused by a blow upon the eye is 
familiar to everyone A phosphene also results 
from electncal stunulation of the eyeball * 

As m the case of nerve or muscle, chronaxie is a 
measure of retinal excitabihty Verryp and Hour 
guignon and assoaates have investigated the chronaxie 
of the human retina, employmg the phosphene response 
to electncal stimulation There are apparently two 
chronaxies, one due to the rods, the other to the cones 
With the electrodes nearer the fovea (cones) the value 
was from 2 1 to 2 8 milliseconds, when nearer the 
penphery of the retina 1 0 to 19 miUiseconds The 
chronaxies are the same whether the eye is hght or dark 
adapted (p 1124) 

stimulation of the retina by light 

The wave lengths (\) of radiant energy which 
stimulate the retma (visible spectrum) range from 
around 400 mu to 780 m/i (4000 to 7800 Angstrom 
umts‘) This IS only about one octave of the entire 
energy spectrum The last figure just given evi- 
dently represents the limit of sensitivity of the 
retma to the longer wave lengths, for the media of 
the eye \vill transmit rays much longer than this 

^The three pnmary color sensations (p 1134) can 
be ehated by graded pressures upon the globe With a 
pressure just suffiaent to be deadedly uncomfortable 
violet dots appear which persist for a time after the 
pressure has been released Stronger pressure causes 
green and stQl firmer pressure red figures to be seen 

‘ mfi or millimicron = 1/1,000,000 mm , an Angstrom 
umt (A.U) = 1/10,000,000 mm 
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On the other hand, the absolute hmit of transmis- 
sabihty of the shorter wave lengths is around 300 
mji, but this figure applies only if the illumination 
IS intense and even then few under 400 mjj reach 
the retina The fafiure of the retina to respond to 
rays of waves of shorter length than this is ap- 
parently because the ocular media are opaque to 
them ‘ 

The cornea transmits rays from Ji 295 nui to h 2,500, 
but above 1,800 mji the transmission is shght Main 
mum transmission occurs at around 1,000 mji and con 
tinuea bigh at lower U’ave lengths until theultraviolet is 
reached Absorption then becomes pronounced and is 
complete at about 295 nyi The aqueous humor and vit- 
reous body are somewhat less transparent than the cor 
nta. All rays above 2,700 m/i are absorbed by theaquc 
ous humor and all above about 1,600 mft by thevitreous 
The lens absorbs all rays below 300 nui, or above2,500, 
most of the rays longer than 1,300 mti are absorbed 
Maximal transparency is between 1,200 and 400 mit 


lengths of the visible spectrum In the dark adapted 
eye, the energy required to stimulate the rods and 
cause a just perceptible sensation is least for green 
light with a wave length of about 507 mp (see p 
1113) and has been estimated byHcchtatfrom 2 1 
to 5 7 X 10’’“ Erg,‘ measured at the surface of 
the cornea in the dark adapted eye This equals 
from 58 to 148 quanta of bght energy^ After allow- 
ance was made for loss of energy in transmission 
to the retma through the ocular media and for in- 
complete absorption by the rods, the value was 
only from 5 to 14 quanta, or one quantum absorbed 
per stimulated rod The extraordinary sensibvity 
of the retma to light may be expressed m simpler 
terms by saying that light emitted by a standard 
candle at a distance of nearly a mile would be visi- 
ble if the au- were perfectly transparent Such ex- 
amples mdicatc that the eye has a sensitivity some 
300,000 times greater than that of the most deli- 


That Is, most of the rays above and below this range are 
absorbed by the lens. Wave lengths between 350 mp 
and 400 mp cause fluorescence m the lens The phe- 
nomenon of fluorescence, m general, is attnbuted to the 
transference of the energy of the madent radiations to 
particles of the substance absorbmg them The particles 
then act as independent light sources, emitting waves 
which are, for the most part, longer than the onginal 
radiation Thus, the lens converts the harmful shorter 
waves to longer ones which are permitted to reach the 
retina That wave lengths shorter than those which are 
transmitted by the lens are capable of stimulating the 
retina is shown by the fact that the visible spectrum is 
extended towards the blue end after removal of a lens of 
normal transparency The lower limit of transparency of 
the lens rises with age. In the aged it is opaque to rays 
longer than about 400 mp. In the early stages of cata- 
ract the lower limit is around 450 mp (fig 73 12) 

The quantity of bght energy’ necessary to 
stimulate the retma is not constant for all wave 


The X rays, of course, proetrate the eye and to 
mch the retina is sensitive This may be demonstrated 
by means of metal letters or figures placed m front of 
a normal eye with closed hds or before any eye m winch 
the retina is normal A word can be read m tins wav 


”9°" th® retina as are ordinary retinal images 
th^ore if thQ are to appear upright to the subject 

’ RadiMt energy is expressed m ergs The erg is t 
hemg quite in^epen 
iv, measuredb) 

thermopile, bolometer or radiometer Lighi 

u radiated m elementary umts called jimnla Theenmi 

“ propoTbonal 

frequency of the radiation, v, and equal to kv, when 


h is Planck’s constant of ociton, 6 62 X 10"” erg X sec- 
ond The frequency v is equal to the veloal> of bght 
(2 998 X 10'* cm /sec.) c, chvided bv the wave length 
k The energy content of a quantum of light is, there- 
fore, inversely proportional to the wave-length of the 
radiation Thus, a quantum of green hghtbas a greater 
energy content than one of orange or red The meter 
candle is a umt which is in part subjective and in part 
objective. It is a measure of surface illumination, bmng 
defined as the hght sncsdent per second per sq on of 
a surface placed at right angles to the oeams from a 
standard (international) candle 1 meter distant (a 
standard candle is made of spermaceti, weighs i lb , 
and bums 120 grains of wax per hour with a flame 45 
mm high) Illumination is measured by means of a 
photometer If, for example, the illumination of a 
lamp is to be measured, a photometer is set up at this 
pomt, and a standard candle is moved until its bght 
just matches that of the lamp If the candle’s distance 
in meters is d, then the surface illummation is 1/d* 
The meter candle is thus a measure of the visual stimu- 
lus, not of the sensation itself Tbe quantity of hght 
refiected from a perfectly diffusing surface (c.g , of 
magnesium onde) 10,000 meter candles is termed a 
lamberl (1), a milhlambert (ml) is 1/1000 lambert 
^e lumen is the umt of emitted hght {luminous flux) 
One lumen is the light emitted m a umt of solid angle 
by a umform pomt source of 1 standard candle A 


icKorucu as occupjnng we center oi a 
sphere, a unit solid angle is the angle subtended at the 
cwter of the sphere by an area on its surface equal to 
we s^ate of the radius. The area of a sphere is 4»r*, 
therefore 1 standard candle emits 4jr lumens The 
inte^ty of a hght source is expressed m lumens, i e . 
the luminous fiui emitted m any direction per umt of 
solid angle 

The umt of retinal illumination is called the photon^ 
or, preferably, the Troland The amount of light which 
illuminates the retina depends not only upon the bnght- 
ncM of the object but also upon the size of the pupil 
A Troland IS therefore, defined as the illumination of 
we retina by hght from a surface having the brightness 
ot one standard candle per square meter, as seen 
th^h a pupil having an area of 1 square milhmeter 
rhe quantum of green hght is 3 « X 10"“ ergs 
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cate radiometer and about 3000 tunes greater than 
that of a rapid photographic film Pirenne has 
made the interestmg calculation that the mecham- 
cal energy of a pea fallmg from a height of 1 mch, 
if converted to luminous energy would be sufficient 
to cause a faint visual sensation “to every man that 
ever lived” The mmimum quantity of hght energy 
required to evoke a visual sensation mcreases pro- 
gressively towards either end of the spectrum, 
bemg several thousand tunes greater for red and 
blue than for green light 


Anyone who has used a camera will recognize 
that with respect to the relationship between m- 
tensity and duration the retma behaves like a 
photographic film — the lower the filummation the 
longer must be the exposure, and vice versa As 
a matter of fact, the retma obeys the Bunsen- 
Roscoe law apphcable to photosensitive reactions 
m general (tnienstly X hme <= constant) In the 
case of the retma this relationship holds only for 
penods of less than about J of a second Also, the 
relationship between intensity and area is valid 



Fig. 73 12 The transparency of the ocular media for the longer wave-lengths of the spectrum (From Duke 
Elder, after Roggenbau and Wetthauer ) Wave-lengths m mfi along the abscissae 


The quantity of light energy, i e , the mtensity 
of the hght m the physical sense, required to cause 
a }ust perceptible sensation — the inlefxsity threshold 
— IS therefore a function of the wave length The 
sensitivity also vanes m different regions of the 
retma with the state of adaptation of the eye and 
■with the illumination of the surroundmg field 
The mtensity threshold is affected withm certam 
limits by two factors, (a) the size of the light 
source, i e , of the retmal area stimulated, and (b) 
the duration of the hght stimulus The quantity 
of light required to stimulate the retma is constant 
Thus, with respect to (a) if a hght source of a cer- 
tam size and intensity causes a just perceptible 
■visual sensation, reducmg either its mtensity or its 
size, renders it mvisible This is known as Rtcco’s 
law and for the fovea is expressed by the followmg 
formula 

-%/ threshold mtensity X angular 

diameter of the retmal area = constant For the 
peripheral retina the formula is 

threshold mtensity 

X '\/ area stimulated = constant 


only for retmal areas under about 0 8 sq mm II 
would appear from the foregomg consideration* 
that the total quantity of hght energy fallmg upon 
the retma ■within a given time is the fundamental 
factor which determmes the retmal response 
The smallest area which can be perceived is 
called the minimum visible The angle subtended 
at the nodal pomt of the eye by the mmimum 
■visible IS referred to as the minimum visible angle 
But from what has been said it is quite evident 
that neither of these can be given any absolute 
value A hght could be reduced m size mdefimtely 
— ^to a mathematical pomt — and, provided it were 
suffiaently mtense, would still be ■visible, a star, 
for example, subtends an mfimtesimal -visual angle 
The DiEEcnoNAi, Sensitivity of the Retina 
Stiles and Cra^wford have shown that a pencil of 
hght which enters the eye through the center of 
the pupil causes a more mtense sensation than 
does one of equal physical bnghtness passmg 
obhquely through the pupil nearer its orcumfer- 
ence This phenomenon is most pronoimced at the 
fovea The smaller effect caused by the obhque 
beam is not due to greater absorption by the ocular 
media, but to the duection of the beam m relation 
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to the position of the cones, a smaller photochemi- 
cal change bemg caused by light passmg obliquely 
across the receptors than b> that which tra\erses 
their lengths 

Visual Acum, the Resoln-ing Power of 
EHE Era The acuteness of \Tsion (or visual 
acuit> ) IS dependent upon se\ eral retinal funcbons, 
e g , the sensiti\ity to light (mtensiti threshold), 
the mmimum \TSible and the abnit> to recognize 
the separateness of two closel\ approximated 
or parallel Imes The threshold of the latter faculty 
IS commonly referred to as the minimum separable* 
or the resohilion threshold I'isual acuity is the 
basis of the. farm sense, by which is meant the power 
of determinmg by sight the shape, form, outlme 
and minute detaS aS our surroundings Visual 
acuity IS customarilj expressed in terms of the 
min imum separable or, to be more expliat, as the 
reaprocal of the angle subtended at the nodal 
point of the eye — the nsual angle — by the space 
between two pomts situated at the mmimura dis- 
tance apart at which their duality can be recog- 



of theO ortheprongsof thcE turned to the right or 

left, he IS ashed to say m which position the figure is 
directed The width of the lines composing the figures 

and thegap m the O • N“ccs between the pronp 

of the subtend angles of vanous degrees, depending 

on the size of the figure, when placed at a distance of 6 
meters The mdth of the whole figure is five Umes 
the thid-ness of its parts By finding the smallest figure 
whose position can be recognized the wsual acuity of the 
subject (in terms of the snsual angle) is ascertained 
In testing the sasual acuity for the fitting of glasses 
Snellen’s test type is most commonly employed This 
test IS denied upon the basis that two points or lines 
separated b\ a space having a nsual angle of 1 minute 
can be resolved by the average nonnal eye The test 
type computes mne rows of bloc) letters printed m 
blacJ upon a white card The rows arc arranged in 
descending order of size from above down The vndlh 
of the Lnes forming the letters of the first row subtends 
an angle of 1 minute at 60 meters from the eve, while 
that of the letters in the other rows, two to nine, have 
a visual angle of 1 minute at 36, 24, 18, 12, 9, 6, 5 and 
4 meters, respectivelv The card is placed in a good 



Fic 73 14 Sec text. 


ruzed For example, if the visual angle is 1 321 
minute, then the visual acuitv is •=) 0 756 

The average normal eye can resolve two points 
when the visual angle is 1 minute (60 seconds) 
The minimum angle that has been reported is 44 
seconds (vis ac. 1 492) As an object is moved 
away from the eye its visual angle becomes pro- 
gressively smaller Consequently, those detaOs of 
form and structure which subtend an angle of a 
mmute or more at the nearer pomt and are there- 
fore visible, gradually become imperceptible with 
mcreasmg distance In other words, m order to see 
an object at a distance as clearly as when it is 
near the eye, it would need to be increased pro- 
portionately m size (see fig 73 13) 


In determining the visual acmty , figures such as the 
broken aide of Landolt or Snellen’s prong, 

pamted black on a white ground and m graded sizes 
are employed The subject is seated at a distance of 
6 meters (20 feet) and a figure is placed with the gap 


* The mmimum separable is analogous to two 
oiscrmiinaticm m cutaneous sensation (p 936) 


Point 


hghl, the patient is scaled faang it at a distance of 6 
meters and asked to read down as many rows as he can 
The visual acuilv is orpresved as a fraction ihenumcra 
tor being the distance at which the subject is seated 
from the card and the denominator the distance at 
which the letters could be read by the noma! cy e Thus, 
if he reads the sev enth row of letters, i c , those with a 
visual angle of 1 minute at 6 meters his vision is } or 
normal If, on the other hand, he can see distmcUv only 
as far as the fourth row, which the normal eye can read 
at 18 meters, his vision is i*j , if as far as the third row his 
vision is zf, and so on, for any other row which he is 
just able to read 

Knowing the distance of the nodal point of the eye 
from the retina and the visual angle, the size of the 
reunal image of an object can be calculated (p 1147) 
With a visual angle of 1 mmute the space on the retina 
separating two jmint i m ages is 4 4ji The diameter 
of a foveal cone is given by different observers as be- 
tween 2-5 and 4 0/i Even if the higher of these figures 
IS taken, then the image of two dots separated by 4 4p 
would fall upon two cones separated by a smgle un- 
sUmuIated cone or by one stimulated differently , i c , 
by the image of the interspace (fig 73 14) 

From such calculaUons it has been argued that 
cone diameter is the hmitmg factor m discnminaUng 
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two points or thin lines, for obviously with an inter- 
space less than a cone width the two dots would fall 
upon a single cell, and from what is known of the nerve 
impulse It cannot be admitted that two parts of a visual 
receptor upon receiving simultaneously difidrent types 
of stimulus can give nse to dissimilar sensations ' 
Difficulties stand m the way of so simple an explana- 
tion The eyes, even with the most exact fixation, 
are constantly executing fine movements, a fact which 
precludes the possibility that the retinal image stimu- 
lates any set pattern of cones, the image must be con- 
stantly shifting its position This theory must also 
make the assumption that when the angular distance 
separating two pomts is about the diameter of a cone 
the two images must be dodged about with almost 
mcredible precision, so that they come to he not on 
adjacent cones (see fig 73 14) but on two cones separated 
by an unstimulated cone or by one stimulated differ- 
ently Adler concluded from his experiments, m which 
fixation as exact as possible was secured, that a pomt 
image moves over from 2 to 4 cones at least Further- 
more, the size of the image on the retina cannot, owmg 
to the diffusion of hght, be calculated with the precision 
imphed by the foregoing calculations (see below) It 



IS true that the smallest visual angle recorded (44'^ for 
space between two visually discrete objects would give 
a retinal image larger (3 2n in diameter) than some of 
the esbmations (3 O/i) of cone diameter — a fact Which 
fits the theory that the latter is the ImiiUng factor 
Nevertheless, it is probable that the correlation is no 
more than a coinadence 

Wilcox and Purdy suggest that the essential factor 
is the total illumination of the central cone as compared 
with Its fellow on either side Thus, m fig 73 IS A, cmne 
2 receives more hght than cones 1 and 3 There is no 
reason then theorebcally why the interspace separatuig 
two hnes could not be narrower than the width of a 
single cone and still be recognizable A hmit would 
be reached, however, when the white mterspace was 
reduced to about half the width of a cone, then all 
three cones must be illummated equally It may be 
asked, what essential difference is there between the 
minimum visible (p 1117) and the minimum separable, 
that the minimum visual angle should be so much 
greater m the one instance than m the other? Two 
parallel black hnes upon a white surface are recognized 
as separate because a third white line is seen between 
them Why then, provided it is bnght enough can it 
not be seen, even though reduced to an almost m- 
fimtesimal width? The difference m the two instances 


appears to be a matter of the background and may be 
illustrated by fig 73 IS B A bnght light upon an ex- 
tensive background illuminates a smglc row of conea, 
while all cones for a distance on either side are unillu- 
minated Accordmg therefore to the conception of 
Wilcox and Purdy, no difference exists, m so far as the 
fundamental retmal process is concerned, between the 
minimum 'Visible and the minimum separable 

As with other faculties of the eye, no absolute 
and constant value can be g;iven for the minimum 
separable It vanes greatly with several factors, 
VIZ, (a) the tnietisUy of xUumtnalton of the test 
object, (b) the spectral character of the hght, (c) 
the region of the retma stunulated and (d) the 
size of the pupil 



Fig 73 16, Relation between visual acmty and illumi- 
nation (After Hecht) 

The resolvmg power of the eye for two pomts 
mcreases with the lUummation, as illustrated m 
fig 73 16 This is a fact difficult to explam It might 
be thought that as long as the lUummation was 
above the threshold for a just perceptible sensa- 
tion, mcrease in the mtensity of the light would be 
without mfluence upon the threshold for the mmi- 
mum separable Two theories which have been 
projKised to account for the phenomenon wiU be 
mentioned, not because they give any final answer 
to the- problem, but because they brmg up some 
mterestmg pomts 

Hartndge proposes a theory based upon the aberra- 
tions of the optical system of the eye and the abihty 
of the retma to discnmmate between small differences 
of hght mtensity (p 1121) The retmal image is not 
clearly defined but is blurred by diffusion circles or 
bands, due to the diffraction of light at the pupillary 
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margin and to colored fringes (chromatic aberration, 
p 1160) Assuming the pupil to be 3 mm m diameter 
and a foveal cone 3 2 mm across, he made the foUowmg 
calculations of the hght distnbution on the retina 
caused by a white line separatmg two dark areas The 
dlnmination of the row of cones correspondmg to the 
center of the hne image was taken as 100 The lUu 
mmabon of the next row was 31%, of the next 9% 
The diffusion bands thus vurtually mcrease the width 
of the image of the white hne beyond that mdicated by 
calculations from the visual angle, and encroach upon 
the dark boundanes The fine movements of the eyes 
are contmually shiftmg the image and even the shghtest 
movement will cause the hne of junction between the 
outermost diffusion band and the dark area to move 
from one row of cones to another A row of cones is 



Fig 73 17 Statistical distribution of sensitivity of 
rods and cones. The ordmates read directly in umts of 
visual acmty (After Hecht.) 

therefore stimulated at one instant at a different m- 
tensity than at the next. If the difference m hght m- 
tCBSity IS greater than 10% it is appreciated, and thus 
a gap between the two dark areas is detected Now the 
threshold for discrimination of differences in hght 
mtensity vanes with the illummation (p 1122) Conse 
quently, when the illumination is reduced the difference 
between the mtensity of the outermost diffusion bands 
and of the dark areas is not perceived, i e , the shift of 
the hne of junction from one cone to the next causes no 
sensation. The difference between the illummation of 
the inner and outer bands may be stlU detectable, but 
the width of the bright line will be reduced With fur- 
ther reduction m the illummation and the consequent rais 
mg of the threshold for intensity discnmmtion the white 
image becomes still narrower and finklly, when the 
angular width is about 1", the dark areas fuse across it. 

Hecht’s theory postulates a change m the “gram” 
^the retina as a result of variations m jUumumtlon 
The retina, accordmg to Hecht, is made up of sensitive 
elements of different mtensity thresholds distributed m 


a statistical manner sunilar to that of other propulabons 
At low levels of illummation only a proportion of these 
elements (i e., rods with the lowest threshold) are ex 
ated The active elements are therefore farther apart 
and the “gram” of the sensiUve surface is relaUvely 
coaise. As the light mtensity mcreases the thresholds 
of more and more elements are exceeded More rods 
function, that is, the number of active elements is m 
creased and the “grain” of the retina is finer As the 
dlummation rises further, cones, first those with the 
lowest thresholds and later less sensitive ones, become 
active. The maximal effect of increasing the illumina- 
tion upon the resolving power is reached when the 
entire rod and cone population is respondmg (sec fig 
73 17) Obiections to both of the (heones just outlined 
could be ated, several observations indicate that the 
threshold for the minimum separable is not dependent 
entirely upon retmal factors but that central processes 
play an important part. 

The resolving power of the eye is greater for 
monochromatic light than for a mixed hght source 
such as dayhght when the two have equal illumi- 
natmg values This fact is due to the absence of 
chromatic aberration in the former instance Mon- 
ochromatic yellow light (575 mji) gives the highest 
value, next in order come green, red and blue 
Mercury arc light, owing to its greater homo- 
geneity, gives higher values than ordinary white 
light 

Three factors are mvolved in the effect of pup3 
lary size upon the resolving power of the retma 
Increase m diameter allows more light to enter the 
eye and therefore mcreases the illummation of the 
retmal image and raises the \Tsual acuity Diffrac- 
tion IS also reduced by widening the pupillary 
aperture which will tend to improve the definition 
of the image On the other hand, narrowing the 
pupil dimmishes chromatic aberration The opti- 
mum pupillary size lies between maximum con- 
striction and full dilatation, namely, at a diameter 
of about 3 mm 

With ordmary illuminations the visual acuity 
is some twenty times greater at the fovea than in 
any outlying part of the retina In the dark adapted 
eye (p 1124) the peripheral retma has a much 
higher value than the fovea 

The niuimnation of the field surrounding the test 
object (the surrounds) has an important mfluence upon 
the resolving power of the eye. A uniform increase m 
the illumination of the surrounds up to iV that of the 
test object progressively increases visual acuity Rais- 
ing the illumination of the surrounds from this point to 
equality with the test object causes a slight reduction 
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m visual acuity and, when the surrounds become 
bnghter than the test object, there is a deaded depres- 
sion. A very bnght but small hght source situated in 
the neighborhood of the test object, e g , a motor head 
hght, causes a very marked lowermg of the visual 
acmty The eSects caused by such concentrated sources 
of hght are referred to as “glare” If the small hght 
source is not too bright and espeaaUy if the surrounds 
are dark, httle depressing eSect upon the acuteness of 
vision IS produced, mdeed there may be an improvement 
due to the accompanying pupillary constnction 

The Displacement Threshold or the Ver- 
nier Acuity These terms are applied to the visual 
faculty of recognizmg a break m the contour of a 
border, a vanation in width of a Ime or the lack 
of ahgnment of two straight Imes placed end to 
end This power of the eye is some ten times 
greater than its ability to resolve two pomts A 
break m a Ime subtending an angle as small as 
5" or even 1" can be detected under optimal con- 
ditions It seems quite certam that this visual 
faculty is not limited b}' cone diameter, for the 
break must he on a smgle cone, and the Imes on 
both sides of the break on the same row of cones 
(fig 73 18) It is probable that the underljnng 
mechamsm is different from that governing the 
threshold for the discr imin ation of two points 
For example, its threshold is only slightly raised 
by mcreasmg the lUuimnation (p 1 122) 

Anderson and Weymouth offer an interestmg theory 
to account for the extraordmary accuracy of the vernier 
acmty They suggest that the shght but continuous 
eye movements shift the Ime image over the retma, 
causing successive stimulus patterns The averaging 
of the successive patterns gives a sense of position which 
they call reltnal local sign The longer the hnes the 
greater are the number of patterns presented to con- 
saousness and, consequently, the more accurate is the 
averaging process For details of the view of these 
authors the reader is referred to their original paper 

Some Practical Considerations with Regard 
TO Lighting Besides reducmg visual acuity, glare 
causes discomfort and one mstmctively attempts 
to protect the eyes by closmg the lids or raising 
the hand as a shield, the pupil constncts A con- 
stant source of glare, even of mild degree, results m 
eye stram Glare has been classified into three 
types — veilmg, dazzling and blindmg Veiling glare 
IS that due to strong light which, being uniformly 
supenmposed upon the retinal image, reduces 
contrast The light reflected from a printed page 
under a bnght skv is an example Dazzling glare 
iS due to scattered light m the ocular media which 


does not form part of the retmal image. Such 
glare can be produced by a strong light shining 
into the eye from an angle of about 45° Blinding 
glare results when one looks dmectly at a very 
bnght light It IS due to an actual reduction of 
retmal sensitivity 

For moderately fine work, such as readmg, 
sewmg, typesettmg, etc , the lUummation of the 
objects should not be less than from 10 to 20 foot 
candles An lUummation of 10 foot candles is suffi- 
aent for readmg ordmary black type on good 
paper, but the higher illummation is necessary if 
the prmtmg or the paper is of poor quality The 
effect of lightmg upon the performance of type- 
setters, mail sorters and others engaged in fine 
work has been the subject of a number of mvesti- 
gations Raismg the lUummation has been found 
to mcrease the rapidity and accuracy of the work 
by from 10 to 16 per cent and to reduce eye strain 
and general fatigue The maximum effiaency ap- 


Fig 73 18 (After Adler ) See text 

pears to be reached when the lUummation is about 
20 foot candles The lightmg should be diffuse, and 
naked bnght hght sources which could cause glare 
elimmated The central field should receive addi- 
tional hghtmg so that its lUummation wiU be from 5 
to 10 times that of the surrounds The constant 
use of the eyes m poor lightmg leads to ocular 
stram and fatigue with consequent headache It 
may cause mcrease m pulse rate and even nausea, 
ultimately senous eye defects, espeaaUy in the 
young, may result The quabty of the hght is also 
an important factor The nitrogen hght, bemg 
more homogeneous, gives a higher visual acuity 
than the ordmary electric hght bulb, the kerosene 
lamp lies between the two 
The Discrimination oe Defeerences in Light 
Intensity This faculty was first mvestigated by 
Bouguer m 1760 and later by Weber (1834) and 
Fechner (1858) The latter observer found that 
when the hght mtensity is graduaUy mcreased the 
least change m lUummation which can be perceived 
by the subject occurs m a senes of steps This re- 
lationship is e.xpressed m the Weber-Fechner law 
which IS applicable not only to vision but to other 
senses as weU The law states that the least per- 
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ccptible difierence between a senes of stimuli is m 
each mstance a certam constant fraction of the 
preceding stimulus For example, let us suppose 
that for vision the fraction is 100 and the imtial 
lUummation is 100 candles Then, if the hght of 
one more candle is added, the difference m illumi- 
nation will be recognized, that is, the hght of 101 
candles is perceived to be greater than that of 100 
If there were 1000 candles to start with, 10 more 
would need to be added before any difference 
could be noticed If, therefore, the loganthms of 
the mtensibes are plotted (abscissae) agamst the 
least perceptible differences m sensation (ordmates) 
a straight hne should result The law may be 
stated m another way, namely, that m order to 
cause a senes of equal mcrements m sensation the 



Fig 73 19 Curve of the intensity discrunination of 
light (After Hecht) 

strength of the stimulus must mcrease in geo- 
metncal proportion Or agam, the added mtensity 
(A I) necessary to cause a ]ust perceptible differ- 
ence m sensation (A S) bears a constant ratio 
(a i/I) to the precedmg mtensity (I) Thus, A 
S = K (A I/I) 

When the logarithms of the hght mtensity are plotted 
against the just perceptible differences, the curve shown 
mfig 73 19 IS obtamed The curve is composed of three 
parts It IS only secUon A representmg the relation 
ship at moderate hght mtensities that accords even 
approximately with the Weher-Fechner law At mten 
siUes below and above this limited range marked de- 
viaUons from the law occur (sections B and C) The 
whole curve covers a range from the lowest mtensity to 
one of dazzhng strength and comprises 572 steps of just 
percepuble differences Startmg with the very lowest 
intensiues, eg, 00000484 milhlamberts (I) the least 
absolute mcrement of the stimulus which is effective 
(A I) 13 very small (Koemg and Brodhun’s data), 
namdj, 0 000031 milhlamberts, and mcreases pro- 
gressivelj as the mtensity rises, so that at an lUurmna 
Uon of 147 0 A I has a value of 3 803 ml The fraction 


A I/I, therefore, is not constant, nor does it show a 
contmuous change m one direction, for it dimmishes 
from about i at the lowest mtensity to about jV at 
moderate ranges and then rises agam to j'c at the high- 
est mtensity Hecht considers that the low mtensity 
part of the curve (B) represents rod funcUon and the 
high mtensity portion (C), the activity of the cones 
The cones are therefore more sensiUve to differences m 
fllummation than the rods, though their threshold for 
hght perception (intensity threshold) is higher 

Intermittent Retinal Stimulation, Flicker 
When the retma is stimulated mtermittcntly by a 
senes of light flashes as may be produced by inter- 
rupting a contmuous light by a rotating notched 
disc or by reflecting light from a rotabng disc 
divided into alternate black and white sectors, a 
characteristic flickenng or unpleasant glittcrmg 
sensation is expenenced w'hen the periodic stimu- 
lation reaches a certam frequency This is due 
to each light sbmulus falling upon the retina dur- 
ing the time of the positive after image (p 1140) of 
its predecessor The suppression of the after image 
by the second stimulus causes the first sensation 
to end more abruptly, and, through contrast, to 
render the succeedmg one more bnllmnt Upon 
further increasing the speed of rotation and, m 
consequence, the frequency (number per second) 
of the light stimuh, fusion results and the flicker 
disappears to be replaced by a contmuous sensa- 
tion havmg a bnlhancc equal to the mean of the 
two (bright and dark) impressions, the frequency 
at which this occurs is called the critical fusion 
frequency (C F F ) If at the mstant of fusion the 
illumination of the bnght patch m millilamberts 
be designated o, its area designated 6, and the 
total area of the disc, c, then the sensation pro- 
duced IS equal to that which would result from a 
contmuous stimulus havmg the value (o X 6)/c 
This IS known as the Talbot-Tlateau law It ac- 
counts for the well-known fact that a gray sensa- 
tion of any depth can be matched by throwing 
black and white images alternately and at a suit- 
able frequency upon the retma Similarly white 
and red images give, at the cntical fusion fre- 
quency, a sensation of pink, blue and red a 
sensation of purple, yellow and green of yellowish 
green, and so on These effects are simply explained 
by visual persistence, that is, the sensation evoked 
by one stimulus has not ceased before the next one 

'' Some recent observations indicate that this in- 
wth hgher mtensibes does not occur if the eye is 
tuJlyUght adapted, the fracbon remaining at the low- 
est value even though the illutmnabon is unpleasantly 
mtense (see Craik) 
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is produced, thus a blend of the two sensations m 
consaousness results The law holds true only for 
moderate light mtensities 

The value of the C F F is variable, depending 
upon several conditions the most mfluential of 
which IS the mtensity of the light, the value rismg 
as the mtensity increases That is, a higher rate 
of stimulation is reqmred for fusion as the mtensity 
of the lUummation is mcreased The mfluence of 
light mtensity is embodied m the Ferry (1892)- 
Porter (1906) law which states that the crthcal 
fusion frequency is directly proportional to the 
logarithm of the light intensity Thus, « = log 
I -1- where n equals flashes per second at the 
mstant of fusion, and I the hght mtensity, k and 
k' are constants mvolvmg the size of the stimu- 
lated area and the sensitivity of the observer’s 
eye 

The Ferry-Porter law is vahd, however, only under 
certain speaal conditions, it holds over moderate 
ranges of fllumination of the test object when the image 
is restncted to the fovea Above and below this middle 
range the hnear relationship between the loganthm of 
the mtensity and the cntical fusion frequency does 
not hold When the value of n is plotted against log I 
at low and at high mtensities the points fall on two 
straight hues, one at low the other at high mtensities 
It is beheved that these represent respectively rod and 
cone function, a conception borne out by the results 
of Hecht and assoaates and of Lythgoe and Tansley 

Hecht found that with a stimulus restncted to the 
fovea (cones) the relationship was hnear for a rmddle 
range of lUummation, but above this the curve flattened 
out, below, it formed a very gentle curve With the 
image on extra-foveal regions the data form two mter- 
sectmg straight Imes, one at lower the other at higher 
mtensities, the former presumably represents rod func- 
tion, the latter penpheral cone function (fig 73 20) 

Lythgoe and Tansley observed that dunng dark 
adaptation the C F F falls m both the fovea and the 
penpheral parts of the retma when the mtensity of the 
test hght was high (6 8 foot candles) At low mtensities 
(0 020 foot candles) the C F F also falls at the fovea, 
but rises m the penpheral retma Now, as judged by 
other cntena, only cones are functionmg at high mten- 
EiUes whether the fovea or the penpheral retma is bemg 
tested, at low mtensities only rods Also, it was found 
by Lythgoe and Tansley that when red hght was used 
for testing (rods msensitive), and m a case of mght 
blindness (defective rods) a faU m the value of the 
C F F occurs dunng dark adaptation The fall m the 

Determmation of the C F F offers an accurate 
and convenient method for comparmg the bnghtness of 
differently colored lights It is espeaally valuable m 
this regard because of our natural tendency to confuse 
the bnghtness of a color with its hue or saturation 


value with high lUummations ot the test object is due 
presumably to the cones, and the nse with low illumi- 
nations, to the rods At moderate fllummations of the 
test object a fall occurs dunng the first 5 mmutes of 
dark adaptation (due to cones), (seep 1113) followed 
by a nse (due to rods) The cntical frequency due to the 
rods IS highest with dark surrounds, that due to cones 
IS mcreased by bnght surrounds, the m aximum bemg 
reached when the bnghtness of the latter and of the 
test object are equal 

A study of the retinal potentials (ch. 74) dunng 
mtemuttent stimulation shows that when a hght flash 
falls upon the retma dunng the “off effect" of a pre- 
cedmg stimulus, the d wave is mterrupted and a pro- 
noimced negative dip occurs This is an exaggerated a 
deflection (Pin) The negative deflection is followed 



Fig 73 20 Relabon between cntical frequency and 
log I for white hght with a 2° field m four retmal loca- 
tions, at the fovea, and at 5°, 15°, and 20° above the 
fovea, (After Hecht from Hecht and Vemjp ) 

by a large posibve swmg which, if the second stimulus 
occurs soon after the first, is simply the return of the 
momentarily mterrupted “off effect” of the first If the 
interval between the two is greater, the upswmg is 
higher, and is then due to the b deflechon (Pn) of the 
after commg stimulus Thus, if the hght flashes are so 
timed that each mterrupts the “off effect” of its prede- 
cessor, a senes of regular npples appears m the electro- 
retmogram which apparently are the cause of the 
flickenng sensation (fig 73,21) No negative dip occurs 
nor do the charactenstic npples appear if a flash falls 
upon the retma before the “off effect” ot the precedmg 
one — a contmuous sensation should therefore result 

ADAPTATION OF THF. EYE TO DIFFERENT LIGHT 
INTENSITIES (See also p 1113) 

The retma behaves differently m partial darkness 
than m bnght hght It has been pomted out else- 
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where that this is attributed to a difference be- 
tween the rods (ol one type) and the cones 
Dark Adaktation Scotopic Vision The phe- 
noinenon was first studied by Aubert in 1865 It 
IS cotnmon experience that upon passing from light 
mto darkness we become blind for the moment, 
but soon a faint gbmmer of bght appears and grad- 
ually more and more of the detail of our surround- 


It has been doubted that dark adaptation of the 
fovea occurs, this is now conceded though it is of 
minor degree When the eye is fully dark adapted 
the sensitivity of the fovea is only about 1000 that 
of the extrafoveal retina It is a familiar fact 
that m partial darkness an object ma> be seen 
“out of the comer of the eye” (peripheral vision) 
but IS mvisible when the eyes are turned to look 
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Fio 73-21 Electroretuiograra recorded during mtemiiUcnt sUmulation Sec text. (Erom Granit) 


mgs becomes draily visible The adaptation of the 
eye to the low lUummation is associated with the 
following changes 

(1) Dilatation of the pupil 

(2) Increased sensitivity of the return, i e , lowenng 
of the intensity threshold and of the thresholds 
for the minimum separable and the discnmraa 
bon of intensity differences 

(3) Purkmje shift (p 1113) towards the blue end of 
the spectrum 

(4) Regeneration of visual purple in the rods 

(5) Certain stiuctuial alterations in the retina (ot 
cold blooded animals) and a change in reaction 
from aad to alkahne (see p 1130) 

In hnght illumination the pupillary diameter is 
about 3 mm , but when the eye is shielded from 
light the pupil immediately commences to dilate 
and reaches a diameter of 8 or 9 mm m full dark 
adaptation In the dark adapted eye the first de- 
tectable response — slight constnction — of the pupil 
occurs at an illumination of about 0 025 meter 
candles 

The intensity threshold of the peripheral retma 
commences to fall almost upon the instant that 
the eye is darkened, the fall being very rapid for 
the first 10 minutes After this and up to 30 min- 
utes, the fall m the threshold is less preapitous 
and from then on is very slow For practical pur- 
poses the extrafoveal retma may be considered 
to have reached its maximum sensitivity after 
about 40 mmutes m the dark, though a gradual 
sbght increase occurs for 90 mmutes thereafter 
The light sensitivity of the penpheral retma is 
increased by from 10,000 to 20,000 times by dark 
adaptation (fig 73122) 



Fvo 73 22 Dark adaptation curve The dotted line — 
continuation of the upper section of the curve — is the 
cone adaptation curve obtained when a centrolb fixated 
red siimulus IS used Thcloucrjiartof the curve indicates 
rod adaptation Only the upper part of the curve and its 
cxtention is obtained in night blindness (After Raw- 
don Smith ) 

directly at it (ioveal vision) Foveal dark adapta- 
tion IS very rapid, bemg almost complete within 
from 3 to 4 minutes It is represented by the first 
part of the curve in figure 73 22 In night blindness 
only this part of the curve exists Hecht found 
that a small red cross (wave length greater than 
650 ma), to which the rods are almost insensitive, 
was seen at a much lower threshold of illumination 
by the dark adapted eye The threshold was found 
to faU from 450 x 10'* ml to 10 X 10-< m lamb 
m 30 seconds and to 3 X lO-* m 20 mmutes This 
type of curve is also obtamed when a small, white 
test object is imaged on the center of the fovea 
The color sense tn the dark adapted eye The rods 
are insensiDve to red rays and give no color sensa- 
tion to most other wave lengths In the dark 
adapted eye they have a much lower threshold for 
white than has the fovea therefore, a colored ob- 
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ject with an illumination value around the thresh- 
old of the rods first appears without color As the 
lUummation of the object is mcreased its color is 
perceived when the threshold of the cones is 
reached The mterval between the two thresholds 
IS called the colorless {achromatic) interval The 
colorless interval for deep red (X greater than 620 
mtt) IS very small, smee the rods (like the photo- 
graphic film) are only slightly sensitive to it or not 
at all In other words a red object appears black m 
a very dim hght and is detected with difficulty 
agamst a dark background, not until the mtensity 
of Its illumination reaches the threshold of the 
cones IS it perceived In red light, therefore, dark 
adaptation of the rods is not prevented This fact 
was apphed durmg the last World War Airmen for 
half an hour or so before a night flight remamed 
m a room illummated by a deep red hght, bnght 
enough to enable them to read, play cards, etc., 
yet which would permit dark adaptation to proceed 
as in darkness A more convenient method is the 
use m an ordinarily hghted room of goggles fitted 
mth dark red glass Adaptation for night vision 
was found to be as complete when mduced m this 
way as when earned out in darkness The achro- 
matic interval is longest for blue In severe m- 
stances of night blmdness the Purkmje shift and 
the achromatic interval for all wave lengths are 
absent, this is what one would expect to result from 
the rod defect. 

Light Adaptation Photopic Vision The dark 
adapted eye is dazzled by even moderately bnght 
light, but adaptation to the higher illummation 
develops rapidly Durmg hght adaptation changes 
opposite in nature to those occurring m darkness 
take place, namely, 

(1) Constnction of the pupil 

(2) Diminished sensitivity of the retina 

(3) Purkmje shift towards the red end of the 
spectrum 

(4) Bleachmg of visual purple 

(5) Shift in reaction of the retina from alkahne to 
aad and structural changes, m certam species 
(p 1130) 

The eye adapts much more readily to hght than to 
darkness In its measurement the threshold at full 
idaptation is first detenmned, the eye is then exposed 
to bnght hght for a certam penod after which the hght 
IS switched off and the threshold found before any ap- 
preaable degree of dark adaptation has developed 
This procedure is repeated for different time mtervals 
following the prehmmary penod of dark adaptation 
It IS found that the greatest decrease m sensitivity 


occurs durmg the first 20 or 30 seconds, this is followed 
by a gradual fall for a penod of 10 mmutes After this 
time hght adaptation may be taken for practical pur- 
poses to be complete, though some shght reduction m 
sensitivity occurs up to 30 mmutes 

The Perception of Movement This is the 
most primitive of the visual functions, m disease 
it IS the last to fail and is the first to return should 
any improvement m vision occur The penpheral 
(extrafoveal) retma is a speaally differentiated 
organ for the perception of movement (Exner) 
bemg much more sensitive m this respect than is 
the fovea It is a famihar fact that a slight move- 
ment IS more readily detected if the movmg object 
IS not m the direct hne of vision, i e , when its image 
falls upon the penpheral retma, than when the 
eyes are fixed upon it The most sensitive part of 
the retma is from 10° to 15° from the fovea, but 
diminishes progressively towards the penphery 
In the region of maximum sensitivity the angular 
veloaty of a just perceptible movement is from 
one half to one mmute per second, provided that 
there are stationary objects m the visual field to 
serve as reference pomts When such are absent 
the angular velocity must be from 10 to 20 times 
as great m order for the movement to be per- 
ceived On the other hand, if the angular velocity 
is very great the movement is not perceived, owmg 
to visual persistence a very rapidly movmg object 
appears as a stationary streak. The total distance 
travelled, i e , the displacement of the object, as 
well as the angular veloaty is, of course, a factor 
m movement perception The minimum displace- 
ment IS about 17 seconds of arc, under optimal con- 
ditions The sensitivity of the retma to movement 
IS lower m the dark adapted than in the light 
adapted eye 

When the eyes are stationary but the body or 
head is moved an apparent movement is given to 
objects m the visual field When travellmg m a 
tram, for example, near objects appear to move m 
the opposite direction to the direction of travel, 
while those m the background appear to move with 
the movmg vehicle Apparent movements of sur- 
roundmg objects also occur when the eye is dis- 
placed shghtly by pressure upon it with the finger 
tip, or as a result of mvoluntary contraction of the 
eye muscles These apparent movements are at- 
tnbuted to the successive stimulation of groups of 
receptors as the images move over the retma 
When the eyes are moved voluntarily from one 
object to another m the visual field, images must 
sweep over the retma m a similar fashion, yet there 
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IS no apparent mo'v ement of stationafy objects “ 
Converselj, the movement of an object is per- 
cerved when it is followed bj the e>es, though the 
jxisition of its retmal image does not alter It is 
quite e\ndent that the perception of niovcment is 
very complex and cannot be explained in all its 
aspects upon physiological grounds It is suggested 
that the absence of an apparent mO' orient of 



Fig 73:23 Illustrating irradiation- 


stationary objects when the e>es are turned from 
one part of the visual field to another is to be cx- 
plamed upon the basis of alttnhon The attention 
exercised by the obsener m changing the fixation 
of his eyes from the one to the other point com- 
pensates, it IS beheved, for the movements of the 


“An allied phenomenon and one which offers a 
sunila^roblem to be soKed is seen m cutaneous scnsa 
bon. We are able, for example, to distinguish between 
the mo^ ement of the finger over a stabonaij object 
and the mo\ ement of an object o\er ft moUoifiess 
finger In both instances rec^tors are stimulated sue 
cessively 


images oscr the retina In other words, the succes- 
sive stimulation of visual receptors is ignored be- 
cause the pomt to v hich the c>cs arc to be turned 
engages the attention at the moment that the eye 
movement talcs place, or even before The per- 
ception of the movement of an object pursued by 
the e>es must also depend upon cerebral processes 

Apparent mov ontnl is also produced b> the stunu- 
toiVOT. sifi cles<.Vj T.’fiyiwawa.'.vi vtcwaJ. axeai w. 
succession bj a senes of images of a stabonarv object. 
The two mam factors determmmg this so-called itroho- 
icofnc illusion of movement arc the bme interval be- 
tween the stimuli and the angular separation of the 
successive rtlmal images A visual sensabon of smooth 
mobon is produced when the angular separabon is 
about 1 degree or less and the intervals between tbe 
sbmuh about is second At intervals of j’c second or 
less no sensabon of mo- ement is produced. The illu- 
sion of mobon is also lost if Uie bme intervals are 
lengthened to i second or g-eater, the impressions then 
becoming discrete 

IrraiioSttm Owmg to chromabc and sphe-ical aber- 
rabon the images on the rebna are not formed of geo- 
metrical points of light, but rather of bright jyimts 
surrounded b> diffusion ardes For this reason, and 
also probablj as a result of the spread of the effect of 
the sbmulus {irraiiaSiOTij to neighboring neural ele- 
ments of the retina, or even wiUun the vnsual area in 
the brain, a bright area on a darl ground appears larger 
than a darl one of the same sue upon a bright ground. 
In either instance the image of the bright area en- 
croaches upon that of the black area (see fig 73.23) 
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Till \ATt rr or Titi Rttjsai pRon 

T1 r />/ viff} ansm of 1 tstm} 

p’trf'fr or rl ofopftn )<: n ro^c pink pIioto^cnMhxc 
P'^mcni fonnd in the ontor 'rpnitiu*; of tlic roik 
(«p<5n \'h.ch It 1 =- prolnhU niUorliwI), ii In-; not 
Ikyii <lcmon<tntr<f m tlir fovci lln. pigment mti 
di<cn\Trc<i 1)\ Itoli in \^ 7 (\ ind cxtnctc<I from the 
rctim )j> Kvifinc in 187*' It' pro<cncc i' C'^cntnl 
for nnrnnl \nuin in dim Iir^'t, and to it ilic ncnou«; 
H>cr of the frrdi rctim, dcticliwl in the dark 
fnim the p.rncnt h\er, o*cs it' (imk color (|) 

1 110) It tnn !«■ cxtnctcrl from the retina In bile 
or a 'olutiri I of bile mII', but the mo<;t efftetne 
extnctmp apeu i' diritonm Vionl purple either 
in st'u or in <ohitt(n i' b!eachc<l b\ white light or 
b\ light of am wa\e Unglli Iktwicn '8a ni/i and 
t>00 niji but \co 'hplitU at thcM. extremes ('cc 
figure 74 2, page 1 120) hmci itispinl in color w ith 
a tinge of blue, ai'ual purple, a' i' to be expected, 
tran'mit' more of the longer and tht 'hortcr waxc* 
length' (real and blue) than of tho'c m the mid part 
of the <j)ectnim (\ellov and green) Tlii^c latter 
arc, therefore, ab'orbed to the grtatc^t extent, a 
photo'tii'itne 'ub'tancc i' acted ujKm onU b\ the 
rav '■ which u abMarb' Maximal bleaching i' cau'cd 
b> green light wath a wa\i length of nlvnut 800 nm 
In the Imng animal and al'O in «olution, the pig- 
ment 1 ' regtncrntetl in the <larl or in dim light. 
For it< regeneration m eolution a 'ulntancc dc- 
n\cd from the epithelial cell' (pigment cell' form- 
ing the outermost rttinal la\cr) but whidi i' not 
the brown pigment it'clf, i' c"cntial for the proc- 
e<' Till' 'ub'tnncc, it 'tern', i' coii'umed in the 
reaction, for when a 'olution of \i'unl purple i' 
rc{>eatc<ll\ bleached and regenerated, Ic" and Ic" 
rhwlnp'in I' jiroduceil ' For the rcgcncmlion of 
xi'ual piiriilc in 'ohition, the pH i' of prime 
importance 'Flic reaction proccetl' mo'l rcadit> 
at a pH of 6 7, Im-Iow 6 or aljovc 7 8 little pigment 
1 ' formed 

fliough xi'ual purple i' blcadieil by strong light 
and reformed m the dark, a moderate amount of 
light exert' a favorable cfTect upon the regenera- 


tion process, for after bleaching, more of the pig- 
ment 1 ' produced wath moderate illumination than 
in complete darkness The short-wave-lengths are 
mo't effective m tins respect, and the expen- 
ments of Chase and of Chase and Smith suggest 
that a bluc-'cnsitivc (i e , a blue-absorbing) sub- 
stance J' responsible for the favorable action It 
mav be a jdlow intermediate product formed 
during the bleaching reaction The regeneration 
of Visual purple is not affected by section of the 
optic nerve, but the drug santonin retards it, and 
in large doses causes v cllow v ision and night blind- 
ness MTicn one eye is illuminated, the other being 
shaded, bleadiing of rhodopsin occurs only m 
tlic former 

If the c> c of a rabbit is exased in darkness or m 
red light O'Slif of a wave length greater than 650 
mw docs not bleach the vasual purple) and then 
exposed to an object dcarlv defined in light and 
shade, eg, a window sash against the sky, an 
image of the object will be found to have been 
impressed upon the retina when it is examined m 
the darl room The image is caused b)' the bleach- 
ing of the visual purple where the bright parts of 
the image fell upon the rods The retina thus be- 
haves like a jiholographic film, the image so ob- 
tained IS called an optogram (see fig. 74 1) 

Our knowledge of tlic chemistry of rhodopsin 
has been grcatlj advanced witliin recent jears 
It IS a complex conjugated protein containing a 
carotenoid pigment ns a prostlictic group The 
latter IS called the chromophore group, and is the 
sjwafic part of the molecule About ten chromo- 
phorc groups arc believed to be attached to each 
protein "base" or "earner” One quantum of light 
cnergv' causes a clicmical cliangc m one chromo- 
phorc group The protein is also linked with 
phospholipids The molecular weight of visual 
purple has been variously estimated at values 
ranging from 100,000 to 800,000 The most gen- 
erally accepted figure is that of 270,000 obtained 
by Hccht and Pickcls 

WJicn visual purple is blcadicd by light, either 
in Uic retina or m solution, it first turns an orange 
color whidi diangcs rapidly to yellow and fmally 
becomes colorless According to Wald, rhodopsin 
breaks dowai dunng blenching into protein and 
1127 


* A fuhsinnee contained In the cjnthclinl cells was 
dcscriheil many jears ago bj Ktlhnc and claimed by 
him to lie essential for the regeneration of visual 
purple lie called it r/iodnp/tylin 
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an ntangc-^cUon carotenoid pigment which he 
calls rctuienc Rctmcne is extractable by cMoto- 
forni in which it shows a broad absorption band 
maximal at 387 m In antimony tnchlonde it 
shows maximal absorption at 664 mu The final 
colorless product is vitamin A An extract of 
completely bleached retinas, therefore contains no 
rhodopsin but is nch m the vitamm Under 
phr-siological conditions, vitamm A does not ac- 
cumulate in the retina but is earned awa> m the 
arculation Regeneration of rhodopsin from vita- 
min A takes place in the retma of the living ani- 
mal during dark adaptation 
The rhodopsin-rntamin A cycle is shown m the 
followang scheme, modified from Wald 



Rhodopsin’ 

(abs about 500 him) 

DatkWLight 


Vitamin A -b protein < reUnene + protem 


Light 


(328 ma in chloroform) (385 mp m chloroform) 
(615 ma m antimony (664 m^i m antimony 
chlonde) chlonde) 


Retmene has been shown more recently to be 

vitamin A aldehyde , 

In the completely bleached and isolated retina, 
or m the mtact eyes of animals fed upon a diet 
defiaent m vitamm A, regeneration of rhodopsin 
cannot take place, though m the former some re- 
generation from retmene may occur in darkness 
It will be recalled that vitamm A defiaency is one 
cause of night bhndness (nyctalopia) 

Convincmg evidence can be ated for the view 
that the first phase m the retinal process whereby 
radiant energy is converted to nerve impulses 
(dectncal energy) is photochemical in nature 
There can be httle doubt that rod vision is depend- 
ent upon such a process and that the photochemi- 
cal pigment, rhodopsm plays an essential r6le in 
twilight (scotopic) vision When the absorption 



’ Lj thgoc has gi% cn the name transient orange to the 
first product of the bleaching p^rocess and indicator 
ytUo-o to the second denvative The former is unstable 
and decomposes spontancouslj into the latter Indi 
cator jtUow, as its name implies, behaves hke an 
aad bi'^ indicator, being chrome >eUow between pH 
3 J and 4 0, a deep lemon ^ ellovr at neutrabty and a 
pale lemon between pH 9 3 and 10 0 Indicator yellow 
IS also formed immcdiatcl> from rhodopsin by heat 
and hi the action of aads and alkahcs The mixture 
of pigments formed during bleaching was 

called "visual jcHow" b> Kuhne. The relationship 
between Wald’s retmene and Lythgoe’s indicator 
^cllow IS not altogether clear They appear to represent 
different stages m the bleaching process In indicator 
\ellow, it IS suggested h) Ljthgoc, the chromophore 
groupis still attached to the protein "base” 

’ rhe photoscnsilisc pigment in the retinas of fresh 
water fish differs from that found tn the retinas of most 
setteb ales including the manne fishes Tins pigment, 
which 15 Irulj purple in color, has been named por- 
phyropiin b> Wald It follows a retinal cjcle identical 
mth that of rhodopsm except that sntamin Aj takes 
the place of vitamin A (Ai), and the retmene produced 
during bleaching has, in chloroform, an absorption 
wnd with a maximum at 403 ttiM instead of at 387 if>it 
i\ aid has made the highlj interesting observation iViat 
the ivfw of pigment present m tbc retmas of the eur>- 
Mline fishes (those speaes which migrate from salt to 
fresh water or vice versa) is detenruned lar ely b> the 
waters «slt or fresh, in which thc> arc spawned Thus, 
in fish luch as salmon, which spawn In fresh watei 
(inadromous forms) the predominant pigment is nor 
^no^m, whereas, m those, such at, the (rtsb watci 

rh-'nSmprKinlTte'’' <^''^*omou» forms; 


Fio 74 1 Optogram formed upon the retma of a 
rabbit by exposmg the eye to an ooject made of a glass 
plate and strips of blacK. paper (after Stewart) 

spectrum of this pigment is plotted (reciprocals of 
the mmimum energy required for bleaching along 
the ordinates, and the wave lengths along the ab- 
sassae) the graph is found to be identical m shape 
with the visibihty curve for scotopic vision (fig 
742) A curve formed by plotting the rate of 
bleaching of visual purple against the wave length 
coincides almost exactly with the absorption curve, 
m other words, visual purple follows Draper's 
Jaw which states that chemical change is produced 
in a photosensitive material only by those waves 
which are absorbed The significance of these facts 
IS unmistakable 

Though the visibihty curve of the dark adapted 
eye and the absorption curve of visual purple are 
identical m shape, there is a difference of 7 mn in 
the maxima of the two curves, the maxunum of 
the former Iving at 510 m,u (Hecht and Williams), 
that of the latter at about 503 ran An explana- 
tion for this discrepancy will be offered presently 
The retina also obeys the Bunsen-Roscoe law 
formulated for photochemical orocesses m general. 
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namelj', that for the production of a given phota- 
chemical effect a constant quantity of energy iS 
required which can be distributed wnthin certain 
limits by varj'ing either the illumination or iL« 
duration In other words, the product of the 
illumination (I) and the time of exposure (T) i5 
constant, Energ>' = HT 

The difference between the maxima of the ab- 
sorption curx'e of visual purple and the scotopic 
\nsibility curve is actually somewhat less than 
that given above Dartnall and Goodeve point 
out that the vnsibility curves should be plotted 
using an equal quantum spectrum (the quantum 
of light cnergv’’ vanes with the wave length) and 
not an equal energ>’ spectrum (p 1114) 'Wffien this 
IS done the. scotepie lummosvty carve awd the 
absorption curv'c of visual purple are almost 
identical Hccht and Williams have pointed out 
that a small discrepancy ma}' well be accounted 
for by the fact that the absorption curves of 
rhodopsin have been determined of necessity upon 
solutions of the pigment and some difference should 
be expected between curves so obtained and the 
absorption of visual purple as it exists in the 
retina 

Important evidence for the photochemical nature of 
the initial stages of the visual process has been obtained 
by Hccht through the study of a much simpler photo 
chemical mechanism, namely, that of certain invcrlc- 
brate forms The body surfaces of a clam. My a, of an 
asadian, Ciona, and of a mollusc, Plioltis, possess 
ligbt sensitive areas When exposed to light the S 3 phonS 
of Mja after a long latent penod become retracted 
Several points of similanty between this reaction, which 
is undoubtedly photochemical m nature, and vision 
have been demonstrated Mja shows light and dark 
adaptation, its sensitivity being increased in the darK 
and reduced by a stay in daylight The reaction follows 
the Bunsen-Roscoe law , and the Weber-Fechner law is 
obeyed over a limited range of moderate light intens- 
ibes 

The photochemical theory, though satisfactory 
for rod vision, failed to explain daylight vnsion, fof 
no photosensitive pigment had been demonstrated 
m the cones of the mammalian retma Never' 
theless, as a result of his studies, Hecht considers 
it highly probable that foveal vision is also de- 
pendent upon a photochemical mechanism The 
visibility curve of the light adapted eye is identi- 
cal m shape with that for twilight vision and 
consequently with the spectral absorption curve 
of a solution of visual purple But the maxima of 
the three curves do not comcide, that of the light 


adapted eye being at 550 m/i The identical shapes 
of the curves, nevertheless, suggest very strongly 
that cone vision is also dependent upon a photo- 
chemical substance — possibly visual purple m 
high dilution A low concentration of the pig- 
ment in or around the cones would account for its 
not bting evident, yet its function would not 
necessanly be abohshed thereby, for it has been 
showm that certam photochemical substances, e g , 
silver mtrate and cyanm, do not lose their proper- 
ties w'hen spread m very thm film s However, the 
difference between the maximum of the dayhght 
visibility cuix'^e and that of the absorption curve 
(about 45 m/i) were considered too great to be 
accounted for purely upon the basis of changes m 
the properties of the pigment during its extractuin 



Fig 74 2 Companson of the absorption curve of 
pure Msual purple (interrupted hue) with the scotopic 
iummosity curve (contmuous hne) as obtained wnth an 
equal quantum spiectrum (After Ludvigh ) 

The results of Wald’s researches have largely 
resolved the difficulty of extendmg the photo- 
chemical theory to cone vision He extracted the 
dark-adapted retinas of chickens which contam 
chiefly cones Such an extract would contam 
rhodopsm denved from the small rod population 
mixed with cone pigment if such existed Upon 
exposmg the extract to red hght, to which the rods 
are only famtly sensitive, bleadung occurred, ab- 
sorption bemg maximal at 575 m^ Subsequent 
exposure of the extract to white light caused 
bleachmg charactenstic of rhodopsm with maxi- 
mal absorption around 508 m^t The imtial bleach- 
ing by red hght was due, presumably, to a 
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photoHEDHta e pigment derived from the cones 
Tne spectral properhes of this pigment indicate 
that It IS violet m color Wald has therefor named 
it wJopnr (iTSual vnolet) A comparable pigment 
has been obtained b> Chase from the retinas of 
frogs The masnmal sensitmtv of chicien cones is 
at 5S0 mp and that of the rods at about 520 tap 
The former figure is m close agreement mth the 
TTij-nmal absoiption (575 m;j) of lodopsm 
Xeeiocs ilECHAJOSiE The photochemical 
mechanism constitute the means vherebv hght 
energ}, through the breakdo-Ti of rhodopsm, 
causes a visual stimulus But this is mereK a pre- 
hminarv phase m the retmal process whidi is 
Ksentially nenoos in nature It must alvravs be 
borne in mmd that the rttma is an outgromth of 
the brain FnnctionaUy it is a "true nervous oen 
ter” (Cajal) Unlike anv other sense organ its 
receptors are m dose assoaatioa mth svnaptic 
connections, and manv ot the phenomena of the 
retina are espressions of mteraction bet-^een neu- 
rons For example, phenomena which have al- 
ready been descnbed for nerv ous centers, e.g , 
spatial and temporal mduction, inhibition, re- 
bound, etc., hai e been demonstrated for the retina. 
Adrian and klatthews demonstrated spatial sum- 
mation, usmg the shortenmg of the latena of the 
opjc nerve discharge as the cntenon of mcrease 
m the retinal response. Thev found that as com- 
pared with the ill umina tion of a smgle area sunul- 
taneous stimulatioa of four separate retinal areas 
caused a marked sho”tenmg of the latent period. 
Granit and Davis have shown bv means of the 
electroretmogram the occurrence of temporal sum- 
matLon m the human retma. The> found that when 
the retina is stimulated bv two subhmmal stimuh 
separated bj an interval of about 50 m. sec. sum- 
mation to the threshold results The effect of the 
first stmmlus persists, though graduallv dedming, 
for 135 ro-scc., after this interval, a second stimu- 
lus p-oduces no response unless it is of threshold 
value itseh The retma, then, must not be looked 
upon Eimplv as a mosaic of separate fwints, like 
auditor! o- touch receptors, each connected to the 
nervous centers by its o-ti nerv e fiber and acting 
mdependently of the rest (Adrian and klatthe'-s) 

Objecxive Retesai. Eteects Caesed bv. Light 
Stetcij 

IIlununatiQn of the eve causes (a) bleaching of 
the visual purple, (b) alteration m reacboa of the 
retina from alkaline to aad, (c) histological 
changes m the pigment cells and cones of certam 


cold-blooded speaes, and (d) changes m elcctncal 
potential The bleachmg of vnsual purple has been 
dealt with m the preceding section 

Liitle is known of the chemistr} underlvmg the p-o- 
duction of aad m the stimulated retina, but the aad is 
ptobabb lactic denved from the breakdown of glucose, 
for It has been shown that the retina as compared with 
other tissues has a strong gIjcolvt.c action The aad- 
itv mcreascs with the mteas't) o’ the stimulus and is 
greatest with vello-^.g-een light 

Hisio’ogical changes m the retinas of f’ogs, fish and 
certain other coId-Vooded fo-ms occur upon sUmula 
ton, bat have not demonstrated in mammals. 
Thej conKst of movements of the pigment granules of 
the cells of the outer retmal laser (p 1110) a-d retrac 
tioa of the bases of the cones from the pigment cells, 
leaving an mterval between the t "0 The contraction 
of the cones is apparentlv a reScr phenomenon, for it 
occurs upon stimulation o’ the opposite eve or evo, 
acconiing to some, upon eiporure of the skm to light. 
Swelling the rods m bight hght, and then shrmtage 
m the dark so that thev become separated b> a dis- 
tance from O^p to 0£p are other retmal phenomena 
seen m there speaes, 

Retinai. Action CuEErsTS, the Electto- 
EETisoGRAii (ERG) When the cornea and the 
optic nerve or the postenor pole of the darkened 
eveball are connected through a galvaromcter, a 
current is set up with the cornea as the positive 
pole A steadv deflection of the galvanometer re- 
sults The cause of this resting potential is not 
dearlv understood When a light is thrown rato 
the eve a senes of potential changes is produced 
which can be recorded as a correspondmg sequence 
of waves These are the retinal action currents, the 
record is called an decSrorc'srograrr A steadv cur- 
rent is also set up when the mner and outer sur- 
faces of the eveball are connected (fig 74_5) 

Holmgren, the Swtdisb phvToiogisl, was the first 
(in 1S66) to demonstrate reUnal action currents when 
the eve is sUmulated bv a beam of light. From then 
to the begmmng of the p-esent centurv thev were 
studied bv a number of mvestigators, mdudmg Dewar 
and McEendnek, WaUtr and Gotch Thev ■tverc rC' 
corded with the stnng galvanometer b> Emthoven and 
JoUv m 190S and bj Piper, bv means oi the cap llarv 
electrometer, m a senes oi studies from 190S to 1911 
In recent jeais with the development of more delicate 
methods o’ recordmg the subject has been remvesU 
gated bj Chaffee, Bone and Hampson, bv Hartline 
and bv Gianit and his associates 

In *e earlier experiments records were obtamed 

m c sum\Tng ciased c\*e, and in inan\ instances 
after removal of the antenor half of the globe, or from 
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preparations in whidi dissecbon had caused a consider' 
able degree of trauma Though it was necessary to 
place one electrode chrectly upon the retma m order to 
prove the retmal ongm of the currents/ better results 
can be obtamed by leavmg the eye m situ and placmg 
one electrode upon the cornea of the lUununated eye 
and the other (mdifferent electrode) upon the eye of 
the opposite side or upon any moist surface of the 
body Typical electroretmograms are obtamed in this 
way Harthne has applied this method to the human 
subject by means of water-tight goggles fitted to the 
eyes and filled with a 0 9% salme The goggle m front 
of the eye to be illuminated holds the differentiated 
electrode and is fitted with a convex lens to correct for 
the optical effect of the solution The mdifferent eleC' 
trode IS fitted mto the other goggle In another method 
employed by Harthne for man^ a cotton-tipped eleC' 
trode IS applied directly to the illummated eye after 
anesthetization with a 2% solution of holocame, the 
mdifferent electrode is placed m the mouth 



Fig 74J Electroretmogram (From Gramt, re' 
drawn ) 


The most satisfactory preparation from which to 
record the electroretmogram is the decerebrate ammal, 
smce perfect immobilization is thus secured, as well as 
f ull pupillary dilatation The mdifferent electrode is 
placed upon bram tissue on the proximal side of the 
decerebration cut, and the other electrode on the 
cornea The recordmg mstrument most commonly 
employed is the strmg galvanometer or some type of 
oscillograph, the currents bemg first conducted through 
a valve amplifier 

Analysis of the record The electroretmogram 
(see fig 74 3) consists of four waves designated a, 
b, c and d The a wave is a small, rapid negative 
deflection — a sharp notch below the base hne — ■ 
which appears after a short but variable latent 
period The wave 6 is a well-marked positive 
deflection of about 0 7 milhvolts, and c is a slow, 
prolonged positive wave which dechnes gradually 
though the eye remains constantly illummated 
The d deflection is a small positive change which 
appears after a bnef latency when the hght is cut 
off, for this reason it is usually referred to as the 
“off effect” 

^ A characteristic record is not obtamed after re- 
moval of the nervous layers of the retma 


Emthoven and JoUy concluded from an analysis of 
their records that the “on effect” (a, b, and c waves) 
was a composite deflection due to the algebraic sum- 
mmg of the potential changes of three separate retmal 
processes The recent researches of Gramt and his 
assoaates have confirmed and extended the work of 
these earher mvestigators The three processes have 
been designated Pi, Pn and Pni, smce they can be 
made to disappear m this order by gradually increasing 
the depth of anesthesia Pi is responsible for the sus- 
tamed potential of the c deflection, it is abolished by 
hght anesthesia, leaving the fast mitial waves (o and b) 
unchanged With deeper anesthesia the b wave becomes 
smaller and then disappears, leavmg the Pm component 
responsible for the a deflection This is a prolonged 
negative deflecbon 



Pig 744 Analysis of composit retinale electncal 
response (cat’s eye) at two intensities, 14 ml and 
0 14 ml and area of 1661 sq mm , viewed at a distance 
of 70 mm Components, broken Imes Composite 
curve drawn m full The a-wave is broadened slightly 
out of scale to show its denvation more clearly 
(Gramt, / Phystol , Vol LXXVII, 1933 ) 

In the final stage of anesthesia the negative com- 
ponent disappears and the retma, havmg apparently 
suffered an irreversible change, cannot be made to 
respond agam The Pi component is only seen at high 
hght mtensities and m the dark adapted eye. Pm is 
absent, as a rule, at low levels of lUummation Pir 
is abolished by asphyxia Thus, by varymg the il- 
lummation, by anesthesia or asphyxia, records can be 
obtamed composed of Pn Pm, of Pi -f- Pm, of Pu 
alone or of Pin alone. 

The three processes responsible for the electncal 
changes m the retma anse m the nervous layers and the 
potential changes do not represent nerve fiber responses 
smce they cannot be obtamed by placmg the differ- 
entiated electrode upon the opbc nerve entrance, 
synaptic connections are essential for their production 
The b wave, for example, increases m araphtude with 
the illummation mtensity, whereas, as will be seen 
presently, the magnitude of the action potentials of 
the optic nerve does not vary with the strength of the 
stimulus Furthermore, the latency of the retmal 
response dmimishes as the mtensity of the light or the 
size of the illummated area on the rebna mcreases — 
additional evidence of synaptic transrmssion 

Pm (component responsible for a wave) is, accordmg 
to Gramt, an inhibitory process Pn (responsible for 
b wave) is exatatory m nature and is followed by a 
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discharge of impulses m the optic nerve, and is proba- 
bly a rod and cone effect Pi (component causing c 
elevation) is not associated with a discharge of impulses 
in the optic nerve, its ongin is obscure The “off effect 
(d wave) vhich occurs when the light stimulus is with 
drawn is considered to be a rebound phenomenon (p 
951) resultmg from the cessation of the inhibitory 
process Pin and the release with consequent enhance- 
ment of the slower processes Pi and Pn, particularly of 
the latter 

Action Potentials in the Optic Nerve The 
action currents m the ophe nerve of the conger eel 
were investigated by Adrian and Matthews The 
opUc nerve of this speaes is unusually long and 
contains relatively few fibers — facts of considerable 
technical advantage The potentials were re- 
corded by a capillary electrometer after passage 
through a four valve amplifier 


20oj 

loa 

1 


-A 


1 frk.Jiaia 


Flo 74^ Curve of frequenaes of impulses in optic 
nerve (After Adrian and Matthews ) 

The nerve is almost “quiet” in the dark but a 
hght flashed mto the eye causes a discharge of 
impulses If the nerve is crushed between the eye 
and the recordmg electrodes no potential waves 
appear The total response to a flash lasts for 
about 15 milbseconds Dependmg upon the m- 
tensity and area of illummation, the latent period 
vanes from 0 1 to 0 5 sec., becoming shorter with 
increasmg strength of stimulus The frequency of 
the impulses show two manraa, one (300 per sec ) 
assoaated with the “on effect” of the electro 
retmogram, the other with the “off effect” (see 
fig 74A) 

The amphtude of the impulses (action poten- 
tials) or their grouping does not vary with the 
mtensity of the stimulus or with the area of the 
retma illuminated (p 922) On the other hand, 
an mcreasc m either of these factors mcreases the 
impulse frcqtmcy and shortens the latency of the 
nerve response Hartlme has recorded the re- 
sponses of a smgle optic nerve fiber of the horse- 
shoe crab (Limulus) and of the frog He also 
^nd that a change m frequency of the impulses, 
but not in their amphtude, resulted from varying 
the intensity of the stunulus Responses were 
evoked over a great range of hght intensities, 


namely, from 1 to 100,000 Enlargement of the 
area of the retma which was illuminated but 
maintaining a constant mtensity of light, or con- 
versely, with a fixed area and increasing the m- 
tensity, was followed by a nse m the impulse 
frequency Thus, it was again demonstrated that 
the determining factor is the total amount of 
luminous flux (area X mtensity, p 1117) 

With short flashes it was found that the im- 
pulse frequency vaned with the product of the 
duration of the flash and its intensity, when the 
duration and intensity were vaned reciprocally 
the impulse frequency remained practicallv un- 
changed (see fig 74 6) The efliect of varying the 
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Fio 74 6 Osdllograpb records of impulses from a 
single opUc nerve fiber of Limulus caused by bnet 
flakes of hght of varying intensity and duration 
Note that the frequency of the impulses is a function 
of the product of these two variables, when the prod- 
ucts are equal the frequency of the impulses is virtually 
the same (after Hartlme) 

area is limitcHl to images under 1 mm m diameter, 
the greatest effect being observed with variations 
m the size of unages of 03 mm m diameter or less 
Though, as just stated, the latent period (i e , the 
tune elapsing from the apphcation of the stimulus 
to the appearance of the first impulse in the nerve) 
IS vanable, the retinal nerve time (i e , the mterval 
betiveen the o deflection of the electroretmogram 
and the commencement of the impulse discharge 
in the nerve) is constant with varymg strength 
of stimulus Vanations m latency of the nerve 
response are therefore due simply to corresponding 
vanations m the latent penod of the retina 
In the penpheral retina the receptive field of a 
smgle nerve fiber as detennmed by explonng the 
retma with a small spot of hght was found to 
have an area of about 1 sq mm This mdicates 
the convergence of many receptors upon a sihgle 
ganglion ceU (p 1109), for an area of this size 
cbntams several hundred rods and cones The 
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maximal response was obtamed from the center 
of this area 

There appear to be three types of fiber m the retina 
of the frog, for three types of response were obtained 
(a) A senes of single uniform spikes during constant 
illumination which nse m frequency as the mtensity of 
the hght IS mcreased (b) A burst of impulses at the 
beginnmg of illununation and another burst when the 
eye is darkened, but no response dunng illumination 
(c) A senes of impulses discharged for a second or two 
when the hght is cut off but no response to ill umi nation 

A somewhat different method has been employed 
by Granit to record impulses from smgle optic 
fibers A micro-electrode is mserted with the aid 
of a micromampulator mto the retina of an eye 
which has been depnved of its cornea and lens 
When smgle uniform spikes are observed m the 
record similar to those obtamed by Hartlme, the 
impulse discharge is taken to be m a smgle nerve 
fiber This method is smtable for the mvestigation 
of the mammahan eye 

As mentioned above, Gramt’s analysis of the retinal 
response shows that process EE alone is responsible for 
the initiation of a discharge m the nerve The im- 
pulses therefore reach their maxuna where this process 
causes the b deflection and at the “off effect” (d) where 
rebound occurs as a result of the cessation of the 
mhibitory process (Pin) 

The burst of impulses at the “off effect” (d wave) isof 
speaal mterest, such is not seen m the nerve fiber of 
any other receptor organ Its significance, however, 
seems clear The signalhng of darkness to the centers m 
the brain is of just as great importance m the hfe of the 
animal as the signalhng of hght. A shadow or a dark 
object m the field of vision may mdicate food or the 
approach of an enemy 

The dechne m frequency of the impulses, i e , be- 
tn'een the two maxima (fig 74.5), though the stimulus 
persists IS difficult to explam It might be attnbuted to 
sensory adaptation (ch 63) Yet how can such an ex- 
planation be reconciled with our own sensations, for, as 
a rule, an object at constant mtensity of illununation 
does not appear less bright while we continue to look 
at It On the other hand, it is certamly true that a mov- 
mg image, which stimulates groups of retmal elements 
successively, is seen more easily and is more likely to 
attract attention than a stationary one Indeed in many 
speaes an immobile object apparently is not perceived 
Is it that m the intact and conscious animal, a sustamed 
sensation of bnghtness of a stationary object under 
constant illununation is due to the mcessant mvolun- 
tary eye movements which, by causmg successive 
stimulation of groups of retmal elements, nullify the 
effect of adaptation and that the optic nerve transnuts 
a continuous stream of impulses at high frequency? 


Color Vision 

Color perception is a function of th p-Jight 
adapted eye (p 1125), and has been generally re- 
garded as a function of the cones This view is 
based mainly upon the facts that (a) at low hght 
intensities when rods alone are functioning, the 
eye is mcapable of color discnmmation, as the 
illununation is gradually reduced red objects first 
lose their color, appeanng black (absence of any 
stimulating effect), then those which in dayhght 
are colored yellow, green or blue appear gray m 
the order given, (b) m bnght hght the maximum 
perception of color is withm the foveal area, 
where rods are few or absent Therefore, animals 
whose retmas contam only rods are thought to 
be completely color bhnd® 

But there are certam observations which argue 
agamst this relatively simple and dear cut con- 
ception The central fovea, as first pomted out by 
Komg and recently emphasized by Willmer is 
blue -bhnd A small blue object, for example, 
when viewed from a distance of a few feet, so that 
its image falls well within the fovea appears gray. 
or blade. Only when the object is brought dose 
to the eye and its larger image then overlaps the 
outer foveal area and the surroundmg penpheral 
retma does it appear blue' This and other evi- 
dence suggests that the rods are concerned with 
the perception o f blue In blue hght, for example, 
visual acuity is lower at the fovea than m the 
penpheral retma The blue cast given to white 
objects m deep twilight or m moonhght is thought 
to be dependent upon the rods The sky at mght, 
so long as there is any hght at aU, is not gray or 
black, but a deep blue It has been postulated 
that a blue-sensitive substance (p 1110), possibly 
a yellow mtermediate product formed m the 
bleadung of visual purple, is contamed m the 
rods (see Duplicity Theory, di 73) 

Color possesses three qualities or attributes — 
hue, b nghtne^ and s aturation 

Hue or tone is d ependent_entirel y upon the wav e 
length of the rays Thus, red, yellow, green, blue and 
vioIet~are different hues 

Brightness {brilliance or luminosity) is determmed by 


* Many msects, some boney fishes, reptiles, most 
birds and the primates are capable of discnmmatmg 
color Ihe dog, cat, gumea-pig, rat and most other 
laboratory animals are color bund 

' Hartndge, however, states that this phenomenon 
IS not confined to the central fovea but can be demon- 
strated m the penpheral retma 
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the^^Snsi^tjLtiej^ys/ whatever their wave length, 
falling upon the retina Thus, there can be many 
degrees of bnghtness within a single hue Of two ob 
jects having the same hue and lilununated to the 
same degree, the one which absorbs the smaller propor- 
IjUons of the rays of the specific wave length and reflects 
Rthe greater proportion appears the brighter The 
different bnghtnesses of a given hue may be compared 
to a number of mixtures of black and white made up m 
various proportions to produce a graded senes of 
shades of gray For example, fust as any shade of 
gray may be produced by addmg black to white, so the 
bnghtness of a paint of any given hue can be reduced 
to the degree desired by mixing with it a suitable 
quantity of black. The bnghtest colors are those 
neat the middle of the spectrum — the yellow and ^rpen 
It 13 very difficult for one to match the bnghtness 
of two different colors (heterochromatic photom 
etry) The method mentioned m footnote p 1122 is 
resorted to, which overcomes the natural tendency to 
confuse bnghtness with hue and saturation 
Saturation (or purity) As m the case of bnghtness, 
color saturabon may show mfimte vanations m degree 
withm a given hue Red is a more saturated color than 
pink. The difference is due to the relabve quanbhes 
of white hght with which the red hght is mixed For 
example, the saturabon of a pamt of a given hue can be 
reduced by mixing white with it The nuxture reflects 
white hght as well as hght of the wave length by 
which It* hue is perceived The saturabon of a colored 
hght could be readily deterrmned by means of the 
spectroscope Thus, a fully saturated red or green 
(homogeneous or monochromabc) hght would give a 
red or a green color at the correspondmg part of the 
spectrum, whereas, if either color contamed an ah 
mixture of white hght, all the spectral colors would 
appear, their mtenaty dependmg upon the quanbtv 
of white m the mixture. The bnghtest colors of the 
spectrum are also the least saturated The saturabon 
of a given spectral color is expressed by the following 
log ((Ls-Lw)/Ls) Where L is the amount of spectral 
radiabon which must be added to white of luminosity 
Lw to give a just nobceable change of color from white. 


THEOKIES OF COLOR VISIOK 

None of the many theories of color vision u 
capable of accounting for all the observed phe 
nomena, either of normal vision or of color blmd 
ness The theory suggested by Young (1807) am 
supported with extensions and elaborations b; 
Helmholtz (1853) is the best known, the simples 
and perhaps open to the fewest objeebons 

ought be more stnctly correct to say “mtensib 
of sensabon-’ rather than “mtensity of the mys" for w 
adaptabon causes a sluft m th 
^mt of maximal luminosity, but as measured physi 
caUy of comae no shift occurs. p yw 


The Young-Helmholtz Theory Though 
scarcely necessary perhaps it may be an advantage 
to recall some elementary pnnciplcs \Vhite light 
IS a combmaUon of light rays of wave lengths from 
about Tja m u to i Sfl-mu. and can be split mto its 
constituent colors— led, orange, green, blue, and 
violet— by means of a transparent prism These 
spectral colors can be recombined again to produce 
white light of the s ame mien nty as the onginal light 
from which they were denved (Abney’s law) It is 
not necessary, however, for one to use all these 
colors m order to produce v,hite, only three, 
namely, ied,_gTee^ and blue (or violet) combined 
m suitable proportions, arc required to produce 
white or any other color we may desire Red, green 
and blue (or violet) are therefore called the 
wary col ors But pure spectral lights, not pigments, 
(see footnote, p 1139) must be employed in the 
combinations If we should set up three lanterns, 
of which one emitted red light, another green and 
a third blue, then by throwing one upon a screen 
or a blend of two or of all three, we could produce 
any color of light we chose as well as white Red 
and green would give nse to yellow, red and blue 
or violet to purple, and so on, all three colors, 
mixed m equal proportions, would produce white 
These are uncontested facts to which any theory 
of color vision must conform 
The Young-Helmholtz theory postulates three 
types of perapient elements (receptors) in the 
retina, each contammg a photochemical substance 
which IS acted upon by the rays of one or other of 
the pnmary colors The sensation of white and of 
the many different colors is due to the stimulation 
of the three elements at different relative intensities 
(see fig 74 7) Pure red hght, for example, stimu- 
lates strongly those cones containing the "red 
substance” and the other types very feebly, green, 
or blue hght stimulates powerfully those contam- 
mg the green or blue substances, respectively, the 
sensation of white results when all three types are 
stimulated equally 

Though only three types of cone are postulated 
by the Young-Helmholtz theory, the really im- 
portant part of this theory is not that any par- 
ticular number of cones is speafied, but rather 
that the analysis of color is placed in the retma. 
For, just as the analysis of the pitch of sound is a 
function of the basilar membrane, so the visual 
receptors with different spectral sensitivities give 
the cue to the bram for the interpretation of color 
It is possible that the cells of the lateral geniculate 
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body represent the segregation of impulses from 
the three types of retmal receptor (p 1170) Thus, 
one may conceive of a topical relationship between 
the three t)T)es of cone and the cells of the pn- 
mary visual center which may be contmued to 
the visual area of the cerebral cortex That is, 
“red” receptors would be connected with “red” 
bram cells, “green” uuth “green” and “blue” with 
“blue” It should be stated, however, that histo- 
logical evidence for the existence of three tj^pes of 
cone IS ladong But the failure to secure such 
evidence by no means puts the theory out of 
court, smce differences m the chemical structure 
of the photochenucal substance contamed m the 
cones would escape microscopical detection 



Fig 74 7 Diagram of three primary color sensations 
1 IS the so-called ‘red’ 2 ‘green,’ and 3 ‘violet’ primary 
color sensation R, 0, Y, etc , represent the red, orange, 
yellow, etc , colors of the spectrum The diagram 
illustrates, by the height of the curve in each case, how 
the several primary color sensations are respectively 
exated to different extents by vibrations of different 
wave-lengths After Helmholtz ) 

This theory is m accord with most of the es- 
tablished facts m respect to color mixmg with 
normal persons, i e , color matchmg with mixtures 
of hghts of appropriate wave-lengths 

It IS evident that the theory is m accord ivith the es- 
tablished facts m respect to color mixmg It also gives 
a plausible explanation of the common types of color 
bhndness on the assumption that one or other type of 
cone is defective or lackmg For example, failure to 
appreciate red would be due to defiaency of the red- 
sensiUve substance, absence of sensitivity to green 
to lack of the green substance Temporary partial 
color blmdness can be produced by mtense sUmulafaon 
of the retma by one or other of the primary colors, 
which IS readily explamed upion the basis of fatigue 
of the correspondmg t 3 ^e of sensitive element. For 
example, if one looks at the sun for a couple of mmutes 
through a red glass and then directs the eyes to dif- 
ferently colored objects, the perception of red is found 
to be lost — red geraniums appear black, yellow flowers 
green and pink roses sky blue (rose color being a blend 


of pmk and blue) The eye fatigued m a similar way by 
green light sees the foliage colored bluish or reddish 
gray 

The tnchromatic theory has proved madequate, 
nevertheless, to explam certain observations, and 
a number of alternative theories have been pro- 
posed, such as Hemng’s, Franklm-Ladd’s, Roaf’s, 
Hartndge’s and Granit’s The first three of these 
are mainly of histoncal mterest and will not ho 
described 
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Fig 74 8 Showmg the color fields of the human 
retina mapped by means of the perimeter (chap 76) 
(After Hartndge) When with the eyes of the subject 
lookmg straight ahead a colored patch (green, yellow, 
red or blue) is moved penpherally m the different 
meri dian s of the Visual field the sensation of green is 
the first to be lost, next yellow, then red, and finally 
blue 

Hartndge ates several objections to the acceptance 
of the classical three-color theory m so far as the extra 
foveal retma is concerned For this region he substitutes 
a polychromaltc theory, postulatmg the existence of 
seven types of receptor, of which the chief are, orange, 
green and xnolet and smaller numbers subservmg red, 
yellow, blue-green and blue sensations The fovea, how- 
ever, he beheves to be approximately tnchomatic 

Smce the center of the fovea contains only cones, or 
cones and a few rods, which ase beheved to be of the 
‘‘dajd’ type, this part of the retma is blue blmd (tn- 
tanopic) 

Granit from his studies of the responses m single 
optic fibers concludes that lummosity and color are 
subserved by mdependent receptors which he calls, 
respectively, "dominaior” and “modulator’' units They 
are sensitive over a wide range of wavelengths Their 
response curves, constructed by plotting the energy 
of threshold stimulus against wave-length, closely 
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simulate the human photopic luminosity curve. The 
"modulator units" are in smaller numbers, and are 
sensit-ie to narrower bands of the spectrum, the> 
are divisible into three mam tj-pcs according to the 
spectral regions to which they respectively respond, 
namely, between 580 and 600 mp (red), 520 and 540 
ttifi (green) and 450 and 470 mu (blue) Gramt considers 
that the “modulators” by actmg m some way upon the 
responses of the dommator umts give nse to color sen 
sations The dommator units bemg sensitn e o\ er such 
a broad band of the spectrum can gi\ e no cue to the 
bram with respect to color The fundamental or dom 
inant visual sensation is a colorless "white” or bnght- 
ness, and it is the function of the receptors with the 
narrowly restncted spectral sensitivities to "modulate” 
this dominant sensation m such a wav as to give direc- 
tion to the bram for the mterpretation of color 



The Disteibution of the Color Senee The 
determination of the extent of the retinal areas 
sensitive to the three primary colors is important 
m many pathological conditions, for changes m the 
distribution of the color sense may be one of the 
first changes to be detected in certain usual de- 
fects When the normal retma is mapped out bj 
means of the perimeter (ch 76) it is found thal 
the three pnmary sensations and jellow are dis- 
tributed over four areas of different sizes whid 
are centered, roughlj, at a pomt a little to thi 
inner side of the fovea The largest area is for th, 
perception of blue, a short distance within it; 
circumference is the boundary of a smaller are: 
for red Next m size is the area for yellow, thi 
Area sensitive to green is the smaUest, this las 


area is therefore tnchromatic (sensiUvc to all three 
pnmary colors) A band surrounding it, i c , the 
interval between the boundanes of the red and 
green areas is sensitive to blue, yellow and red, the 
third zone to yellow and blue, and the fourth to 
blue alone The retina l>ang beyond the blue area 
as far forward as the ora serrata is achromatic, 
being sensitive only to white light, a colored object 
appearing gray or black Minor variations in the 
extent and shape of the color fields are seen m 
different persons The margins of the fields are 
rather irregular and include more of the nasal than 
of the temporal part of the retina, lc, more of 
the temporal part of the vTSual field (p 1167) 
This distnbution apphes only to stimuli of mod- 
erate mtensity With very strong stimulation sensa- 
tions of red, yellow and blue can be evoked from 
the penphery of the retina In other words, the 
areas for white, red, yellow and blue are of about 
the same size The area for green is, how cv er, ev en 
with a hght of high intcnsitj', less extensive than 
that for white or for the other colors The apparent 
blue blmdness of the central fovea has been men- 
tioned (p 1133) (sec fig 74 8) 

The color fields of the retina surrounding the 
blind spot arc not of the same rclativ c sizes as those 
just desenbed for the peripheral retina It will be 
seen from figure 74 9 that the area for red is the 
largest, next in order is the area for yellow and 
green and then the one for blue A narrow zone 
beyond the latter and immediately surroundmg 
the disc is sensitiv^e only to white light 

COLOR ULINDN'ESS 

We have seen that, according to the Young- 
Helmholtz theory, normal color vision is trichro- 
matic, 1 e , white hght or any color can be matched 
by a mixture of three pnmary colors in suitable 
proportions Defects of color vision are classified 
upon the basis of whether three, two or one of 
the pnmary colors are required by the subject to 
match any color of the spectrum Thus, the mam 
division IS mto anomalous tnchromatic, dichro- 
matic and monochromatic types The three forms 
could be explamed m terms of the Young-Helmholtz 
theory by presummg that one or other color sen- 
sitive substance— red, green or blue— was defective 
or absent. 

ANOiiALotjs Trichrohaiic Visiov In this de- 
fect, which was discovered by Lord Rayleigh m 
1882, there is not complete blmdness for any color, 
but the appreciation of red or of blue-green is less 
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than normal The anomaly with respect to red is 
called protaiwiualy or parhal proiauopia 
Subnormal perception of green is called dcutcr- 
aiioiraly or parhal dniltraiiopia The subject of 
protanomaly, in order to match a homogeneous 
yellou light with a mixture of red (X 671 m/i) 
and green (X 536 m^i) requires the addition of 
far more red than docs a person with normal vis- 
ion The subject of deuteranomah requires more 
green This is called the Rayleigh test Anom- 
alous tnchromatic MSion is looked upon as a 
transition stage between normal vision and the 
dichromatic form of color blindness 
The defective perception of blue — a very rare 
abnormality — is called tritanomaly In order to 
match a blue green the tritanomafous person re- 
quires more blue tlnn the normal 
An instrument known as an anomaloscope is 
employed for the detection of these defects In 
the case of protanomaly or deuteranomalv, a 
monochromatic \cllow light is matched with a 
mixture of red and green lights The subject is 
asked to adjust the proportions of the two latter 
colors until an exact match is made The amounts 
of the two colors required are shown by the in- 
strument and compared with that required by a 
person with normal color vision 
DiOTRoiiATic Vision' There are three types of 
dichromatic vision, proiauopia or rcd-hltudncss, 
dcutcrauopia or grccn-hlindncs^ and tritanopia or 
hluc blindness For the sake of illustration we may 
presume that in this form one of the three 
photosensitive substances postulated by the 
Young-Helmholtz theorx' is lacking Color xusion 
is therefore a function of two variables instead of 
three, i e , only tw'o primary colors, green and blue 
in protanopes, red and blue in dcutcranopcs, or red 
and green m tritanopcs, are required to match 
W'hite or any color of the spectrum 
Protanopia is the commonest form, tritanopia is 
very rare To tlie protanope the red end of the 
spectrum is shortened, red objects appear dark and 
may be confused with dark green, dark gray, dark 
blue or black, the red-yellow' region of the spec- 
trum appears in different shades of green There is 
no darkening of the red end of the spectrum in 
deuteranopia In protanopia the red-yellow part of 

* Many authontics, cspcaally adherents of the 
Henng hypothesis of color vision, refer to either 
protanopia or deuteranopia as red-green or green-red 
blindness, since in both conditions red and ^een are 
confused Similarly, tntanopia is called yellow-blue 
blindness 


the spectrum appears as different shades of green 
John Dalton (1798), the famous English chemist, 
suffered from this type of color blmdness and was 
the first to give a saentific account of it (1794), 
hence the term Daltonism He says “Crimson has 
a verj' grave appearance, being the reverse of every 
showy and splendid colour Woolen yam dyed crim- 
son or dark blue is the same to me the colour 
of a florid complexion appears to me that of a dull 
opaque blackish-blue upon a w'hite ground ” 

It has just been stated that m dichromatic 
vision, W'hite or any spectral color can be matched 
by the mixture of two pnmary colors m suitable 
proportions It follows, therefore, that in dichro- 
mats, a certain mid-region of the spectrum (at a 
wave-length of about 493 m/i in protanopes and 
of 497 in deuteranopes) appears colorless and is 
matched with light gra}' This so-called neutral 
point is blue-green to the normal eye Wave 
lengths within this range therefore give the im- 
pression of a dirty W'hite and when combined with 
other rays have a corresponding value in the mix- 
ture 

When mixed with other colors, red (m pro- 
tanopes) and green (in deuteranopes) give sen- 
sations such as would result from equivalent 
quantities of gray The red or green m the mixture 
is not perceived As a consequence of such anom- 
alies, pale colors withm the neutral range and 
certain shades of red and green or compound colors 
containing one or other of these, are confused (con- 
fusion colors) The dichromat matches pale green 
with grays, buffs and straw colors, as w'eU as with 
pale green The red-blind also confuses yellows 
w'lth greens, a bluish pink (rose color) with pale 
blue or violet and dark reds with dark browns, 
greens or blues Red-blind persons show, as a rule, 
a certain degree of red-green blindness as well 

The luminosity curve (ch 73) of the light adapted 
eye of protanopes differs from the normal, the spectrum 
IS shortened toward the red end and maximal lummosity 
IS nearer the blue In deuteranopes, the lummosity 
curve differs little from the normal though the pomt 
of maximal lummosity may be a little farther toward 
the red end of the spectrum (fig 74 10) The lummosity 
curves of the dark adapted eye of dichromats and of 
normal persons are identical Owmg to the absence of 
color at the neutral pomt persons with dichromatic 
vision can detect smaller differences m lummosity 
than can those with normal vision This serves the 
dichromat m discnmmatmg between certam colors 
which otherwise would be confused, actually, as a re- 
sult of the improvement m this faculty, some 140 
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different hues can be differentiated hy such persons 
the number for the normal eye is about 160 

Tntonopia or blue blindness is nearly always oc 
qmred, i e , due to some eye disease affecting the func 
don of the rods, such as, detachment of the retina, 
blues and greens are confused The neutral point is i" 
the yellow part of the spectrum at about 572 riw* 
The condidon is sunulat^ in jaundice because the 
blue rays are absorbed by the ycllon bilirubin which 



Fig 74 10 Photopic luminositj curves of dichromats 
(protanopes and deuteranopcs) compared nith the 
normal tnchromat, (After Abnej ) 


TABLE 99 
(After Wright) 


Tffe oj eitor it/iA 

Pcrcentote 

Anomalous tnehromausm 


Protanomaly 

I 0 

Deuteranomaly 

4 6 

Tritanomaly 

0 0001 


5 6 

Di chromatism 


Pfotanopia 

1 2 

Deuteranopia 

1 4 

Tntanopia 

0 0001 


2 6 

Monochromatism 

0 003 

Total 

8 2 


stains the conjunedvae and ocular media For a 
similar reason it is also seen as a temporary condition 
following the mgesUon of a large dose of santonin 
Monochromatu vision or tola} color blindness is cx- 
‘temely rare In a sense it may be looked upon as the 
converse of night blindness m that the function of the 
rods IS unimpaired, but the color sensidvity of the 
Mnes IS lost To a person with monochromadc vision 
the surroundings appear as they do to one with normal 
vision at twihght, namely, m black, grays and white 


tinged with blue (blue scnsatioti of the rods) The 
spectrum usually shows as in normal scotopic tision, 
maximal luminosity at alwut X 500 mp 

About 8 per cent of males and 0 4 per cent of 
females show some defect of color tision Dcu- 
tcranomaly is the most common type (sec table 
99) 

Both forms of anomalous tnchromatism and of 
dichromatism arc ncarlj alwa>s hereditary The con 
dition follows a mode of inhcnlancc similar to that of 
hemophilia, i c , it is a sex linl cd character earned in 
the X chromosome (p 121 and p 871) AsmenUonedon 
page 121 hemophilia may m very rare instances occur 
m a girl or woman should her father be a bleeder and 
her motlicr a transmitter This also app'iics to co'ior 
blindness which, owing to the more frequent occur- 
rence of the condition ns compared with hemophilia, 
accounts for the 0 4 jier cent of females affected 

Tests tor Color Buvdvfss When one re- 
members the important part plated In red nnd 
green— the two colors which are most commonly' 
confused— in the control of our rapid transporta- 
tion systems it is unnecessary to stress the dangers 
of defcclne color vision in oiicralors, eg, signal 
men, engine drivers, and seamen In all cmlized 
countnes, applicants for employ ment m the marine 
and railway scrvaccs must pass ngid color tests 
Subjects of color blindness mav be quite unaware 
of their defect, for they have no means of compar- 
ing their actual sensations with those of normal 
persons They have learned to associate their 
own visual sensations with certain common names, 
c g , red, green, etc., but unless their pecuhanty 
IS brought home to them by some glaring error, 
eg , wearing a red tic to a funeral, they mav not 
realize that the sensation which they know ns red 
is not the same as that experienced by others 
For this reason dichromats can usually name or- 
dinary colors correctly and depend upon their 
power of fine discrimination between differences 
in lummosity to distinguish two colors which in 
hue appear to them alike 
Three ty'pes of test will be described 


(1) Spectroscope In this method the extent of spec- 
tral visibility,* the discnmmation between the different 
hues, the position and extent of the neutral band and 


li a investigaUon of twenty four 

red blind persons that the shortening of the red end of 
yaned ronsidcrablj In some, the red 

orfylvSo spectrum was colorless beyond 
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the region of manmal luminosity are mvestigated The 
determination and companson of the ratio of red and 
green required to produce a homogeneous yellon (Ray- 
leigh test) has been mentioned (p 1137) (2) Matching 
One of the oldest and best of the methods is Holm- 
gren’s (1877) Mool test The exammee is given a set 
of colored wools among which arc a number of so-called 
confusion colors He is asked to select from the group 
those which match a separate wool of a specified color 
In the first stage of the test the separate wool is a pale 
green If he is red or green bhnd he matches it with 
cream, buff, dove gray, pale brown and straw-colored 
samples He is next given a rose pmk wool to match, 
if he chooses violet and blue wools he is red-hhnd, if 
greens, reds and browns he is green-blmd As a final 
test he IS handed a red slein, the protanope chooses 
from the mixed wools dark greens and browns, the 
deuteranope pale greens and browns (3) Psetido- 
isochromatic diagrams Ishihara’s is the most satis- 
factory test of this type The test comprises a senes 
of cards upon each of which a colored field (pale green, 
rose, red, etc.) is prmted m spots of different sizes A 
letter or figure, also made up of spots, is outlined against 
the general field, these spots arc of a color likely to be 
confused with that of the field The subject is asked to 
name the figure or letter, it stands out clearly to the 
normal eje but to the color blmd may be indistm- 
guishable from the background 



Fig 74 11 UlustraUng contrast (Henng) Observe 
through tissue paper 

Contrast Effects 

It IS well knowTi that when black is placed 
against white or vice versa they “set one another 
off”, the black looks blacker and the white a 
purer white than if either were placed against a 
colored ground Gray also appears darker against 
a white than against a black ground (fig 74 1 1) 
It IS also true that blue agamst a yellow ground 
(or yellow agamst a blue ground) is more vivid 
than if placed against any other color Also, 
green is enhanced by red and red by green These 
phenomena are examples of simultaneous contrast 
or spatial induction 

The maximum effect of color contrast is obtained 
when complementary colors are placed side by side 
Any pair of colors which when fused as lights pro- 
duce white, are said to be complementary to one 



Fig 74 12 Description m footnote 12 



another Examples of complementary color pairs 
are the followmg 

Red and greenish blue 
Orange and cyan blue 
Yellow and mdigo blue” 

Violet and greenish yellow 
Purple and green 


Two sheets of paper m complementary colors 
(e g , red and bluish green) or two books with their 
covers similarly color^ are laid flat in front of the 
observer as shown in figure 74 12 A clear glass plate is 
held vertically above and midway between the c lored 
surfaces The far surface is seen directly through the 
glass and the near surface by reflection A sensation of 
white IS caused by the overlappmg of the two images 
” A distinction must be drawn here between lights 
and paints, we know that yellow and blue paints when 
mixed give green, not white The color of a paint is 
due to Its reflecting certain wave lengths m white light 
and absorbing the remainder Even the bluest pamt 
IS not pure blue, it absorbs all hght but blue and a htUe 
green These it reflects A >ellow paint is not pure 
jellow , it reflects a little green wath the yellow When 
the two paints are mixed, blue hght is absorbed by the 
yellow paint, and yellow hght by the blue The green 
rays, of which a part is reflected by each separate paint, 
are doubly reflected when the two paints are mixed 
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Not on]> those listed abo\e, but e\er> color and 
shade of color has its complementarj (fig 74.13) 
There are consequentlj a great number of com- 
plementary pairs UTien a color is placed m ju-xta- 
posibon to gra\ , the gray appears tmted mth the 
complementary of the color For e.xample, a 
lemon or other yellow object, placed m a bnght 
hght, casts a shadow which is tmged nth blue— 
the complementary of \ellow The shadow cast 
by a red object becomes tinged nth greenish blue, 
and one cast by a purple object nth green These 

A B c 

Gocoeooo o 

Fig 74 14 Optical illusioa. The distance from 4 to 
B appears to be greater than that from B to C they 
are the same. 




Fig 7445 Hinson of size. The vertical lines are the 
same length. 

prmaples are apphed m art The artist makes 
a \ello- flood of sunshine more brilhant b\ pamt- 
mg blue into the shado.vs which m turn arc gi\en 
depth and an appearance of reality which other- 
wise they would lack. 

^\Tien one stare> for a time at a colored surface 
m a strong hght and then directs the gaze to a 
gray surface it appears tmged with the comple- 
mratao rolor, and objects of the complementary 
wlor Itself are made more sand For example, if 
one looks at a red surface for a time and then at 
a green one the latter color is mtensified This 
Phenom^on is called siicccrrwe cen/mr/ or fem- 
poral tndudton 

^ eaze IS directed to a 
do^ or turned towards a dark surface, an image 

distort for r? ^mes more 

a tune and then gradually fades 
SunOarlj. if the eyes are stimulated by I IZZ 
or a bnghtly colored object of any sort, and 

SL am Si" 

of dosing th ey iTtf '"T 
-face after lo^' “ "af tohT th " 

-e simulated a second time an^'ditrbT 


white, eg, by directing the eyes to a sheet of 
paper, one then sees a darl image agamst a white 
ground This is called a ucgalre qflcr tmige If the 
first stimulus y -as colored, then the after image is 
in the complementary color Kcgatiye after im- 
ages of colored objects are the cause of successiy c 
contrast described in the last paragraph. 

On the basis of Young’s theory of color ynsion, 
the phenomenon of negatiyc after images is due to 
fatigue of one or other of the three types of receptor 
by the first stimulus Cones yyhich have responded 
to a giyen stimulus vtU not for a time respond 





— — xiic juuK aiaronai 

appear to conyerge, actually, they are parallcL 




-- — - .... w.w yyniic jignt sumu- 

lates all three tyixs of cone The negative after 
image which appears upon apphmg a arcum- 
scribed and then a diffuse y hitc stimulus to the 
retm is, therefore, a dark patch against a white 
back^ound WTien the object looled at is colored 
and the retma is then sUmulatcd b\ directing the 
eyes to a vhite surface, the image is in the com- 
plemcntan color because only those cones which 
had not bem prevnoush stimulated can respond 
Fj example, if the object looked at is red, the 
red-sensitive cones are not exated by a ■subse- 
quent stimulus of white, tho:e sensitiv'e to green 
Md to violet alone respond, givmg a sensation the 
com^ementary of red, namely , a bluish green 

apparently due to 
Araico-phyji^l changes m the receptors of the 

folTof 1 -ffastmg the stimulus-a 

form of vTsual persistence 

OniM UicOTs The braui misv be dena.rf 

1 r“" ”>»» 

1 2 O'" 

ed optical illusions or optical deceoUons 
to 74 c.’camples are shown m figs 74 14 


r 
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THE DIOPTRIC MECHANISMS OF THE EYE CATARACT. OPTICAL 

DEFECTS INTRA-OCULAR FLUIDS 


Principles of Reflection and Refraction 
Definitions and Terminology 

Light falling upon a surface undergoes absorption 
and refection, and, if the material is transparent, the 
raj's are transmitted through it, either with or without 
rcfcclton 

The proportions of raj’s falbng upon an opaque un- 
polished surface which undergo absorption and diffuse 
reflection, respectivelj', varj' uath the character of 
the surface A large part of the raj's stnLing an un- 
polished uhite surface, c g , a sheet of paper, are re- 
flected but, being thrown off at different angles to the 
perpendicular, they do not meet at a focus in front of, 
or, if continued backwards, behind the surface The 
light reflected from such a surface is said to be diffuse 



The greater proportion of the light strkmg a polished 
surface (e g a mirror) is reflected, but the incident and 
reflected rays arc always tn the same plane and the angles 
(angles of incidence and of reflection) which they make 
svith the perpendicular are equal This statement is 
true for any polished surface whatever its shape 
(fig 751) 

Reflected rays from a plane mirror are divergent, if 
continued backwards they would meet at a point 
situated at the same distance behind the mirror as the 
object emitting the light lies m front of it The eye 
placed m the path of the reflected rays projects them to 
this point, where a full-sized erect image is formed (fig 
75^) Smee the rays do not actually meet at this 
point but only appear to do so, the image is called 
virtual 

The Formation of Images by Spherical Mirrors 
A spherical mirror is the segment of a sphere, its re- 
flecting surface may be concave or convex, its center 
of curvature is the center of a sphere of which the re- 
flecting surface forms a part The middle pomt of the 
curved surface is called the pole of the mirror, and a 
line passing through the pole and the center of curvature 
IS termed the principal axis The radius of the mirror is 
the distance from the pole to the center of curvature 
Since the latter may he on the same side as the source 
of light (concave mirror) or on the opposite side (con- 


vex muror) the radius may be positive or negative, 
respectively 

Rays of light commg from a distant object, i e , from 
infinity, are parallel (1 and 2, fig 753), if they fall upon 
a concave mirror they are reflected as converging rays 
and meet in front of the mirror at a pomt (F) on the 
prmcipal axis (p-o) This point (F) isihe principal focus 
and the distance from it to the reflecUng surface is the 
focal length or focal distance of the mirror It hes m the 
pnncipal axis, midway betn een the center of curvature 
and the surface of the mirror A real inverted image of 
the object and smaller than it, is formed in front of the 
mirror at the pnnapal focus, that is, in space The rays 
from a near object are divergent, the reflected raj's 
are therefore less strongly convergent than when the 


Fig 753 

madent rays are parallel If the object is at the cen- 
ter of curvature (C) of the mirror then the rays are 
reflecied back to this point When the object is at a 
between the center of curvature of the mirror and the 
principal focus the raj's meet bej'ond the center of 
curvature at A, when the object is at A the reflected rays 
meet at a These two points are therefore reciprocally 
related and are called conjugate foci An object placed 
between the mirror and its pnnapal focus emits raj's 
which upon reflection are widely divergent and cannot 
be brought to a focus in front of the mirror Projected 
backw ards they meet at a pomt behind the rmrror where 
a virtual erect and greatly enlarged image is formed 

Parallel rays stnkmg a convex mirror are reflected as 
divergent rays which if continued backwards would 
meet behind the mirror at the pnnapal focus To the 
eye they therefore appear to come from this point Here 
a virtual erect image, smaller than the object, is formed 
(fig 75 4) 

The position of an image formed by a concave mirror 
can be found from the construction m figure 75 5 The 
object AB IS situated beyond the center of curvature 
C The rays AP and BO parallel to the pnnapal axis 
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IIN site* TcS.tcti'TZ Tcitt znd eras at thi pmapal 
focus F Tie iiaags c‘ tie pxnts \ and B, therefore, 
Le E03f^ie-e on the Cnes PQ and OL No~, if lines 
4D and BH be dra'm to pass throngi C, these Lnei, 
morni as secondar- axes, cat Lnra PQ and OL 
at a and b 'especa-el- Tins, a small inserted real 
image c5 is fo-me<L The image is called real becaase 
the ravs actnaTl- pass tnrongn c and 6 The enns juc- 
ton o' an erect virtual image bj a con a mjTO' is 




Fic 75 4 



m the transition from the denser to the rare* rredium 
the bend is a-^, from the pe*pendictilar Wlh anj 
tiro media the greate* the obLqaitj of the inadent raj-s 
the greater is the degree of re'rartion, ra>3 perpendicu- 
lar to the Fjrace betr-een the t— o media are not re 
fracted- The ratio of the ang’e made hj the inadent 
ra (i^, the -a> falling upon the rirfacc of the second 
medium) mlh the peT>en'LcuIar (angle of madence) 
to that made by the emergent ra fangle of refraction) 
is termed the iniex cj refrcci or The rejeedre tniez 
is Jbe mder o' re'racpon •'hen the inadent ravs ente* 
arubstancefromav-acunr- In pmctice air is conrdered 



•c ~ - ' 

enton/f obC^e ra> fV « refracted upc 

m 11^ « b-lT 

rav B wh.r? f perpendicular Tl 

u nofreSe;!^''^ Pedicular! 


to of the same optical densitj as a vacuum. The re 
, ^ 'H’''^£scd as the ratio of the sine of tb 

to the sire of the angle o 
^ r wdei = sine i/sie r 

ret of refracuve poirer 

ly fUz^, 

tfZiZVfZT^ ^ -Pon entermj 

and avv^roi^.V” directions, i e , tomardi 

4 I. ^ ^ straight line (fig 75 T) 

‘°^^ds one another 

thetr^?ao. at one surface of 

again upon cmeipng at the other, and is 
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bent so as to run more nearly perpendicular to the 
glass surface m the former instance and away from the 
perpendicular m the latter, it will be refracted each 
time towards the base of the pnsm (fig 75 8) 

Lenses are of two mam types, spherical whose surfaces 
are the segments of spheres and cylindrical There are 
SIX vaneties of the former — planoconvex, biconvex, 
planoconcave, biconcave, convexoconcave and concavo- 
convex (see fig 75 9) 

A 


Fig 75 8 ABC is a pnsm with the apex at A, the 
base BC, and the sides AB and AC The angle of the 
pnsm IS BAC A ray of light DEFG is refracted at E 
and F as m figure 66 8 The total amount of refraction, 
that IS, the difference in direction between DE and FG, 
IS represented by the angle DKH (the angle of devia- 
tion) If the eye is at G, the source of hght, D, will 
appear to be at H When the ray passmg through the 
pnsm (EF) is parallel to the base OBC), the ray is said 
to traverse the pnsm symmetncall 3 ' 




Fig 75 9 Cross sections of lenses A, planoconvex, 
B, biconvex, C, planoconcave, D, biconcave, E, con- 
vExoconcave, F, concavoconvex 



Fig 75 10 See text 


Convex lenses may be looked upon as a great number 
of tnmcated prisms with their bases directed towards 
the lens center Concave lenses, on the other hand, 
are as a number of pnsms arranged with their bases 
towards the penphery (fig 75 10) It follows then that 
a sjrmmetncal biconvex lens will bend rays to the same 
degree at equal distances from its center and brmg 
them to a meetmg point or focus, whereas concave 
lenses will cause divergence of the rays In either 
instance the rays are bent towards the bases of the 
constituent pnsm 

R^radton by convex lenses A Ime passmg through 
the centers of curvature of the lens is termed the princi- 


pal axis of the lens Any other Ime intersecting the 
pnnapal axis within the lens G e , a diagonal line) is 
called a secondary axis The radius of cunature of thi 
lens IS the radius of a sphere of which the refracting 
surface forms a part Rays passmg through the prina- 
pal axis are not refracted, for the madent and the 
emergent raj' stake each surface perpendicularly and 
the two surfaces at these pomts are parallel (see above) 
Moreover, rays m the secondary axes undergo only 
very slight refraction and the madent and emergent 
rays, though not quite m a continuous hne, are parallel, 
for again the surfaces nhich they pierce are parallel 
The pomt where the pnnapal axis is intersected by 
the secondary axes is termed the optical center or nodal 
point of the lens In a biconvex lens with symmetacal 
surfaces the actual and the optical centers comade, 
but m other biconvex lenses the nodal point may be 
situated nearer to one or other surface 



Fig 75 11 See text 



Fig 75 12 See text 


Light rays from a distant object, i e , from infinity, are 
parallel (fig 75 11) The pomt F where parallel rays 
meet after refraction is called the principal focus 
The distance of this pomt from the lens is called the 
focal length or focal distance of the lens The rays of a 
hght placed at the prmapal focus traverse the same 
path but m the opposite direction, and emerge as 
parallel raj's 

A near oljecl emits divergent raj's If the source of 
hght (fig 75 12, B) IS on the prmapal axis a httlebej'ond 
the pnnapal focus, an image is formed at a distance on 
the other side of the lens greater than its focal length 
(at C), when the object is placed m the second position 
(C) an image is formed at the first (B) These points, 
therefore, m respect to an object and its image, are in- 
terchangeable and are termed conjugate foci If the 
object is situated at a distance exactlj double the focal 
length of the lens the conjugate foa are at equal dis- 
tances on the two sides of the lens In all these m 
stances a real inverted image, smaller than the object, is 
formed If the source of hght (D) lies between the lens 
and Its pnnapal focus, the raj-s, after passing through 
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the lens, are widely divergent. To the eye placed in the 
path of the emergent rays they appear to come from a 
pomt (V) at a greater distance bebnd the lens than the 
actual A virtual, erect and enlarged -image is formed 
Light ra)^ in passing through a 6iconcoTe lens are 
diverged (fig 75 13 ), therefore a frne image is not formed 
The eye m the path of the raj's takes no account of 
refracuon and the rays in consequence are projected 
backwards as straight hnes which, meeting at a pomt 
on the other side of the lens, form a virlual erect mage, 
smaller than the object 



Fig 75 13 See text 



The formation of an image by a biconvex lens is 
shown m figure 75 14 AB is an object The rays AH and 
BE Ijang parallel to the axis hIN meet and cross at the 
pnnapal focus F The image of the pomt A will be at the 
mtcrsccbon of the secondary ans AC with AHDF and 
that of B at the mtersection of BC with BEGF Thus 
a small inserted image is formed at ab The formaUon 
of an image by a concave lens is shown m figure 75 15 
AHDK and BEGL from pomts A and B of the 
object AB are diverged m passmg through the lens and 
apprar to come from the pnnnpal focus F, as shown 
by dotted lines The image of A is formed at o and of B 
^4, where these hnes are mteresected by the secondary 


CiUndneal lenses (fig 75 17) have one plane su 
e other may be convex (convex cylindrical let 


concave (concave cylindrical lens) A convex cyhndncal 
lens may be regarded as a section of a cyhnder shced 
down Its long axis, its horizontal meridian is convex 
Rays transimtted through it at right angles to its 
vertical nns ate converged as they would be by a con- 
vex spherical lens Light traversmg its long axis is not 
refracted, the lens actmg m this axis as a plate with 
parallel sides A lens of this type may be looked upon 
as an infinite senes of prisms arranged base to base m 
tiers In the other type of cyhndncal lens the hori- 
zontal mendian is concave, rays passmg at ngbt angles 
to the vertical axis are diverged 

The diopter The converging or the diverging power 
of a lens depiends upon the curvature of its surfaces 
(the greater the degree of curvature, the greater the 
refractmg power) as well as upon the refractive mdex of 
the material of which it is composed The focal length 
of a lens vanes mversely with the refractive power and 
13 therefore a convement measurement for expressmg 
the strength of a lens The standard focal length is 



Fig 75 16 Showing structure of the crystalline lens 
(diagrammatic) 


taken as 1 meter The refractmg power is expressed as 
the reaprocal of the focal length (given m meters), the 
imit bemg the diopter (abbrev D) Thus, the strength 
of a lens with a focal length of 1 meter is 1 diopter, of 
one with a focal length of 2 meters, i a diopter, of 
one havmg a focal length of i a meter, 2 diopters, and 
so on The symbols -f or - (-}-l D, +2 D, -1 D, 
—2 D, etc) are used respectively for a converging 
and a divergmg lens For example, if a concave lens has 
a refracting power of — 1 D, a small virtual image of 
a distant object will be focussed 1 meter from the lens 
and on the same side as the object A convex lens of a 
correspondmg power (-f-l D) will bnng parallel rays 
to a true focus 1 meter behmd the lens The power 
of a cyhndncal lens is expressed m a similar fashion 


The Repeacting Media of the Eye These 
are the cornea, the aqueous humor, the crystallme 
lens and the vitreous body The refractive mdices 
are given m the following table 


Cornea 

Aqueous humor 
Crystallme lens (whole) 
Vitreous body 


1 37 
1 33 
1 42 
1 33 


It will be noticed that the refractive indices of the 
cornea and of the aqueous humor and vitreous 
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are approximately the same, for practical purposes 
they may be taken as identical and the eye then 
taken as havmg two refracting surfaces, (a) the 
antenor surface of the cornea m contact with air, 
and (b) the lens surrounded by a common medium 
m so far as refraction is concerned The greatest 
refraction occurs at the corneal surface (42 di- 
opters) , of less importance is refraction at the sur- 
faces of the lens (19 diopters with accommodation 
relaxed and 36 diopters in full accommodation) 
The whole eye has a refracting power of between 
approximately 60 and 65 diopters The value in the 
table above for the refractive mdex of the lens is 
calculated from the refractive power of the lens as 
a whole, as though it were a homogenous structure, 
but such is not the case On the contrary, the lens 
consists of an almost sphencal nudeus with a high 
refractivity (1 41) surrounded by a zone called the 
cortex of lower optical density (1 38) The sur- 
rounding cortex IS composed of a senes of concave 
meniscus lens, as shown in fig 7516 Thus an image 
formed by the anterior part of the cortex (B) is 
focussed by A and the second image m turn by C 
The peculiar structure of the lens accounts for the 
paradox that the mean value of the refractive 
indices of its parts (1 39) is less than the refractmg 
power of the whole Several important advantages 
are denved from this pecuhar structure of the 
crystallme lens, it diminishes sphencal and chro- 
matic aberration (p 1160), tends to prevent the 
scattering of hght within the eye and enhances 
the power of the lens to alter its convergmg power 
dunng accommodation (p 1152) 

The Constants of the Eye Knowmg the 
curvatures of the refractive surfaces of the eye and 
the distances between them as well as the refractive 
indices of the media, the path taken by the rays 
of hght can be determined and the image con- 
structed The values of the constants of the eye are 
given in the following table 

Position of antenor surface of cornea 
Position of postenor surface of cornea 
Position of antenor surface of lens 
Position of postenor surface of lens 
Position of retina 

Radius of antenor surface of cornea 
Radius of postenor surface of cornea 
Radius of antenor [surface of lens (dis- 
tant vision) 

Radius of postenor surface of lens 

The refractive indices of the media have been 
given above 


mm 

0 

0 6 
3 6 
7 2 
24 1 
7 7 
6 8 

12 0 
6 0 


Construction of the image from the foregomg data 
IS a very labonous proceedmg To start with, the 
image formed by the first refracting surface is con- 
structed, this image now serves as the object for the 
next refractmg surface, the second image m turn is the 
object of the third surface and so on The matter is 
very much simplified, however, by constructing the 
diagrammatic or schematic eye by the apphcaUon of the 
theorem of Gauss This states thaA every optical 
system composed of spherical surface^ith their centers 
on the pnncipal axis has three pmft^cArdinal points 
These are, two principal pomts^^and Hf, fig 75 18), 
an anterior and a posterior foc^po^l ((p^ano^V’') and two 
nodal points (K and K') 



A' 



Fig 75 17 1, refraction by a convex cyhnder A 
point of hght IS brought to a focus as a hne after refrac- 
tion through a cyhnder 2, refracbon of hght by a con- 
cave cylinder Rays of hght stnking the cylinder per- 
pendicularly to the axis A' A" are diverged, and appear 
to be brought to a virtual focal hne F'F" (After DuLe- 
Elder) 


The frsl and second principal points he close together 
m the antenor chamber 2 mm behind the cornea 
Planes passmg through the prmapal points and per- 
pendicular to the axis are termed the first and second 
principal planes, an object in the first pnnapal plane 
forms an erect ftdl-stzed image m the second and vice 
versa The first and second pnnapal points cor- 
respond, therefore, to the conjugate foa of a single 
lens 

The antenor focal pomt (<p) is situated 15 7 mm m 
front of the cornea Rays from this pomt in the axis 
would, after passing through the system, emerge as 
parallel rays Parallel rays entenng the system are 
focussed at (p' which is situated on the rebna <p and <p' 
therefore correspond to the pnnapal foa of a smgle 
lens 

The nodal pomts (K and KO also he close together 
on the axis and near the postenor surface of the lens 
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They correspond to the optical center of a single lens 
Rays passing througli the nodal points are not re- 
fracted A ray entenng the system and passing 
thiougli K appears to come from K' and emerges along 
a line parallel to that along sshitfi vt entered The 
following table for the schematic eye gives the distances 
of the SIX cardinal points from the anterior surface of 
the cornea 


Antenor surface of cornea 

fftm 

0 

First pnnapal pomt, H 

1 

7 

Second pnnapal point, H' 

2 

0 

First nodal point, K 

7 

0 

Second nodal point, K’ 

7 

3 

Postenor focal pomt, y’ 

24 

1 

Antenor focal point, 

15 

7 


The two nodal points he so close together that no 


The Formation oe the Image on the Retina. 
FLnovnng the foregoing measurements, the paths 
taken by the light rays can be drawn and a con- 
struction of the image upon the retma readily 
earned out The formation of the retmal image is 
illustrated in fig 7519 The large arrow A-B repre- 
sents an object emitting divergent rays which are 
converged and brought to a focus to form the 
image represented by the small arrow a-b The 
retmal image, it wfll be observed, is smaller than 
the object and inverted For the sake of simphaty 
only a few rays are shown, two from a pomt at 
either end of the object and one from its center, 
but of course the surface of an object consists of 
an infinite number of points, each of which emits 



Mn B 7 to i iO 


Fig 75 \% The cardinal points of the eye 4>', The anterior focus, IS 7 mm in front of the cornea The 
postenor pnnapat f^s, 24 13 mm hehmd the cornea— that is, upon the retina H, H', the pnnapal points, 
in toe antenor chamber KR the nodal pomts, m the posterior part of the lens (After Duke-Elder ) 


significant error is entailed if they are taken as one, 
the same may be said for the prmapal points Thus 
the compound optical ^stem of the eye can be simph^ 
fied to the so-called reduced schematic eye of LisUng 
This has a single ideally refracting surface situated in 
the antenor chamber 1 35 mm behind the cornea and 
with a radius of 5 7 mm The nodal point or optical 
center of the reduced eye hes 7 08 mm , the pnnapal 
point 2 3 mm and the postenor focal point 24 13 mm 
behind the antenor corneal surface The antenor focal 
point IS 15 7 mm m front of the cornea The distonce 
of the nodal point from the retina, i e , the focal length 
of the eye, is <24 13 - 708 iros mm The re- 
fracting power IS therefore (1000/17 05 =) 58 65 di- 
opters 

By mnns of an \ ray beam, which is not refracted 
P^ected into the eye Goldman and Hagen have meas 

, ^ S'ohe m the hvmg human sub- 

(23 4 mm) agrees closely 
with that oS the schematic eye. The value for the 

ri.fe (’"“'an eye. aa 

i nT close a^ae 

ment, namely , 59 22 diopters. 


divergent rays One of each pair of rays in the 
figure (sohd Lne) passes unrefracted through a 
secondary axis (i e , through the nodal point N), 
the ray from the upper part of the object to the 
lower part of the retina and vice versa The other 
ray of eaci pair undergoes refraction and meets 
the corresponding unrefracted ray Simiiatly, rays 
from a pomt on one side of the object will fall 
upon the retma as a pomt of light m the apposite 
part of the image. Thus, it is seen how the image 
on the retma becomes inverted Of course we see 
objects in their true position Re-mversion is a 
cerebral function developed, probably, through the 
assoaatioa of visual sensations with those of 
touch The process itself is essentially psycho- 
logical and beyond out abihty to analyze 
The idea that the retmal image is mverted was 
at first difficult to beheve Repler (1604) inferred 
from his optical studies that this must be so, but 
It was Schemer (162S) who furnished the proof by 
o serving the back of an excised eye from which 
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the sclerotic and choroid coats had been removed 
The inverted image of an object was clearly visible 
upon the translucent retma The mversion of the 
retmal image may also be demonstrated durmg 
life m persons of blonde complexion because their 
choroid contains little pigment The subject is 
exammed m a darkened room, the eye bemg 
turned towards a hghted candle placed well to the 
temporal side An inverted image of the flame may 
be seen showmg through the inner side of the wall 
of the globe 



Fig 75 19 Illustrating the mversion of the retinal 
image (schematic eye) , Fi, first focal pomt, Hi and H^, 
first and second pnnapal pomts, Mi and Nj, first and 
second nodal points, AH, object, ab, image 

The size of the retmal image is dependent upon the 
angle a N 6, (fig 75 19) this — the angle subtended at the 
nodal pomt of the eye by an object m the visual field — 
IS called the visual angle The size of the image can be 
calculated if one knows the distance of the nodal pomt 
of the eye from the object and from the retma, and the 
size of the object. Thus m the figure A B is the object 
and a b Its image The triangle A N B and a N 6 bemg 
i/mmetncal, then 

abAB=6NBN 

o 6 = A B X bN/BN 
b N = 17 05 mm 
t = 1705 X 0/d 

I is the size of the image, 0 the size of the object and d 
' Is distance from the nodal pomt of the eye (17 05 = 
distance of retma from nodal pomt, see p 1146) 

The Ophthalmoscopic Examihation of the 
Eye Under ordmary circumstances we cannot see 
withm the eye of another person, because only a 
hmited quantity of light enters his eye through 
the relatively small pupillary aperture It is like 
tiymg to look through a small window mtq a 
darkened room Furthermore, of the light which 
enters the eye, a large part is absorbed by the 
pigment layer of the retma Even when a hght is 
brought close to the eye imder observation, one is 
unable to see the retma, because the pencil of 
parallel ra3is which emerge do not enter the ex- 
ammer’s pupil imless his eye is directly m its path, 
and when he attempts to brmg his eye mto the 


proper position either his head comes between the 
light and the subject’s eye or the light (if between 
h i m self and the subject) dazzles his sight. 

These difidculties are overcome by means of the 
ophthalmoscope This mstrument consists of a 
small mirror with a central perforation through 
which the observer views the subject’s eye Light 
furnished by an electnc lamp placed above the 
head of the patient is reflected from the mirror 
and the pencil of rays emergmg from the subject’s 
eye passes through the aperture of the mirror to 
the exammer’s eye (fig 75,23) 

The mvenhon of the ophthalmoscope is commonly 
attributed to Helmholz (1851) but a crade device based 
upon the same pnnaple was used by Babbage two 
years previously The mstrument consists of two 
mirrors, each with a central apertxue One mirror is 
plane, the other concave, they are pivoted so that one 
or other can be rotated mto position as required The 
obverse side of the mstrument holds a senes of small 
lenses rangmg from +30 D to —30 D m strength, 
any one of which can be moved mto position over the 
central aperture The examiner seats himself 1 meter 
from the subject and lookmg through the peephole of 
the plane mirror reflects a beam of hght mto the eye 
If the observed eye is emmetropic (i e of normal refrac- 
tion) a uniform red glow — the red reflex of the fundus — 
caused by reflecbon from the retma is seen hghbng up 
the pupil * No detail, e g , opbc disc or retmal vessels, 
is visible This is because the rays emerge from the 
subject’s eye as two divergmg penals of parallel rays 
which come from opposite pomts of his retma In 
order for an unage of the subject’s fundus to be formed 
upon the exammer’s retma, rays from both pencils must 
enter his eye simultaneously At a distance of 1 meter 
this IS impossible, but can be effected if the observer 
brmgs his eye quite close to the pabent’s eye (see figure 
75 20) When the subject’s eye is hypermetropic the rays 
composmg the emergent pencils are divergent, it is 
therefore possible at a distance of 1 meter for rays from 
both to enter the observer’s eye The rays appear to 
meet behmd the subject’s eyes where a virtual erect 
image is formed (fig 75,21) When the observer moves 
his head the image moves m the same direcbon In 
myopia, the emergent rays converge, they meet and 
cross m front of the eye Agam, diverging rays from 
both bundles enter the observer’s eye and form a real 
inverted image in front of the subject’s eye (fig 75 22), 

^ This is similar to the red glow seen m the eyes of 
certam animals, espeaaUy of the cat and other carniv- 
ora, which IS due to the presence of a highly polished 
area at the fundus — the iapetum lucidum — which acts 
as a concave mirror to throw back a large proportion of 
the hght which enters the eye This structure hes be- 
hmd the retma, the pigment layer bemg absent over 
it It IS composed of several layers of flattened cndo- 
thehal cells overlam with doubly refracbng crystals 
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It moves m a direction opposite to that of the exammer’s 

Alter preliminary examination one or other of 
two methods of ophthalmoscopy-the indirect or the 
direct-may be employed In the indirect method a 
separate biconvex lens with a focal length of TS cm 
(about 13 D) IS held m front of the eye of the examinee 
The observer seats himself 1 meter away and holds the 
lens m the path of the beam from the mirror and a short 



Fig 7520 Showing two pendls of parallel rays as 
they emerge from the normal eye S, subject, 0, ob- 
server Vertical dotted hne mdicates the posiUon m 
which both penals of rays will enter the observer’s 
eyre (After Duke Elder) 



Fio 75-21 Emergent rays from hymermetropic eye. 
A virtual erect image is formed at xy'' (After Duke- 
Elder) 



Fig 75 22 Emergent rays from myopic eye which 
cross at x'y-' and then diverge, a real mverted image is 
formed at x'/ (After Duke-Elder) 


distance m front of the eye under observation The 
subject turns his eye a httle mwards m order to bring 
the optic disc into vaew, bemg directed, for example, to 
look at the observer's left ear if his left eye is being 
examined (fig 75 23) The diverging ray s from the hght 
source are reflected from the mirror and converged 
upon the hand lens which converges them to the eye. 
They are more sharply converged by the refractmg 
media and come to a focus m the vitreous The retina 
IS dilluscly illummated By movnng the hand lens to- 
ward or from the patient’s eye his retina is brought 
mto focus and the optic disc (Plate HI) is clearly seen 


The rays reflected from innumerable pomts of the 
patient’s retina and after refraction emerge from his 
eye to form an image, the position of which differs 
according to the refracUve state of the eye The rays 
emergmg from the emmetropic (normal) eye are paral 
lei (fig 75 24A) They are converged by thehand lens and 
form a real, magnified and mverted image in the air 



Fig 75 23 Showing the course taken by the hght rays 
m indirect ophthalmoscopy The nurror, Af, is repre- 
sented as several times actual size. E, observer’s eye, 
E', subject’s eye, L, hand lens The arrow represents a 
r eal inverted image formed between the lens and the 
observer 




Fig 75 24 Path of the hght from the eye in the 
mdirect method of ophthalmoscopy in emmetropia, 
hypermetropia and myopia (After Duke-Elder, Text 
Book of Ophthalmotomy ) 


between the hand lens and the exammer This is fo- 
cussed on the examiner’s retina. In hypermetropia the 
rays issumg from the patient’s eyx arc divergent, and 
appear to come from a magnified erect image behind 
the eye. The hand lens converts this mto a small, 
mverted image m front of its pnnapal focus (o&, fig 
75.24B) In myopia the emergent rays converge and 
form a large mverted real image (afl), this is converted 




Chapter 75 


DIOPTRIC MECHANISMS OF THE EYE 


1149 


by tFelensinto a smaller image (ab, fig 75 24C) between 
it and its pnncipal focus 

In the direct method a field of smaller area but of 
higher magnification is seen The hght is placed behmd 
the patient’s head and to one or other side, dependmg 
upon the eye to be exammed The exanuner bnngs the 
instrument as close as possible to the subject’s eye, no 
hand lens bemg mterposed He views the subject’s 
fundus with his own right eye, and the subject’s left 
fundus with his left eye In this position rays from both 
emergent penals enter the eye of the observer, and, 
therefore, except when the observed eye is highly 
mj'opic, the details of the fundus can be seen The image 
IS always erect The small concave mirror, which is set 
obliquely m the mstrument, is rotated to the proper 
angle to throw a reflected beam through the pupil The 
hght, after commg to a focus on the retina, emerges 
from the emmetropic eye as parallel rays which are 
brought to a focus upon the observer’s retma If, 
however, the subject’s eye is h 3 qiermetropic (as de- 
scnbed above) the emergent rays will be divergent 
and can only be focussed by the exammer if he accom- 
modates his eye or mterposes a convex lens, if the ob- 
served eye is myopic the reflected rays are convergent, 
the exammer must then use a concave lens m order to 
focus the unage upon his own retma By the use of a 
concave or a convex lens which will just bnng the image 
of the fundus into clear focus, and the refractive power 
of the lens requued bemg known, the refractive error 
of the patient can be measured 

Rettnoscopy, Skiascopy or the Shadow test This 
IS a rehablc objective method for determinmg the re- 
fracbon of the eye It is of special value m children and 
others for whom the readmg of test type is impracbca- 
ble, and for the detecbon of malmgerers The method 
depends upon the fact discovered by Bowman (1859) 
that the direcbon of the rays emerging from the eye 
vanes with its state of refracbon Cuignet (1873) 
elaborated upon this discovery and brought the method 
into general use m the study of refracbve errors When 
a hghted candle is held m front of the eye, its rays 
undergo refracbon and illuminate an area upon the 
retma Smce the rebnal image is mverted, a movement 
of the candle to one or the other side, up or down, causes 
the illummated area to move m the opposite direcbon.* 
When the rays are reflected from a plane mirror they 
form a virtual image behind the reflecbng surface 
Tilbng the mirror to one or the other side causes this 
image to move m the opposite direcbon Consequently, 
when a reflected hght is thrown mto the eye by means 
of a plane mirror, owmg to a double reversal of the 
movement takmg place (i e , a movement of the mirror 
image which now serves as the lummous object m one 
direcbon and of the rebnal image m the other), a 
change in the inclmabon of the mirror causes the illumi- 

* If a concave mirror were used, the image bemg 
formed in front of the mirror, would move m the same 
direcbon as the bit of the mirror 


nated area upon the retma to move in the same direcbon 
as the bit This movement of the illummated area on 
the rettna m relabon to the bit of the mirror is the 
same whatever the refracbve state of the eye But the 
rays from the illummated area on the retma are directed 
back through the eye and after imdergomg refracbon 
emerge through the pupil, the direcbon of the movement 
of the illuminated area as it appears to an observer de- 
pends upon the direcbon of the emergent rays, that is, 
upon the state of refracbon of the eye The eye is 
examined with the ophthalmoscope at a distance of 
1 meter, m a dark room, a mydnabc, e g , atropme or 
homatropine is usually employed 

If the subject is hypermetropic or myopic a pink glow 
fills his pupil except for a dark semilunar shadow on one 
side (see fig 75 25) In the emmetropic eye hght reflected 



r 

Fio 7525 Rebnoscopy shadow (After Duke-Elder) 

from the illummated area on the rebna issue from the 
pupil as divergmg pencils of parailel rays (p 1148) 
The rays meet and cross at the far point (punctum 
remotum), which for the normal eye is at mfimty, 
that IS, behmd the observer In a certam posibon of 
the mirror one or other of the pencils of rays (see fig 
75 26) enters the observer’s eye The subject’s eye ap- 
pears filled with a pink glare bounded on one side by 
a very famt shadow, when the mirror is blted so that 
the mterval between the pencils is m hne with the 
observer’s pupil, the subject’s pupil is dark Thus, lu 
emmetropia the subject’s pupil is either nearly imi- 
formly bnght or entirely dark A bnght area and a 
pronounced shadow are not seen together In myopia 
the rays leaving the eye are convergent (fig 75.26) If 
the myopia is greater than 1 D they meet and cross at 
the far pomt which hes somewhere between the subject 
and the observer Therefore, when the mirror is blted, 
up or down, or to one or other side, the shadow moves 
against it, i e , m the opposite direcbon If the myopia 
is less than 1 D the far pomt is behmd the observer and, 
as m emmebopia, only a famt shadow is seen, it moves 
with the mirror If the myopia is 1 D the far pomt is at 
the surface of the observer’s eye and the subject’s pupil 
appears, accordmg to the bit of the mirror, either com- 
pletely dark or completely bright, that is, without any 
shadow In kypermetropia the emergent rays are di- 
vergent and the far pomt is virtual, the rays appear 
to come from a pomt behmd the mirror and therefore 
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do not meet between the subject and observer The 
shadow moves vnlh the mirror 

In applying these facts to the correction of refrac- 
tive errors, the movement of the shadow is noted and 
con\ex or concave glasses, according to whether the 
eye is hypermetropic or myopic, respectively, are placed 
m front of the subject’s eye, until the pupil, as m a 
myopia of 1 D, appears uniformly bnght or dark This 
state when the shadow disappears is called the point of 
reversal If the refractive error is even shghtly over- 
corrected a shadow appears which moves in a direction 
opposite to that of the ongmal movement. Now, when 
the pomt of reversal is reached, the far pomt of the 



Fig 7S.26 Illustrating the movements of the shadow 
in retinoscopy A. in myopia When the mirror is in 
the position AB, tne image is at D in the highly myopic 
eye, and at C m the less myopic eye When the mirror 
IS in the position A'B', the respective images are m 
the positions d and c Smce Da is less than Cc, the 
lower the degree of myopia, the larger the excursion 
and the quicker the movement of the shadow B, m 
hypcrmelropia When the mirror is m the position AB, 
the image is at D, m the highly hypermetropic eye 
and at C in the less hypermetropic eye When the 
mirror is m the position A'B' the respective unages 
are at d and c (After Duhe-Elder, The Practice of 
Refraction ) 

subject’s eye is at the surface of the observer’s eye, 
ne , 1 meter away The subject therefore, as mentioned 
above, has still a myopia of 1 diopter This must be 
taken mto account In calculating the refractive power 
of the correcting lenses required If the eye is hyper- 
metropic and, say -1-4 D brmgs it to the pomt of re- 
versal, then a -1-3 D lens will be suffiaent for correc- 
Uon If the eye IS myopic -ID must be added to the 
refracPon which was requued to bnng the eye to the 
point of reversal 

Papilledema {chohed disc, optic neuritis) and optic 
atrophy In condipons accompamed by high intra- 
cranial pressure, e g , bram tumor, hydrocephalus and 
uremia, the opUc disc loses lU natural translucency and 
becomes reddened and swoUen The central vem is 
^gorged and tortuous and the venules and capillanes 
dilated Small hemorrhages may be seen The swell 
mg of the disc is due to the transudation of fimd from 


the engorged vessels and its collection in the anterior 
layers of the lamma cnbrosa and between the nerve 
fibers The physiological cup becomes gradually filled 
up, and may eventually be elevated above the general 
level of the surroundmg retma The arcumference of 
the disc ill-defined, appearing blurred or "woolly” The 
disc IS enlarged and its lateral spread causes the rebna 
to be thrown mto folds or ndges In the older termi- 
nology these changes were referred to as choked disc, 
optic neuritis or papilhtis The condition is now called 
papilledema The separation and stretching of the 
nerve fibers, their compression where they penetrate 
the lamina cnbrosa and the overgrowth of gbal tissue 
set up by the presence of the edema fluid leads to nerve 
atrophy — secondary optic atrophy The disc in this 
condition is a grayish or dead white, due to the obbtera- 
tion of capillary vessels by the overgrowth of ghal 
tissue The opbc cup is deepened as a result of the 
degenerated nerve fibers The outline of the pale disc 
IS dearly defined against the surroundmg retina The 
retinal veins are engorged but the artenes are narrower 
than normal 

It IS now widely accepted that mechamcal factors, 
e g , changes m mtracramal or mtra-ocular pressure, are 
mainly concerned m the production of papilledema 
The optic nerve, it wiU be recalled, is mvested by pro- 
longations of the cerebral montages — the pta, orach 
natd and dura The spaces between these three layers 
of the nerve sheath — the subarachnoid and subdural 
spaces — ore contmuons, as was first shown by Schwalbe 
(1870) with the correspondmg spaces within the cra- 
mum The dura and arachnoid of the nerve sheath, 
however, are m dose opposition, there bemg only 
a potential subdural space m this situation But the 
mtracranal subarachnoid space is m free communi- 
cation with the corresponding space of the nerve dieath 
and the mtracramal pressure is transnutted through 
the cerebrospmal flmd to the mtravagmal space nght 
up to the lamina cnbrosa The central vem of the 
retma with its companion artery makes an almost nght 
angled bend as it leaves the optic nerve and, crossmg 
the mtravagmal space, pierces the arachnoid and dura 
a short distance behmd the eyeball (fig 7527) Any 
marked nse in intracraiual pressure distends the sheath, 
for the dura m this situation differs from that within 
the cramum in bemg unsupported by bone (Mac- 
donald) The elevated pressure thus transmitted to 
the sheath tends to compress the vem m its course across 
the mtravagmal space and to impede the venous return, 
as well as to block the lymph channels situated in the 
advenUba of the central vessels Little or no mter- 
ference is offered to the blood flow m the artery owing 
to Its more resisUnt wall and to the higher arterial 
blood pressure The venous pressure rises and the 
intraocular part of the vem and its branches become 
engorged smce they are beyond the influence of the 
intracranial pressure. 

Papilledema is therefore comnarable with an edema 
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which may occur m almost any situation as a result of 
obstruction of the venous and lymphatic channels while 
the artenes remain pervious No evidence that papil- 
ledema IS inflammatory in nature can be found upon 
histological examination (Holmes and Paton) The 
theory that high intracranial pressure causes edema 
of the disc by raising the pressure in the cavernous sinus 
(which receives blood from the central vein either di- 
rectly or through the supenor ophthalmic vein) is con- 
troverted by the followmg facts (a) The central vein 
of the retina after pierang the dura anastomoses within 
the orbit with one or other of the ophthalmic veins 
(usually the supenor) and through it with the pterygoid 
venous plexus and the facial vein Thus an alternative 
system of channels is provided for the dramage of blood 
from the retina (b) Ophthalmic changes are not seen 
as a rule m thrombosis of the cavernous sinus 

It has been suggested by Macdonald that cases of 
rctmal detachment which sometimes follow a powerful 
straining effort (e g , lifting a heavy weight) may be due 
to an acute retmal edema caused by the sharp nse m 
mtracramal pressure which such acts mduce In his 
view the distension of the nerve sheath by cerebrospmal 
fluid causes the central vein to be bent more acutely at 
the point where it leaves the nerve and that the venous 
congestion is caused in this way rather than by pressure 
upon the vessel in its subarachnoid course 

Atrophic changes m the disc occumng unpreceded 
by papilledema are referred to as prmary optic atrophy 
The mam causes of pnmary optic atrophy are pressure 
upon the nerve within the cranium as by a tumor, cer- 
tain nervous diseases (tabes, general paralysis of the 
insane and disseminated sclerosis) and toxic substances, 
e g , wood alcohol, quinine, lead and saheyhe com- 
pounds Since the optic nerve fibers have their cell 
bodies in the retina (ganglion cell layer) the atrophy 
of the section between the point of pressure and the 
retina is in the nature of a retrograde degeneration 
(p 912) As already mentioned on (p 913), the optic 
nerve fiber is devoid of a neunlemma, regeneration 
therefore never occurs In tabes and general paralysis 
of the insane the atrophy is probably the result of a 
syphihtic meningitis which affects the nerve secondanly 
The toxic substances mentioned exert their action 
apparently directly upon the ganghon cells of the 
retma 

BiomcROscopy — the Si.it Lamp By means of this 
instrument an intense narrow beam of hght is thrown 
obhquely mto the eye and a small section of the cornea, 
antenor chamber, ms, lens or anterior part of the vitre- 
ous observed stereoscopically through a bmocular 
microscope The beam passes through an adjustable 
sht which when narrowed to mimmum width concen- 
trates the beam of light upon an area as small as 0 05 
nim in diameter The illuminated section is m the 
form of a prism, or more correctly of a parallelepiped 
The tissues within this section are magnified some 25 
diameters Under this method of exammation ocular 


structures which ordinarily appear homogeneous show 
a defimte pattern, and any abnormahty is readily recog- 
nized by one famihar with the appearance m health 
For example, the antenor and postenor epithehal layers 
of the cornea are seen as bnght hnes boundmg the less 
lummous substantia propna, and any pathological con- 
dition, e g , erosions, small opaaUes, keratitis, etc , are 
easily detected The lammated structure of the lens 
IS clearly revealed The central nucleus and the cor- 
tical layers are marked by lununous boundanes, the 
lens sutures appear as darker hnes 


arachnoid 
optic nerve 


Fig 75 27 Descnption in texL 

Entoptic Phenomena Visual sensations may 
arise from images of objects situated withm the 
eye itself The most familiar of these are the 
muscae voltianles (L flying flies) which are seen 
as famt specks projected a short distance m front 
of the eye They are due to shadows cast upon 
the retma by small semi-opaque particles m th> 
vitreous body, such as epithehal cells, small coagula 
or embryonic judunents Particles lymg dose to 
the retma are most likely to give nse to these 
sensations Lymg behind the axis of rotation of 
the globe such partides cast shadows which move 
downwards over the retma when the eye is turned 
upwards but, smee the direction of any movement 
on the retma is reversed m consciousness, they 
appear to move upwards This upward movement 
is followed by a slower downward movement 
When any attempt is made to fix one’s sight upon 
the specks they dart away, from which fact them 
name was derived The movements of shadows 
caused by partides m the antenor chamber or m 
any part of the eye m front of its axis of rotation 
would, of course, be m the reverse direction 

Ordmarily the retmal vessels which, it will be 
recalled, he outside the fovea and superfiaal to the 
retmal layers, are not perceived One probable 
reason for this is that we have come through habit 
to Ignore them, but other factors of a more physioj 
logical or anatomical nature have been suggested 
Helmholtz, for example, thought that the sensi 
tmty of the retma underlvmg the vessels was 
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greater than elsewhere, so that the light reaching 
the retina through them, though reduced m in- 
tensity, caused as great an effect as light falling 
in unshielded regions At anj' rate, when light is 
thrown into the eye at such an angle (e g , oblique!} 
through the sclerotic) that the shadou-s of the 
\ essels fall upon a retmal region unaccustomed to 
receive them, the} become visible If, wh2e his 
e} e IS bemg illuminated m this way m a dark room, 
the subject looks towards a wall, and the hght 
(e g , a candle) given a slow circular moiement, he 
sees a highly magnified image projected against the 
uniform surface. The vessels appear as an mtncate 
branchmg pattern against a bright ground and are 
known, after theu discoverer, as Purkinje figures 
A method which anyone can employ himself to 
make the ertrafoveal capfllanes visible is to look 
at a uniformly bnght surface through a pin-hole in 
a card held dose to the eye while he oscillates the 
opening quickly (about once per second) from side 
to side and thereby shifts the shadou's from pioiDt 
to point m the retina. The capQlanes may also be 
observed by looking through a miaoscope from 
which the objectu e (but not the e} epiecc) has been 
removed and moving the head rapidly from side to 
side. 

Mueller (1855) made use ot Purkmje’s ohsenation 
(1811) to pro\e that the hght sensiUie elements are 
the rods and cones Moving the source of hght causes 
the images to change their positions on the screen If 
we measure the distance of this shift (fig 75.28, A-B) 
and the distance between the two positions of the hght 
(a-b) then, knowing the distance of the nodal pomt of 
the schematic eje (N) from the retina and from the 
screen, the position of the shadow {cc-ff} relative to the 
vessels (v), ne , the distance a v, can be calculated 
This was found to be from 0 17 to 0.36 mm , which is 
b} actual measurement the approximate distance of the 
vessels m front of the rod and cone layer 
The corpuscles moving m the retmal capiUanes can 
be observed if the eje is directed to a umformly illu- 
minated surface. The best vvay to perform this experi- 
ment IS to look at the sk} through a dense blue-violet 
glass plate. The blood cells then appear projected upon 
the plate. It is actual!} possible to calculate the speed 
of the corpuscles from the distance between their posi- 
tions at the beginning and end of a given time mterval 
Vlerodt (1873) was the first to mate such an estimation. 
Knowing the distance of the nodal point of the e}e 
the retina and from the glass SCTeen, the magm- 
ficauon of the travelled distance can be detemuned 
(p 1147) 

Other entoptic phenomena which should be bneflv 
mwtiDned are the colored halos seen around bright 
lights espeoallv m dark surroundum. The baJav 


consist of a senes of conccntnc nngs of rainbow colors— 
from blue to red from within out. Actuall} the} arc 
diffraction spectra, due to the structures of the C}C act- 
ing as diffracUon graungs There arc two 1 inds of halo 
—lenltcular and corneal The first is altnbutcd to the 
radial fibers of the lens and is the larger The corneal 
t>-pe IS beheved to be due to the epithelial and endo- 
thelial cell la} ers of the cornea. 

The Accommodation of the Eye 

ANATOMICAL SKEXai 

Before giving an account of the physiological media 
nism of accommodaPon, the structures concerned, c.g , 
the aliaiy body and the ayslallmc lers will be bncfly 
described 

The Ciliary Body When the intenor ot the ante 
nor half of the c}cball is exposed b} a transection 
through Its equator, a transparent disc— the crystalline 
lens— IS seen occup}nng the center of the bowl shaped 
sUuclure (fig. 75.2!)) On the wall of the globe some 




Fig 75 2P Showing mtenor of antenor half of the 
e}ebal]. 

distance behind the circumference of the lens hes the 
dendate border of the retina proper known as the ora 
serrata (p 1111) The ahar} bod} is a arcular zone of 
tissue extending forwards from the ora serrata to a 
short distance from the arcumfctence of the fens It 
IS cov ered on its inner aspect bj the pigment la} er of 
the retma, which we have seen (ch 73) is continued for- 
wards (as the pars eiharis retinae) from the pomt of 
tenmnaPon of the neural la} ers The cihat} hod} con- 
sists of three parts, the orbiculus nlians, the ciliary 
processes and the ciliary muscle The orbiculus ctltans 
immediately adjoins the choroid, of which it iria> be 
considered the direct continuaPon It is a band about 
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4 mm broad encirclmg the eyeball and presents on its 
inner aspect a number of radially arranged ndges The 
ciliary processes appear as some seventy tnangular 
elevations on the inner aspect of the cihary body, they 
project towards the axis of the eye and form a senes 
of radial frmges {corona cilusns) which completely 
enarcle the equator of the lens, but are separated from 
it by a very short mterval The great bulk of the 
ahary body is composed of the cihary processes and 
the cdiary muscle The fibers of the ciliary muscle 
are arranged in two sets, an outer meridional and an 
inner circular The mendional fibers arise from the 



suspensory ligament 

Fig 75^0 Showmg structures m the region of the 
angle of the ins 



Fig 75^1 Showmg arrangement of arcular fibers of 
the cdiaiy muscle (After Fmcham ) 

scleral spur (p 1 165) , they run backward to be attached 
to the ahary processes and to the orbicidus, and through 
the latter to the choroid The circular fibers are fewer, 
m mendional sections of the globe they appear as a 
small tnangular bundle of aoss-sectioned fibers lymg 
behmd the angle of the ms (fig 75^0) As a matter of 
fact, these fibers are not uniformly circular m direction 
but take different courses and, mterlaang with one 
another, form a reticulated rmg-shaped band (fig 
75^1) Taken as a whole this part of the aliary muscle 
constitutes a sphmcter {sphincter muscle of Mueller) 
situated m front and to the outer side of the cihary 
processes The fibers composmg the margin of the 
central openmg are mainly circular and are attached 
to a band of elastic tissue situated at the angle of the 
ms, the outer circumference of the sphmcter is con- 
nected to elastic fibers which are contmuous with similar 
fibers of the choroid The muscle is thus anchored by 
two elastic attachments 


The Crystalline Lens is a transparent, biconvex, 
arcular structure about 11 mm in diameter and be- 
tween 3 6 and 3 9 mm thick at the center It is situ- 
ated with the center of its antenor surface comading 
with the center of the pupil, the pupillary margm hes 
m contact with this surface The center of the antenor 
surface is termed the anterior pole of the lens, the center 
of Its postenor surface, the posterior pole An imagi- 
nary Ime jommg the poles is called the principal axis 
The two surfaces meet at the arcumference m a rounded 
edge termed the equator The postenor surface m the 
young adult is deadedly more convex than the antenor 
(see table, p 1145) , this difference diminishes somewhat 
with age The lens is enclosed m a structureless, highly 
elastic capsule The latter is not of uniform thickness, 
bemg thinner over the postenor than over the antenor 
surface, and the part covermg the central region of each 



Fig 75^2 Showmg the regional variations m thick- 
ness of the lens capsule (After Fincham ) 


CAPSULE 

• CPITHEUUH 



Fig 75^3 Mendional section of the lens (From 
Wolff after Pomer and Becker ) 

surface is thinn er than the correspondmg penpheral 
parts The values m ascendmg order of thicknesses 
are, center of postenor surface (av 2 2^), penpheral 
part of jxistenor surface (av 13 7ii), center of antenor 
surface (av 15 lu), penpheral part of antenor surface 
(av 18 2/x) (see fig 75-32) A smgle layer of columnar 
epithelial cells covers the antenor surface of the 
lens immediately beneath the homogeneous capsule, the 
latter is formed as a seaetion of these cells The sub- 
stance of the lens consists of a senes of nbbon-hke 
fibers which arise from the region of the equator and 
are actually greatly elongated epithehal cells (fig 75.33) 
By careful exanunation of the lens, from the more 
central part of the antenor surface to the region of 
the equator the gradual transition of the columnar cells 
mto the attenuated cells of the lens substance can be 
traced The fibers proceed from the equator towards 
the lens center and, abuttmg agamst fibers coming 
from other segments of the penphery, fuse along well- 
defined fines — the lens sutures These are seen m the 
adult lens as a senes of famt irregular stnae radiating 
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from the center to form what B known as the lens star 
On secuon, the lens shows a senes of concentnc lami- 
nae with a nucleus of estreme convexity and high re- 
fractive mdei, and a less refractive cortex The 
opUcal advantages of this construction have been 
pomted out (p 1145) The nucleus is also of much 
firmer consistency than the cortex which is relaUvely 
soft and pliable. 

the jiechanisu or accommodation 

The interval between the cihary processes and the 
equator of the lens is occupied by a circular membranous 
band, this is the antenor part of the soniilo ctitarss 
(zonula of Ztnn) The precise ongm of the fibers of the 
zonula IS disputed, but they appear to arise as a system 



moved forward or backward (S'S' or S'S* the two 
pencils of fight are mtercepted before they have reached 
a focus in the first instance, and after they ha\ e met and 
crossed m the second Two images ate formed at o' and 
o' or at o* and o" In the case of the eye (lower cut), 
an) difference in its focus must be due to changes m 
the lens, smce the return is stationary When the needle 
IS newed watb one eye through the peep holes, and 
brought mto focus one image is seen, but two blurred 
images appear if the eye is focussed upon a nearer or a 
more distant object. If when the eye looks at an object 
nearer than the needle, and the needle is moved a little 
nearer to the eye, the two images approach one another, 
when the needle is moved farther away they become 
more separated WTien the eye is accommodated for 
far vision changes in the distance of the needle cause 
converse movements of the images, hecommg farther 
apart as the needle approaches the ^e, and coming 
closer together os it is moved farther awav The con- 
linuous lines represent rays from the needle, the inter- 
rupted hnes rays from a nearer point m focus 

of transparent fibers from the antenor part of the hya- 
loid membrane 1.5 mm. or so m front of the ora serrata 
Passing forwards they form a senes of bundles which 
occupy grooi es between the cihary processes, and then 
bridge the gap, as just mentioned, between the ohary 
processes and the lens Neat the lens arcumfetence 
the zonula splits mto an antenor and a postenor lanuna, 
the former is the thicket of the two and blends with 
the lens capsule a httle m front of the equator, and 


consUtutes what is generally known as the suspensory 
ligament of the lens The space between the two layers 
of the zonula is called the canal of Petit Shts m the 
layers of the membrane establish communications 
between the canal of Petit and the antenor chamber 
and the region behind the lens (post lenticular space, 
p 1163) 

Light rays from an object at infinity, which is 
taken as any point more than 20 feet (6 meters) 
distant, are parallel and are brought to a focus 
(pnnapal focus) on the retina of the emmetropic 
eye Eays from a near object are divergent, hut 
they too are brought to a sharp focus This adjust- 
ment of the dioptncs of the eye whereby it is able 
to focus the image of both far and near objects is 
called accommodation 'That the refractmg power of 
the eye does actually undergo a change when it is 
turned from a far to a near object or vice versa 
was shown by Schemer (1619) by a simple experi- 
ment, A card wth two pin-holes separated by a 
distance less than the diameter of the pupil is held 
before one eye The eye is focussed upon a needle 
held m front of the card and perpendicular to a 
Ime joimng the two holes The needle appears 
single, but it appears double if the eye is focussed 
upon an object placed either beyond it or between 
It and the eye The explanation wiU be evident from 
fig 75.34 

There are at least three possible means by which 
accommodation of the eye could be brought about 
The retma might be moved towards or aw ay from 
the lens, i e , the ey e might be elongated or short- 
ened so that divergent rays in the one instance or 
parallel rays in the other would be accurately 
focussed This mechanism is actually made use of 
m the mollusc pecten That it is not the method 
followed by the human eye was proved by Young 
(1801) A second possibihty is that the distance 
between the retma and the lens is altered by a 
movement of the lens, this is the method used m 
photography, the distance between the film and 
the lens can be nicely adjusted for the focus of near 
objects In the bony fishes accommodation is 
effected m such a manner ' 

* These fish are myopic when the ey e is at rest, i e , 
me eye is adjusted for near vision , acconunodaUon for 
far vision is an active process consisUng of contraction 
ot a structure called the campanula which moves the 
lens backward In some birds the central part of the 
antCMr surface of the lens moves forwards mto the 
pupulaty aperture and as a result of pressure against 
tne rigid margin of the ins becomes highly convex In 
omer avian species the cornea consists of two lamellae, 
tne postenor bemg drawn backwards durmg accoromo- 
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Vanations m the convexity of the crystalline 
lens and consequently of its converging power is 
the third possibihty (see fig 75 35) This is the 
method first suggested by Young for the human 
eye, the conception was later elaborated by Helm- 
holtz That such is the mechanism adopted by 
mammals m general is now almost umversaily 
accepted A change m the convexity of the anterior 
surface of the lens dunng accommodation is a 
well-established fact and one which can be demon- 



Fig 75 35 Illustrating the mechanism of accommoda- 
tion of the eye for near vision The horizontally shaded 
lens and the unshaded ms show the position of the 
parts when at rest, the vertically shaded lens and ms 
show the position dunng accommodation for a near 
pomt. C, ohary muscle, SX , suspensory hgament. 
(Redrawn from Landolt) 


A B 



Fig 75^6 Purkmje-Sanson images A, dunng far 
vision, B, dunng accommodation for near vision (Re- 
drawn and modified from Yfilhams ) 


it is reflected from the posterior (concave) surface 
of the lens The subject is directed to gaze mto the 
distance while the positions of the images are 
noted, he then looks at a near object when a change 
m the size and position of the reflection from the 
antenor surface of the lens will be observed It 
becomes smaller and moves towards the comeal 
image which, of course, remains stationary, as does 
also the mverted unage from the posterior surface 
of the lens The change m size and position of the 
large erect image must mean that the anterior sur- 
face of the lens has become more convex ® Now, if 
one knows the radius of curvature of the cornea, 
which can be measured by means of an mstrument 
known as an ophthalmometer, then the radius of 
curvature of the surfaces of the lens and the 
changes m their curvature durmg accommodation 
can be calculated from careful comparative meas- 
urements of the sizes of the images from the cornea 
and lens The average values for the radius of the 
antenor surface of the lens m five subjects exam- 
med by Fmcham were 12 2 mm for the “resting 
eye” and 6 8 mm dunng accommodation for near 
vision The change m curvature of the postenor 
lens surface was shght (about 0 5 mm ) The aver- 
age mcrease m thickness of the central part of the 
lens was 0 47 mm , while the equatonal diameter 
diminished by 0 5 mm The center of the antenor 
surface moved forward by from 0 3 to 0 4 mm In 
general terms the change m shape of the lens dur- 
mg accommodation for near vision can be summed 
up as follows The central part of the antenor 
surface becomes more convex, the postenor surface 
shows httle change The penpheral region of the 
antenor surface actually becomes somewhat flatter, 
this surface taken as a whole therefore assumes a 
hyperbolic form 

The maimer m which the change m shape of the 
antenor surface of the lens is brought about was 


strated by the following expenments A lighted 
candle is held to the outer side and a little m front 
of the eye of a subject m a darkened room Three 
unages (Purkmje-Sanson images, fig 75 36) withm 
the subject’s pupil will be seen by an observer, 
one bnght and erect reflected from the cornea, an- 
other larger, erect and dimm er from the antenor 
surface (epithehal layer) of the lens which like the 
cornea acts as a convex mirror The thud image 
IS mverted, bnght and smaller than the other two, 

dabon for far vision In others again (owls and hawks) 
the curvature of the cornea is mcreased dunng near 
vision 


® The pJmkoscope, an instrument mvented by Helm- 
holtz, may be employed for observmg the images It 
consists of a small hexagonal dark box (fig 7537) with 
an aperture (A) for the examiner’s ej'e and another for 
the eye of the subject, A candle placed m front of the 
pnsms, P and P' thrown a pau of images (squares of 
fight) upon each of the three reflecting surfaces of the 
observed eye The aperture for the subject’s eye is in 
the side of the box opposite to the window C MTule 
his eye is bemg observed the subject gazes mto the 
distance and then accommodates for near vision by 
fixating a needle placed m front of the window This 
method of observation has the advantage that it is 
easier to detect a change m the dtstance between a 
pau of squares (which, of course, will indicate a corre- 
sponding-change m size of the double image) than a 
change in the size and movement of a single image such 
as that of a candle flame 
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explained b\ Helmholtz as follows When the eye 
IS accommodated for distant \nsion the suspensory 
ligament which, as we have seen, is attached to the 
lens capisule, is drawn taut as a result of the puU 
of the dastic structures, e g , the dliarj bodj and 
choroid The penpherallj directed traction exerted 
upon the lens capsule through the suspensorj' bga- 
ment results m flattenmg of the curv'ature of the 
anterior surface of the lens Focussmg the image 
of a near object is accomplished bj contraction of 
the ciliar} muscle which, b> drawmg the choroid 
forward, permits the cihary processes to mo\e for- 
ward and inward, thus reducing the diameter of 
the nng (corona cihans) which they form The 




Fig 75J7 Thephako^pe DescnpUon in text (foot- 
note 51 (After Helmholtz) Reflections from cornea 
(a), anterior surface of the lens (b) and postenor sur- 
face of the lens (c) during far (left) and near nsion 
(nght) 


suspensorj ligament and lens capsule are thus 
relaxed, and the lens, by virtue of its inherent 
elastiatj , assumes a more com ex form (figs 7535 
and 7538) The excised lens, i e , one released from 
the restraint of surrounding structures, is therefore 
at Its maximum con\ cxitj Helmholtz’s conception 
IS supported in its mam tenets b^ modem work 
The mo\cment inward of the dliarj processes 
during accommodation for near \Tsion has been 
observed in the liimg human e>e, and m an eye 
from iihich the lens substance had been adsorbed 
as a result of mjun , tightenmg and slackemng of 
the empU capsule was seen during the correspond- 
ng phases of accommodation Yet the cuiwature 
assumed In the antenor surface of the lens is as 
mentioned aboie, inperbohe, whereas one would 


expect it to assume a spheroid form were the lens 
substance itself elastic and the change m shape due 
simply to its recoil when released from restramt 
The details of the mechanism with respect to 
this pomt ha\e been eluadated by the work of 
Fmcham Accordmg to this observer, the change 
m shape of the lens dunng accommodation is ex- 
plamed by the high degree of elastiaty possessed 
by the lens capsule and by the regional variations 
m Its thickness (p 1153), together with the phable 
nature of the corheal part of the lens as compiared 
with the nucleus When the lens is accommodated 
for distant vision, its substance is confined under 
tension withm the capsule and, as a consequence, 
distends the latter to the greatest degree where it 
IS weakest, (i e , thinnest) namely, on the postenor 
surface. The convexity of this surface is therefore 
near its maximiim when the eye is adjusted for 



Fig 7538 Diagram to illustrate the meebamsm of 
accommodation. C, nliary muscle, relaxed Oeft), con- 
tracted (nght), S, spring representmg the elastic 
choroid, L, lens, left section, for far vision, nght for 
near vision, Z, zonula. 

distant objects and httle fursher change can occur 
during accommodation for near vision Upon con- 
traction of the cihary muscle and the consequent 
slackemng of the suspensory hgament the recoil 
of the elastic capsule moulds the plastic cortex, 
the penpheral part of the antenor surface is thus 
pressed back by the relatively thick capsule but 
the thmner central part of the latter penmts the 
lens substance, chiefly the highlj convex nucleus, 
to bulge forwards That is, the antenor surface of 
the lens becomes somewhat "conoid” (Fmcham) 
The Vkuae Axes and Pdpieiary Diameter 
during Accommodatio'n The complete act of 
accommodation for a near object comprises, be- 
sides an mcrease m the convexity of the antenor 
surface of the lens, convergence of the eyes and con- 
striction of the pupil The constriction of the pupil 
which occurs dunng accommodation serves three 
purposes The narrowed aperture of the ins (a) re- 
duces chromatic and sphencal aberration, thus 
mcreasing visual acmty, (b) dimmishes the quan- 
tit\ of light (which IS relatively greater from near 
objects) entenng the eje and (c) mcreases the 
depth of focus 


Chapter 75 


DIOPTRIC MECHANISMS OF THE EYE 


1157 


The depth of focus of any lens system is defined 
as the greatest distance through which an object 
may be moved and still be sharply focussed When 
a clear image is formed by a lens, each pomt m the 
object IS, as a result of diffraction, a senes of 
small concentnc circles of hght, rather than a geo- 
metrical point When the distance from the lens 
IS mcreased the image is formed m front of its 
previous position (that is, m front of the surface, 
such as a photographic film or retina) , if the dis- 
tance IS reduced, the image is formed behmd In 
either case the nngs of light upon the surface be- 
come larger If they are of such a size as to still 
remam confiined, each to a particle makmg up the 
gram of the surface, film or retma, the image is 
sharp and appears m true focus, if they are large 
enough to spread to neighbonng particles the 
image of the object is blurred In the case of the 
fovea the “gram” is determmed by the cones The 
depth of focus of the eye is, therefor, given as the 
greatest distance through which a pomt can be 
moved ■while its image remams restncted to a 
smgle cone Thus, if a pomt ■which forms a sharp 
image is moved from a distance of 100 feet to one 
125 or to one of 90 feet and remams just as clear 
but becomes blurred at greater or smaller distances, 
the depth of focus is 35 feet, all objects between the 
distances of 90 and 125 feet will be m focus With 
the eye accommodated for near ■vision the depth of 
focus 'vanes mversely with the diameter of the pu- 
pd With a pupillary diameter of 4 mm and at a 
distance from the eye of 25 cm the depth of focus 
IS less than 1 cm , whereas constnction of the pupil 
to a diameter of 1 mm mcreases it to about 3 cm 
The depth of focus decreases as the distance from 
the eye is reduced This tendency is, therefore, 
counteracted by the constnction of the pupil which 
occurs as part of the mechanism of accommodation 
of the eye for near ■vision 

The range and amplitude of accommodation The 
farthest pomt from the eye at ■which an object can be 
seen clearly is called the far point or punctum remotum 
The corresponding pomt nearest the eye is termed 
the near point or punctum proxtmum In the em- 
metropic eye the far pomt is at infimty, i e , at a dis- 
tance of over 20 feet (6 meters) and the near pomt at 
from 7 cm to 40 cm , dependmg upon age (fig 7539) 
The difference between the far and the near pomt 
distances is termed the range of accommodation The 
difference between the refractmg power of the eye when 
accommodation is completely relaxed for the far pomt 
and fully displaced for the near point is called the 
amplitude of accommodation The far pomt is con- 


jugate to a pomt on the retma, i e , parallel rays entenng 
the eye come to a focus on the retina and rays from the 
latter upon emerging from the eye are parallel and 
would meet at infimtj' Sirmlarly, m the accommodated 
eye the near pomt is conjugate ■with a pomt on the ret- 
ma The focal length of the eye in each state of accom- 
modation therefore corresponds, respectively, to the far 
and near point distances It will be recalled that the re- 
fractive power IS expressed as the reaprocal of the focal 
distance, the unit being 1 meter and called a diopter The 
reaprocal of the far pomt distance is termed the static 
r^raclion (designated R) of the eye, and that of the 
near pomt distance, the dynamic refraction (P) The 
difference between the two (P-R) gives m diopters the 
amphtude of accommodation In the emmetropic eye. 



Fig 7539 The amphtude of accommodation at 
different ages A The lowest physiolomcal values B 
Average values C Maximum ■values (After Duane ) 

smce the far pomt is at infimty, the stabc refraction is 
taken as zero When the near pomt is at 10 cm the 
100 (1 meter) ^ 

dynarmc refraction is lU JJ ine 

amphtude of accommodation m such an emmetropic 
eye is therefore 10 D 

The amphtude of accommodation diminishes pro- 
gressively from childhood to about sixty years of age 
bemg 16 D at twelve years, 6 5 D at the age of thirty 
and only about 1 D at sixty In other words, with 
ad'vanang years the near pomt gradually recedes from 
the eye and at sixty years of age an object must be 1 
meter distant in order to be clearly focussed upon the 
retma (see presbyopia) This phenomenon is due m 
the majority of instances to physical changes m the 
properties of the lens and its capsule (reduced plas- 
ticity of the one or diminished elastiaty of the other), 
it occasionally results from weakness of the ahary 
muscle 

The Metabolism and Composition of the Lens 
The lens is entirely epithelial m structure and devoid 
of blood vessels, it receives its nourishment from the 
flmds bathing its surfaces, e g , the aqueous humor and 
the fluid of the vitreous The capsule acts as a semi- 
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penneable membrane T-hich separates substances of 
bgb osmotjc pressure (equiv 1 2% NaCD mthm the 
lens from the osmohcall\ less active aqueous During 
accommodation, when the pressure withm the lens is 
around that of the general mtraocular pressure, fluid 
presumably would as a result of this higher osmouc 
pressure pass mwards across the capsule, on the other 
hand, when the dharj muscle is lekied a reserse 
moi-ement of fluid is to be eipeaed, for the tension 
eierted upon the capsule will, by raismg the mtra- 
lenPcular pressure reierse the pressure relauonships 
and dn\e fluid out. 

As one rmght expect the metabolism of the lens is 
low, Adams has demonstrated a small but defiiute oxy- 
gen uptake (30 cu mm per gram of lens per hour) An 
autcmdation system has been shown bj Goldschmidt 
and by Adams, this consisU of (1) iluSalhume which is 
m high concentrahoa in the lens as compared with 
other tissues and (2) a Her most able protein residue identi- 
fied as fl-crystalline. These two are mamtamed in 
chemical eqmlibnum by an ondabon redaction of the 
SH -♦ SS type. Though other tissues possess such an 
autondative system, m them it plays a secondary rfile, 
whereas m the respiraUon of the lens it is behei ed to be 
of paramount importance. 

Four types of protein have been identified in the lens 
substance, (a) a e«|fo6in or “alhuminotd" (17%) which 
is water soluble, and two water soluble proteins — pstu- 
doglobidms, (b) a-cryjfa/lme (11%) and (c) fl-crjifolline 
(6%), together with (d) a small quantity of albumin 
(0.2%) The atbnnunoid is present mainly in the 
nucleus, a-crystalEne chiefly in the superficial part of 
the cortex and fl-crystalhne m the deeper parts The 
two crystalhnes are parbculatly nch m the sulphur- 
containing amino-aads cystine and cysleme. The lens 
protons as first shown by Dhlenhulh are ergon specific 
not speaes speafic, thus diSenng m their immuno- 
logical behavior from red ceils (p 63) and blood serum. 
For example, a solution of lens protem when injected 
mto an animal of the same or of another speaes causes 
the production of an antibody — a precipitin This anti- 
serum has then the power to preapitate a solution of 
lens protein from wherei'er denied, i e., from a speaes 
other than the one which suppbed the anti-serum, from 
the same speaes or evxn from the same animal. 

The lens substance contains a high concentration of 
potassium — 400 mg per 100 grams of wet wei^t— as 
oimpared with about 3 mg per cent in the aqueous 
and 20 mg per cent tn serum The concentrations 
of calcmm (5 mg per cent), sodium chloride (300 
mg per cent) magnesium and aheates are relatively 
low The total salt concentration is between 0 7 and 
Cholesterol and phosphatides amount to 
about 200 mg per cent in young lenses, but are from 
two to four times this value in older specimens. 

Changes ln the Lens with Age-Catajuct 
I he loss of plasticity and dastiaty of the lens 


with age as a result of a gradual sclerosis, and the 
efiect such changes have on the mechanism of ac- 
commodation are referred to on p 1116 Some 
alterations m lenticular color may accompany the 
scderosing process, amber tintmg, or even a reddish 
or brownish discoloration of the lens with conse- 
quent filtering of the shorter ray’s, is of common 
occurrence. 


Cataract is the name given to any partial or complete 
opaaty of the lens In the commonest vanety no ocu- 
lar or general disease which can be held responsible pre- 
cedes the development of the opaaty, and this, since 
it appears to be simply a laamfcstation of age, is termed 
sentlt cataract The process leading to the opaaty is 
degeneraUvT m nature, not inflammatory, for the lens 
is, as just stated, avascular The opaaty commences 
usually in the deeper part of the cortex and docs not, as 
a rule, mvolve the nudeus The lens swells as a result 
of accumulation of fluid between the fibers, the anlenor 
chamber becoming shallow So long as the superficial 
layers of the cortex are dear the cataract is called 
immature It is said to be mature when the opaaty 
has extended to indude the superficial layers.* The 
water content of the lens has by this time returned to 
normaL The mature stage is followed by disintegra- 
tion of the cortex wbch becomes softened into a pulta- 
ceous mass, this is the stage of bypermatunly , drying 
and shrmLage of the lens finally result. 

The essential change m the cataractous lens is a 
progressiv e coagulation of the lens proteins. According 
to the most generally accepted explanation, such a 
process IS due to the prolonged action of ultraviolet 
hght, and, m some instances, to the thermal effect of 
infrared rays The lens as already pomted out, bv 
absorbmg a large proportion of the ravs below X 3S0 
m#i and 400 nm, protects the retina from their injurious 
effects. Have lengths below 295 mji are absorbed by 
the cornea The rays absorbed by the lens are not 
without their effect upon the lens substance itself, 
it IS these which cause the physical change in the lens 
proteins Two stages arc recognized in the coagulation 
process (1) denofiirolion o/ the lens proteins, consisting 
presumably of a molecular rearrangement, by hght or 
heat which renders them susceptible to (2) aggregation 
(agglutination) of He protein particles into a fiocculent 
coagulation This ultimate result occurs only in 
the presence of certam salts and is enhanced by some 
organic substances, e.g dextrose and acetone. The 
theory that radiant energy is responsible for denatura- 
tion of the lens proteins is in accord with many ob- 
servations For example, the absorption by the lens 


a as a clear interval exists between the opaaty 

the ins (which hes m contact with the anterior 
Mriace of the lens) the latter throws a shadow upon 
tho opaaty mvolves the entire thicl- 
1 0 1 tight up to the ins, there is no 
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of tic siortcr ni\-s increases vnli age The opaat> 
commences in the lcr~cr quadrant of the Jens vhich 
Ttca\cs the most intense light In tropical countnes, 
e,g India and Eg\ 7 )l, cataract is much commoner than 
m temperate lautudes, it is also less frequent in the 
latter than in Arctic zones, prcsumablj as a result of 
the high content in aatinic ra>s of the light reflected 
from snerv and ice It is also stated that on this con- 
tinent the inadencc of catnracl increases from tem- 
perate zones to the equate', and that it is also higher 
in those -nho -norl in the fields than in citj dwellers 
Burge’s expenments and the more recent ones of Cbrkc 
show conunangU the effect of light upon the develop- 
ment of lenticular opaatics Burge found that ihcreas 
cxpo'urc of a solution of lens protein to ultravnolet 
light fo' 100 hrs did not cause coagulation, this occurred 
if CsCJ , efextro-e o' acetone t'-ere sdded Ifore- 

over the expomre the eve of a living fish o' frog to 
short light waves .'as wnthout effect if the animal had 
prcvnousl) been 1 epl in tap water, but definite opaatj 
of the lens follo''cd a fev hours expo-ure, if the fish or 
frog had been for some dav s m v alcr containing 0 8% 
calaumchlo'idc,0 1% dextrer^ o'O 1% sodium sihcatc 
Clarl c found that heat enhanced the action of the light 
rajs upon solutions o*' kns proteins, and that opacitj 
could not l>c produced in the aliscnce of calaum 

The inadencc of cauracl is much higher in diabetics 
than in normal persons, it is uruallj of the ordinarj or 
so-called senile tvpe, Iiut it occurs at an carher age 
The opaatj is attrihuted to the action of deilroic and 
possiblj of acetone bodies in rendenng the lens proteins 
more readilj coagulabic bj light Dul c Elder believes 
that as a result of the high blood sugar, the osmouc 
relationships between the lens and the surrounding 
fluids arc disturbed and the nulntion of the lens ihcrcbj 
interfered wnlh 

Though the factors outlined above appear to be the 
main ones concerned in the jiroduction of the common 
or senile tjpc of cataract, opinions differ considcrablv 
as to the details of the mechanism involved, as well 
asm regard to the production of other tjTicsof lenticular 
opaatj It is suggested, for example, that the action 
of ultravnolcl rajs in induang dcnaturation of the lens 
proteins IS due to the reduction of the glutathione and 
^-crj-stallinc content and the consequent depression of 
the autoxidativc mechanism Such an effect of ultra- 
vaolet radiation has been shown cxpcnmcntallj , it has 
also liccn established that the content of the lens in 
glutathione and m the thermostable protein residue 
diminishes rath age The power of the lens to fluoresce 
upon exposure to short wave radiations (p 1116) and 
the disposal of the surplus tnergj bj converting them 
into long wav cs, is considered bj Burge to be an imjxir- 
tant factor m ameliorating the effect of light upon the 
lens, fiuoresang bactena for example arc much less 
readilj JjIIed bj ultravaolct light than are other tjqics 
It is of some considerable interest therefore that the 
power of the lens to fluoresce diminishes with age 


In glass blowers’ cataract, mfra-red raj-s would 
appear to plaj an important auxiharj r61e Hartndge 
and HUl bebeve that these act indirectlj bj mcreasing 
the production of aqueous humor bj the ciliary proc- 
esses and ins which leads to disturbances m the flmd 
interchanges between the lens and its surroundmgs, the 
nutntion of the lens suffenng as a result Thej pomt 
out that the lens absorbs onlj about 12% of the heat 
raj-s which enter the eje whereas the ins absorbs all 
which reach it, it is unlil elj , therefore, that their action 
upion the lens proteins is direct. Heat raj's may act, 
however, simplv bj accelerating the denaturing action 
of ultraviolet light (Clarl e) Dul e-Elder, on the other 
hand, suggests that the beat rav-s affect the permeabditj 
of the capsule, with consequent upset m the osmotic 
relationship between the lens substance and the 
aqaeaas 

An interesting tj-pc of cataract is that following para- 
thjToidectomj , disordered calaum metabolism would 
appear to be in some waj concerned in its production, 
the calaum content of the lens is mcresed, whereas 
that of the blood is reduced There is no definite evi- 
dence, however, to connect ordmarj senile cataract 
with parathjTOid defiaencj , but there seems little doubt 
that calaum is concerned in some obscure way with 
cataract development A favonte method of produong 
cataract for cxpenmental study is by the injection of 
naphthaline, opaaties form only if the animal is on a 
low calaum diet In rats, lenticular opaatj is readily 
produced by a diet containing a high piercentage of 
lactose or galactose, the former sugar mcreases the 
absorption of calaum, but v-hether this fact has any 
beanng upon the development of the cataract is diffi- 
cult to say , It docs not dovetail with other observations 
in rcspicct to calaum and the development of cataract. 

The comjyjsition of the cataractous lens shows 
marled differences from the normal There is an 
increase in the insoluble albuminoid and a decrease of 
the soluble proteins and of glutathione, the oxygen 
uplal e IS much reduced Of the morganic constituents 
calaum shows a relatively enormous increase (up to 
140 mg per cent) The concentration of magnesium, 
sodium and silicates is also raised, whereas that of 
potassium is greatly reduced 

OPTICAL DEFECTS 

Spherical Aberratiov Raj's traversing the 
penphcral parts of an ordinary’ convex lens are 
refracted more strongly and therefore come to a 
focus nearer the lens than do those transmitted 
through more central regions In other words, the 
outer and mner rays cross m front of the retma and 
a blurred image is formed (fig 75 40) ^ This is an 

’’ This IS called sphencal aberration “with the rule” 
But sometimes, though much less commonly, the cen- 
tral rays are refracted the more strongly, this is termed 
"against the rule” The sphencal aberration of the 
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i^ni^ert dsiect o' con ex lenses and is callid 
spr'TKci ciurTclior, m the taasuTacttire Oi a catcera 
aprcal £’"6 fcSEp'o^ ed to coTOCt it, the 
lens K- 3 g dj 3£ ap di separate p eces o’ gi^ or 
f; Te-ent roractive indices cemented togeths* so 
teat all rac-s are conte-ged to tne same pomh 
Spnencai abermtian is comected to a certain extent 
and m a somemnal rmdar rnanne* ra the crj’staliine 
lens, tre trccleus having a Lane* re meti e po-^e- 
than the p>e*rphiT (see p 11-5) The ms, s’^ce it 
ca e-s tne ojte- part of the lens aro s'-uts o5 irt 
.-lerp-e-al raj-s, also sen. fc to conrect th^ ce ect. 



the'cTo'e appear to come from a pomt lartnc" 
a--a} than tne pojit CT.’ttrg the red ra>s the 
image fonned on tre rcuna b U-e sho-tc- blue 
raW -nil also be smaller thnr that lonred b tre 
red ra -s Tntse effects of f^c uneejual re.ract on o 
the o-ffe-ent co’o-s are calleo respecU tie 
rr:iij- '•(Tcr.ropi a'd chorw rc d fcnrc'- of tmi- 
cr Ir erdmare ’ns on the colors se.rTO.*nd* 
ing tre ntages on the retina am rot pc'ce - ed, •’■e 
ha e co—e to ignom J’em 

Dfr-r" rr cril ' :Oi. Cr r-c'hpJ'jr r rtn'C'lJ' 

L ga ad ff' 2 c''d h tre p.plag ’na-cn ard b, th' 
Ins £b"S a--' CO— eal ep thtajm, as a re. Jt o' tnis and 
of spbencal abe— a^-on ih" retnal meige IS ro madtep 
o'po nts o' 1 est bet o' dJTiiro'' errots lo'u- c'des/, 
ue-.ab-gn ct- 'aId-=^ re— o-ndeeb Lgi.-n'-gs— n-co 
dim — i n mtenrH b J-no '-percepTj’e gmda 
Lons to— a'd- the p*.— p'-o— T-e relau e sme o the 


Frc 75 40 Spherca! anenatox Ouuer ■ 
I, icne- rasa at 2. 


. -3 cee.. at 


CEZOiL-aic \3K?.?Jcnon Tne cr/o-s compnsmg 
vhite bgnt are retracted to diffe'ent d^ees acco'd- 
mg to thtu -a’-e lengths The eno'ei ra -s are 
refracted cost, tee reiractTolite cLciaishing p*o- 
gress” elv from the vio’et to the ren end of the 
snectTcm (eg 7541) Fo* tes reason a senes of 
fringes, co'oned rrom violet to red from •mthin ont- 
— aids, bo'as-s the image fo— ea ttj a stmp’e cneap 
lens. Crror-A'ic adtrral or, as tras defect is called, 
is comected in camera and nacrosoope lenses bp 
cementing a fa coni ex lens of acm glass to a 
concaie one of fimt gjass Such a lens is called 
achromo'x The e* e is onl, partialli corrected for 
chromate aberraton. The yeflo- rays are focussea 
cpmj tne retina, but tee sboT blue raim bemg n-om 
acateh bent meet in front, v-hfle the Icnzer le^s 
strongii re.racted red rajr come to a focus behmd 
the retina. Other ravs are bent rumlarli n acco-d- 
a-nce vnth tnesr "-aieleagths Furtherco-e, the 
I 01 ca be Jig cm the tempoml s'de o' the optical aus, 
the blue lavs fall upon the retma nearer to the 
pomt (ozuil po:r(j mhem it is cut bi* the optcal 
ans This, o' couce, ’tU obtain m bo Ji e, es, and 
lines p'ojected o Jtvards from the axial posits -nil 
meet a; sho-ni n figum 75 The Wee tz:s mill 

c^ea li “mioj tie m’l" miereas tia,. of tc* crv rt>P r. 

li “as 2 ,^e nile" lie tmo ti-pe$ cd spieeS 
aWan, tern? to uealrafC cut 

mm d't?"” abermion o: tie er e, as a r-ho’* 
''51 be tie rtsdxa. of tie two 



certral b-gst area lanes n e-sefa — im tic cjameter 
o' the pupH and tn-tcili — iih tre — aie Ic-gth o' the 
Lgnt. The oppo. ‘e effects of ch-nges in lie sxae o' 
tie pup3 upon tas d''tct and upon cr-omalic abt— a 
Lo- haie been pc> o.l (p Ilf'i' 

None o' vie ocular Eecue s pe-itctli homoge.-’ecus, 
o— ng to tc"' codo ual ua,j'e a ce-va r yroponion of 
tie Lgat e-ten-g the re i= sea tcred fTi—dall pH- 
rom'mon*, that is, it t: -o* focussed upon the Ti na L.t 
IS deSee'ed from tre — iici i’ — ojK folio— 

acoj'dirg to tue la— s o' rc -acti j~t if lie co-'leu o' the 
g oy: — c-e ner'ecth ‘'ancparcnl. Tre co^o dal par- 
v-dtsha easxeo tcec-dro tne— a elerglho Laht. 
The quanti'^ o' scaUe-ed 1 g-l is d.'ecti p'opo'uonal 
lo Ice scua-e of tee sme o' lie panides ard i-ierseH 
p-opo-Uonal to tie founh po -e- o tie —a e length 
fhtoj’-gn) Trus tie greavta’ scaltmrg — ithin tie 
r ebail Cecil's —iJi no’et ard u! m no’e lignt and the 
i'aiv — im rea The d.sp>’'m'on o ultranoll ra -s prob- 
abK se-itc a us4,ul pn-po^e n that tee retina is tuns 
pm.ected from thc' inpinoi,s effects 

PEESEnosiA (G" prcahos, o^d, ops, the eie) is 
the term given to the gradual reduction m the 
amplitude of accommodat on vhich goes hand in 
hand -mth advancing j ears 

i^iiisirrEOPiA. AKD \itErPOPiA Tne four optical 
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delects just desenbed may be regarded as physio- 
logical, the first three being inherent to some extent 
in optical systems in general , the fourth is a natural 
accompaniment of age Two other defects of fre- 
quent occurrence arc due to incongruity between 
the length of the cjcball and its refracting power 
and must be classed as definite abnormalities 
The rcfractne state of the normal ej’e, which has 
its far point (p 1 157) at infinita , i e , at a distance 
greater than 6 meters (20 feet), is called cmnic- 
Iropta Parallel raas entenng the emmetropic eje 
arc brought to a clear focus on the retina w ithout 
an\ effort of accommodation The static refrac- 
tion (p 1157) of such an c\c is therefore zero If 
the far point is not at infinit> the eje is amcirofnc 
Tlicre arc two forms of ametropia — mj'opia and 
hypcrmctropia (fig 75 42) 





Tic 75 42 \, emmetropn, It, m\o[)ia, C, hjT>cr- 
tnclropia 

In myopia (Gr luyo, I blink or half dose the eye, 
ops, the c\ c) or short sight, the ej cball is too long 
relatively to its refracting power (fig 75 42, B) 
Ob\iousl\, such an c>c will bring parallel rays to 
a focus in front of the retina, i c , in the vitreous 
After meeting, the rajs cross and form a blurred 
image or a dilTusion cirdc upon the retina, just as 
a camera which is extended too far forms an indis- 
tinct image upon the film In order to form a dear 
image on the retina of the mj'opic eje the rays 
must be, not parallel but dixergcnt, such as are 
emitted by a near object The far point is therefore 
at a finite distance, and in extreme instances may 
be only a few' centimeters from the cj'c Accom- 
modation, of course, is relaxed for the far point 
as in the emmetropic ej'c for, obviously, increasing 
the converging power of the lens will only cause 
greater blurring of the image The far and near 
points being dose together, the range and the 
amplitude of accommodation (p 1157) arereduced 
Myopia IS corrected by means of concave (diverg- 


ing) lenses If, for example, an object can be seen 
dearly no farther away than 1 meter, the myopia 
IS — 1 D, 1 e , a concave lens of this power is re- 
quired 

In hypcrmctropia (Gr hyper, above, metros, 
measure, ops, the eye) or long sight (fig 75 420) 
the eye is too short for its refractmg power* 
Therefore parallel rays after refraction fall upon the 
retina before thej' have come to a focus, and form 
an image blurred by diffusion ardes The rays as 
they emerge from the eje are divergent The far 
point IS virtual, i e , it is behind the eye at the 
point where the rays w’ould meet if contmued back- 
wards through the retina The hypermetrope must 
accommodate when he view's distant objects in 
order to focus the paralld rays upon the retma 
The range of his accommodation (p 1157) is the 



Eic 75 43 Refraction bv an asUgmaUc lens W, 
the \crlical mendian of the refracting bodj.is more 
cuned than HH, the horizontal mendian A, B, C, D, 
E, r, G show different sections of the beam after re- 
fraction At B the \crtical rays are brought to a focus, 
at r the horizontal rays arc brought to a focus From 
B to F IS the focal interval 

same as that of the emmetrope but the amplitude 
is greater Suppose, for example, that the near 
point IS 0 10 meter in front of the eye and the far 
point IS 0 25 meter behind, i e , negative (—0 25) 
Then the dynamic refraction is 100/10 = 10 D, 
and the static refraction is —100/— 25 = — 4 D, 
the amplitude of accommodation is therefore 10 D 
— ( — 4 D), or 10 D -f 4 D = 14 D Hjpermetropia 
IS corrected by means of a convex lens, the distance 
of the far point behind the eye giving the measure 
of the strength of lens required, if this is —0 25 
meter then a -1-4 D lens would correct the defect 
(seep 1149) The larger amplitude of accommoda- 
tion in hypcrmctropia is accompanied by hjper- 
trophy of the aliary muscle, m myopia, on the 
other hand, the muscle shows atrophy and the 
circular fibers may be absent 

Astigmatism (Gr a, privative, sltgma, a pomt) 
In this condition, as its name implies, rays of light 
are not brought to sharp points upon the retma, 

' Both types of ametropia m the great majonty of 
instances arc due to an abnormabty m the length of the 
eyeball and not to any change m the refractmg power 
of the eye 
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but form short lines The defect is present in all 
eyes to a certain degree, when moderate it is there- 
fore physiological Onlv when the fault seriously 
reduces visual acuity is it abnormal It must be 
remembered that rays of hght pass through all 
mendians of a lens, m converging to a focus they 
therefore form a cone of light, not simply a flat 
pennant like beam If all mendians of a lens have 
the same curvature, then rays m all planes will be 
refracted to the same degree and come to a focus 
together If, on the other hand, the curvatures 
differ, the rays transmitted through a mcndian 
with the greater curvature will he refracted more 
strongly and brought to a focus m front of rays 
passmg through other mendians For example, 





Fio7S44 Chart used in testing for asbgmatisffl One 
eye being dosed the patient is asked to say nhich of 
the mups of hnes are blackest and most distinct and 
which are hghtest and indistinct 

should the verbeal mendian be more curved than 
the honrontal, then when the rays passmg through 
the verucal mendian are m focus those in the 
horizontal will form, not a point, but an ellipse, a 
circle or a hue. Thus there are two foa and the 
distance between two Imcs— the focal interval— a 
a measure of the degree of the astigmatism (see fig 
75 43) Such mequahties of curvature m the mend 
lans of the cornea or, less commonly, of the crys- 
talline lens, are the cause of what is known aa 
curvatwe osligmoltsw The greater curvature may 
be m either the vertical, horizontal or an oblique 
mendian But m physiological astigmatism (which 
IS due most probably to the pressure of the upper 
hd upon the eyeball dunng growth) the greater 
curvature is m the vertical mendian In patho- 
logicanypes also this mendian has most commonly 
the greater curvature When the refractive power 


though unequal in the vanous mendians is the 
same throughout any mendian, and the max- 
imally and minimally curv'cd meridians {principal 
mendians) are at nght angles to one another, the 
astigmatism is called regular In irregular asltg- 
maltsm not only is the refractive power unequal 
m the different mendians, but it is not uniform 
throughout a mendian, and the prinapal mendians 
are not at nght angles to one another Astigmatism 
may result from inequalities m the refractive in- 
dices between different parts of the lens, this is 
termed index astigmatism Slight inequalities of this 
nature in the refractive indices may also contnbute 
to physiological astigmatism An oblique or other 
malposition of the lens is sometimes a cause of 
astigmatism WTicn the subject of astigmatism 
looks at a dock face, the straight lines m the ver- 
tical numerals Xn and VI may be dearly seen, 
while the horizontal lines in IX and lU arc blurred, 
or vice versa Or, the diagonal numerals ma> be out 
of focus while the vertical and honzontal arc 
sharply defined A chart such as is shown m figure 
75 44 is employed to detect the mendian or mend- 
lans in which the corneal curvature is abnormal 
Astigmatism is corrected b\ the use of spcctade 
lenses convc.x m the mendian corresponding to that 
of the cornea (or crystalline lens) hav ing the lesser 
curvature Thus if the curvature of the cornea is 
greater in the vertical mcndian, the subject is 
fitted with a cylindncal lens, which, it will be re- 
called, refracts m a smglc plane, having its con- 
vexity in the honzontal mcndian 

Contact lenses 

The contact lens consists of a thm cup-likc shell of 
glass moulded to fit the cornea and sclera and ground 
to the reqouvd curvature It is applied directlj to the 
eye and therefore moves with it Contact lenses arc 
emplojTd for the correction of vanous tj^pcs of refrac- 
tive error, e g , myopia and hj’pcnnelropia and those 
due to abnormalities m the form of the cornea (astig- 
matism or conical cornea) or to absence of the lens 
(aphakia) Before being applied the concavitj of the 
lens IS filled with sahne solution and when m position 
IS separated from the cornea only by a thin film of the 
solution The refractive indices of the cornea and the 
sahne are approximately the same The two therefore 
Constitute a smgle refracting medium moulded as it 
were by the postenor surface of the glass shell into a 
no^l form Light raj-s are refracted at the anterior 
surface of the cornea in contact with the air and less 
strongly at the postenor surface, but undergo no further 

crystalhne lens (fig 
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The Intra-ocular Fluids 

The Intra-ocular Pressure The pressure 
^\ltllln tlie diambcrs of the ej'e of a living animal 
IS from 20 to 25 mm Hg and from 8 mm to 10 mm 
Hg in the excised but intact globe, it also falls to 
the latter le\el immediately after death or after 
arrest of the ocular arculation The difference 
between these two sets of \alues, is due to the 
pressure of the blood m the \esscls of the globe 
This w ill be clear from fig 75 46 The vascular bed 
of the eyeball lies between the relativelj' resistant 
sclerotic on the outside and the incompressible 
intra-ocular contents on the other It is evident 
that blood pumped into the vessels of the choroid 
wall raise the intra-ocular pressure above that of 
a bloodless e>e The intra-ocular pressure runs 
closch parallel with that of the blood in the 
choroidal capillaries A rise or fall in general artenal 
pressure therefore m u cause a corresponding 
change in intra-ocular pressure, though it will be 
much less in degree The pulse beat causes a vana- 
tion in intra-oailar pressure of from 1 to 2 mm 
Hg, and tlic respiration one of from 3 to 5 mm 
Hg Howtacr, since it is the pressure in the capil- 
lars bed of the c\ c rather than that in the larger 
ocular \csscls which is the determining factor and 
the former pressure can var^’ as a result of local 
changes in caliber of the minute \esscls, the intra- 
ocular and arterial pressures do not necessarily 
change in the same direction Thus arterial hsper- 
tcnsion, in whicli the capillar}^ pressure is not 
raised (p 163), does not cause a nse in intra- 
ocular pressure, am}! nitnte, on the other hand, 
causes a fall in arterial pressure as a result of the 
peripheral vasodilatation, accompanied by a rise in 
intra-ocular pressure (due to the dilatation of the 
capilianes of the eje and the consequent increase 
in capillary pressure) The intra-ocular pressure 
therefore follows \ery closely the venous pressure, 
t}ing the vortex veins, for example, increases 
capillary pressure and causes a nse in intra-ocular 
pressure of from 50 to 60 mm Hg The pressure of 
8 or 10 mm Hg which, as mentioned above, exists 
w’lthin an eye immediately after its circulation has 
been arrested, may be looked upon as representing 
the balance struck between the production of 
intra-ocuIar fluid and its removal through the 
drainage channels 

Other factors which affect the intra-ocular tension 
are, pressure from without by the action of the eyelids 
and of the extnnsic muscles of the eye The effect 
exerted by the eye muscles m ordinary movements is 


neghgible, but maximally strong convergence of the 
eyeballs may raise the pressure by from 4 to 10 mm Hg 
Movements of the hds have a greater influence, strong 
contraction of the orbiculans ocuh causing a nse of 
50 mm Hg or more Exposure of the eye to hght 
causes a fall, and dark adaptation a nse m pressure 
which IS attnbuted to constnefaon and dilatation, re- 
spectively, of the ocular capilianes Contraction of the 
cihaiy muscle causes no change in the mtra-ocular pres- 
sure, nor docs the state of the pupil A change m pres- 
sure docs not occur therefore upon accommodation of 
the ej e, provided that the assoaated convergent move- 
ment is prevented 



Tig 75 45 Contact lens 



( 2 ) ( 3 ) 

Fig 75 46 Showing the distnbuUon of volume pres- 
sure in the eve with H) a collapsed blood-pressure, (2) 
in the normal state, and (3) wath raised blood pressure 
md capillar}' dilatation (After Duke-Elder The nature 
of the intra-ocular fluids ) 

The Vitreous Body The vitreous body occupies 
the segment of the globe l}ang behind the lens and the 
ciliar}' processes In front it presents a saucer-shaped 
depression — the hyaloid fossa — w'hich lodges the poste- 
nor convexity of the lens A narrow space (^posi- 
lenhctilar space) filled with fluid separates the lens from 
the concave surface of the vitreous The hyaloid canal 
(which lodged the hyaloid artery in the embr}o) runs 
from the postenor piole of the lens to the center of the 
optic disc The structureless hyaloid membrane sur- 
rounds the vitreous, antenorly it is strengthened by 
radial fibers which have already been referred to as the 
zonula ciliaris (p 1154) In this region it show s a senes 
of grooves which lodge the cihaiy' processes The 
vitreous body is a jell} -like matenal, possessing no 
obvious structure, but it is claimed that by the use of 
special fixatives (e g , a weak solution of chromic acid) 
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i senes ot sopenroposed lamellae arranged concestn- 
cally around the li\-aloid canal and composed of very 
thin flat can be demonstrated- The spaces be- 
tireen the lamellae contam flmd almost identical m 
compoabon mth the aqueous humor Thou^ some 
that the lamellae are fixation artefacts and 
that the vitreous bodj is a homogeneous gel, there seems 
httle doubt that a framework does cnst. Fnedenwald 
and Sbehler observed it in the vitreous of oi ej es which 
had been prepared without the use of fiiap^es. The 
structural framework contains a protem called -ilran 
The refractne mdei of the vitreous IS 1.33 (see p 1144) 
The Aqueous Humor is a clear waterj flmd occnp>- 
mg the antenor and poslenor chambers of the eye. 
It has a refractive mdcr of U3, it is alkalme m reaction 
(pH 7 1-7.3), has a specific gravitj of from 1002 to 1004 
and a viscoaty of 1 029 Its compoatwii and that of 
serum are given m the foflowmg table, after Duke-Elder 



Gtcris ptr 100 cc 
Aqwoni k^nor 

Strun 

Water 

99 6921 

93 3238 

Solids 

1 0S69 

9 5362 

Total protem 

0 0201 

7 3692 

Albumen 

0 0123 

4 4135 

Globnhn 

0 0078 

2 955 

Fats 

0 004 

0 13 

Glucose 

0 082 

0 100 

Urea 

0 058 

0 070 

Sodium 

0 365 

0 378 

Gilonde 

0 458 

0 436 

Potasaum 

0 023 

0 025 

Calaum 

0 007 

0 009 

Magneaum 

0 017 

0 018 


The chief difierences between the compositioiis of 
serum and aqueous are sho'Ti m the concentrabons of 
substances of colloidal nature — the proteins and fats. 
GluciKe and urea are also m lower concentrabon m the 
aqueous humor than m the plasma, the osmobc pres- 
sure of the aqueous is lower as well. 

The Fobmahon or th e Istea-ocui-ae Flthds 

Owmg to the importance of the subject to glau- 
coma, the fonnabon of the mtra-ocular fluids has 
been mvesbgated most dfligentlj, especially b> 
Duke-Elder and his assoaates But the precise 
mechanism m\ ol\ ed has not yet been established 
There ha\ e been three theories of the process pro- 
posed, namel>, that it is one of (I) ullrafillratwn, 
(2) dwlysTs or (3) secrdion None of these theones 
alone fits aH the known facts The prmopal process 
appears to be one of ultrafiltrabon, and mvohes 
those factors,— capillarv hlood pressure and colloid 
osmobc prersures— which have been decribed 
elsewhere m conneebon with the interchange of 
water and substances m solubon across capfllaiy 


membranes (chaps 3 and 13) The high capilkiy 
pressure required for ultrafiltrabon mto the m- 
tenor of the eyeball has been shown to exist (owmg 
to the relatively high h> drostabc pressure therem) , 
the mean pressure m the caplllanes derived from 
the retmal artery and the posterior ciliary artenes 
IS 50 mm Hg which IS much higher than that m 
the capillanes of most other regions Nevertheless, 
ultrafiltrabon is not a complete explanabon of the 
formabon of mtra-ocular flmd, for when the con- 
centrabons of the consbtuents of plasma and of 
the aqueous humor are compared, it is evident that 
the latter is not simply an ultrafiltrate like the fluid 
m Bowman’s capsule, for example It is therefore 
thought that dialvsis plays a part, though there- 
are discrepancies here which do not permit the 
formulabon of a theoiy based upon simple dialysis 
alone. There is also some evudence that certam 
substances, e.g , sodium are secreted. 

The surface of the ciliary body and the postenoi 
aspect of the ms are beheved to consfatute the 
membrane mteiposed between the aqueous humor 
and the blood. That diffusion occurs across hoSh 
these surfaces is mdicated by the followmg observa- 
bons When the pupfilary aperture is occluded 
either experimentally or as a result of disease, 
aqueous fimd accumulates behmd the ins On the 
other hand, fluid is formed after erosion of the 
ms or when it is congemtally absenb In certam 
fish not possessing a dhaiy body and m the con- 
genital absence of the latter m man, normal aque- 
ous humor is present, it has also been found in a 
cyst of the ins itself 

The CiECui-ATioN or the Ikxra-ocueae. n-ums 
The Deais'age System oe tttf. Eye. Intra-ocular 
fluid IS probably reabsorbed to some extent from 
all parts of the interior of the globe A small pro- 
porbon of the dialyaed fluid passes from the poste- 
rior chamber through the zonule and down the 
hy aloid canal to the lymphabes of the opbc nerve. 
Herwev er, less than 1 per cent is reabsorbed m this 
way, or mdeed from any' region of the eye lymg 
posterior to the ms The chief exits for the fluid 
are at the angle of the anterior chamber {angle- of 
the tns or filtration angle) and from the antenor 
surface of the ms It will perhaps be of advantage 
to the reader if the mam structoral features of this 
region are recaUecL 

On the deep aspect of the sclera at its junebon with 

e cornea and m front of the angle of the antenor 
chamber hes an annular venous smus— the cartel cf 
ScUeirm (sinus venosus sclerae) (fig 7530) The smus 
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completely surrounds the comeal margm and m mend- 
lonal sections of the eye appears as a small oval gap or 
cleft hned by endothehum The inner or posterior wall 
of the canal is separated from the anterior chamber by a 
zone of trabecular tissue formed by the breaking up of 
the postenor elastic larmna of the cornea and termed 
the pectinate ligament, the intervals between the tfa- 
beculae are termed the spaces of Fontana The tra- 
becular tissue of the pectinate hgament is continued 
around the iridial angle, its fibers termmating m the 
tissue of the iris Schlemm’s canal is fed by an aferent 
arteriole derived from the aliary artenes and drained 
by an efferent venule which empties into the episcleral 
venous plexus (Fnedenwald) The spaces of Fontana 
commumcate with the anterior chamber, but there is no 
direct commumcation between the former and the lumen 
of Schlemm’s canal, the canal cannot be mjected, for 
example, with a colloidal solution mtroduced mto the 
antenor chamber 

The scleral spur is the term appbed to a small tri- 
angular projection of the sclera on the posterior aspect 
of the sclerocomeal junction, it hes immediately behmd 
the outer part of the postenor wall of Schlemm’s canal 
and gives attachment to the mendional fibers of the 
cihary muscle Contraction of the muscle, by pullmg 
upon the spur, is said to dilate the canal and thus favor 
the drainage of fluid from the antenor chamber 

Movement of the mtra-ocular fluid from the 
postenor to the antenor chamber and from the 
latter to the filtration angle is brought about 
largely through mtermittent vanations m mtra- 
ocular pressure occasioned by the several factors 
already discussed (e g , pulsatile and respiratory 
vanations m blood pressure and actions of the eye- 
hds, etc ) Temperature differences between the 
superficial and deeper parts of the antenor chamber 
{thermal factor) cause convection currents to be 
set up which also play an important part m the 
movement of fluid At the angle of the ms the 
fluid percolates mto the spaces of Fontana whence 
it IS absorbed across the postenor wall of the canal 
of Schlemm 

Fnedenwald and Pierce have demonstrated a 
differential absorption between the water, crystal- 
loids and protein constituents of the aqueous 
From their experiments which involved the mtro- 
duction of substances mto the antenor chamber, 
these observers conclude that crystalloids and a 
small quantity of water are reabsorbed from the 
antenor surface of the ms, passing by diffusion 
through the walls of the capfllaries Colloids are 
removed by the phagocytic action of the surface 
layer of epithelial cells A part of the protein is 
hydrolyzed by the action of enzymes present m the 


flmd and reabsorbed as ammo-acids Water is 
absorbed chiefly through the spaces of Fontana 
and the canal of Schlemm The rate of passage of 
fluid through the wall of the canal is governed ap- 
parently by hydrostatic and osmotic forces The 
pressure of blood m Schlemm’s canal (or rather m 
the small veins leadmg from it) is stated to be 
equal to or about 1 mm higher than that of the 
fluid m the antenor chamber, but after the absorp- 
tion of crystalloids one would expect the osmotic 
pressure of the aqueous to be considerably lower 
than that of the serum, under such cucumstances 
an uptake of fluid would occur, provided the blood 
flow through the canal did not fall below a certam 
level Slowing of the circulation would tend (as a 
result of the dilution of serum coUoid dilution by 
the reabsorbed flmd and consequent reduction m 
osmotic pressure) to reduce the rate of reabsorp- 
tion, an mcrease m blood velocity to mcrease it 
Such a relationship was actually observed by Fried- 
enwald and Pierce Increase m mtra-ocular pres- 
sure would qmte evidently mcrease reabsorption, 
the pressure would thus tend automatically to be 
restored to its ongmal level ® 

Glaucoma or Ocular Hypertension Persistent 
elevabon of the mtra-ocular pressure occurs as an 
accompaniment of several diseased states of the eye and 
may then be due to blockage of the drainage channels 
at the indial angle or to the excessive production of 
fliud The latter effect may result from mechamcal 
irritation of the cihary processes (e g , by displacement 
of the lens) or obstruction of the venous channels with 
consequent rise m capillary pressure Ocular hyper- 
tension associated with some such obvious disease of the 
eye is referred to as secondary glaucoma When the 
mtra-ocular pressure is persistently elevated above 
35 mm or so and no abnormahty of the eye exists to 
account for the hypertension, it is termed primary 
glaucoma At the outset it may be said that, though 
pnmary glaucoma has been the subject of much specu- 
lation, its cause remains obscure 

The excessively high mtra-ocular tension causes com- 

* Accordmg to some authonties (Maggiore, Duke- 
Elder) the canal of Schlemm contams blood only when 
the ocular venous pressure is inordinately high, bemg 
filled imder usual circumstances with an aqueous fluid 
(with an osmotic pressure around that of the flmd m 
the antenor chamber) Since, as mentioned above, 
the pressure of blood m the small veins leading from it 
is higher than the normal mtra-ocular pressure the 
canal could not serve as a pathway for the continued 
reabsorption of fluid, it is claimed that reabsorption 
can occur onlv if the mtra-ocular pressure rises above 
the normal level This conception attnbutes a safety- 
valve function to the canal, i e , it is called into play 
presumably only m an emergency 
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ptesson of the vessels and m tune senoos disturbances 
in the nutntioii of the eye result, namely, opbc atrophy, 
crcavabon (“capping^ of the disc, blindness and nlb- 
mately disintegration of the optical mechanism Owing 
to the readjustments which take place in the ocular 
drculation the hypertension may exist for some time 
before ans of these effects make their appearance. The 
pressure as it gradnallj rises first compresses the % enous 
channels but, as a result of the openmg up of the 
artenoles and capHIanes, a larger proportion of the 
artenal pressure is transmitted to the % enous side, the 
compressing force is thus o\ ercome and the arculation 
maintained This stage m the progress of the condition 
is referred to as compemaltd glaucorra A. point trill be 
reached, however, at which the pressure of the mtra- 
ocular flmds approaches equality with that m the 
ophthalmic artery , then further compensation becomes 
impossible and the structural changes jnst mentioned 
supervene. The condition is then termed infarrmalory 
or iecorrptnsalti glaucoma 

The possible factors which have been suggested m 
explanabon of the elevated pressure trill be bnefly 
considered Mechamcal ohstrucbon at the filtrabon 
angle due to reducbon m the depth of the anterior 
chamber and the consequent adhesion of the penphen 
of the ms to the cornea, is frequently present m decom- 
pensated cases, but this is secondary and not pnmanly 
related to the hypertension. It is not improbable that 
some abnormality m the ners'ous control of the vascular 
bed of the globe is fundamentally responsible. Fneden- 
waid suggests that the reabsorpoon of water through 
the mechanism of Schlemm's canal as a result of sclero- 
sis and narrowing of the afferent sessels (p 1161 ) may 
he the essenbal factor concerned Reducbon m the 


caliber of these vessels would tend, by slowing the blood 
flow through the canal, to reduce the reabsorpbon rate. 
Spasm of the vessels feeding the sums would have a 
similar effect On the other hand, the reduced depth 
of the anterior chamber m decompensated glaucoma 
suggests that the increased pressure originates in the 
posterior chamber of the eye and the theory has been 
advanced that swelhng of the vntreous is responsible. 
From the gel-like nature of the vntreous body one 
might expect its water content to varv with changes m 
Its inorgaruc consbtuents or in pH. It has been found, 
however, that the chemical changes necessary to cause 
any significant increase in volume of the vntreous are 
far greater than anv that could occur m the body 
Finally , a vasodilator tonn of the histamine type has 
been suggested which supposedly , by causing dilatabon 
of the intra-ocular capillaries and an mcreasc in the 
penneabilitv of their walls, would lead to overp'oduc- 
bon of intia-ocular fluid The aqueous m decompen- 
sated glaucoma has a higher protein, and lower chlonde 
content and osmotic p-essure than normal, this fact 
lends some force to the theo'y of increased capillary 
permeabihty The abnormal permeability would also, 
by reducing the effecbve osmobc difference between 
the contents of the anterior chamber and the blood, 
tend to dimmish reabsorpbon Nevertheless, analysis 
of the aqueous humor m cerrpensoird cases shows no 
significant departure from the normal and therefo'e 
lends no support to the idea that a change in capOlaiy 
permeabilitv is the fundamental factor in the develop- 
ment of glaucoma. 

There is no causaUve relabonship between artenal 
and ocular hypertensmn. 
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The VrsHAE Fields The visual field of one eye 
IS the part of the external world which is seen by 
that eye at any given monent, i e , when its gaze 
IS fixed m one direction It may be likened to a 
portion of a great hoUow sphere—a bowl— upon 
the intenor surface of which the images of the 
external world are projected Traquair pictures 
the visual field as "an island of vision surro unded 
bv a sea of blindnes s”, carrymg the simile further, 
the surface contour of this imagmary island is de- 
scnbed m terms of visual acuity, the highest pomt 
correspondmg to the fovea, a deep (bottomless) pit 
to the blind spot and a gradual slope toward the 
pehpheral retma The vi suaLfield _o f each eye su b- 
tends an angle of about 160° m the horizontal and 
145° in the vert ical meridian The visual field on 
each side is dmded by a line passing vertically 
through the fixation point (p 1182) into two un- 
equal parts, an outer or temporal and an inner or 
nasal The latter is smaller owing to the shadow of 
the nose, its diameter being about 60° whereas the 
diameter of the temporal part is arou nd 100° Simi- 
larly a Ime passing honzontally through thejgomt 
of fixation divides the field into an upper and a 
lower part, the former being restricted b y from 5° 
to 10° by the upper lid and orb ital rnargm Rays 
of hght from the outer or temporal half of the 
visual field fall upon the nasal (mner) half of the 
retma, those from the mner or nasal half of the 
visual field fall upon the temporal half of the 
retma (fig 76 7, p 1173) Although an image is 
formed upon each retina the two are fused in con- 
saousness mto a smgle impression (see p 1178) In 
most animals the visual fields of the two eyes 
overlap, that is, certam parts of the outside world 
are seen by both eyes at the same instant — ^locu- 
IsC-Msian^Jn animals with eyes placed laterally m 
the head overlap of the visual fields must obviously 
be very small m extent, the visual fields being 
almost completely separate — ■nwnocvlar vista n The 
extent of overlap of the visual fields of the monkey 
and of man, whose eyes are placed m the front of 
the head, i s large (120° honzont al dieter) and 
the monocular field of vision, that is, the field 
which can be seen by one eye but not by the other, 
IS relatively small (35°) (figs 76 1 and 76 5) Rays 


of hght entenng the eyes from an object m the 
binocular field of vision fall upon the nasal half of 
one retma and upon the temporal half of the other 
If, however, the object is well to the right or to 
the left of the line of vision, i e , m the outer part 
of either temporal field, the ra}^ then fall upon the 
nasal half of the penpheral reBha of t he nearer eye 
(ri ght or left ) but not upon the othe r retma which 
is shaded by the nose So the monocular field of 
vision consists m man of a crescentic area (35°) at 
the outer limit of the temp oral field of each eye 

When one looks directly at an object the eyes 
are turned so as to brmg an image of the object 
upon the most sensitive area of each retma, i e , 
upon the nasal and temporal h^ves, respectively, 
of the foveae The horizontal diameter of the entire 
visual field, that is, of the area of overlap of the 
two fields plus the monocular fields on each side la 
about 200° 

We shall see when the arrangement of the fibers 
conveying visual impulses is considered that fibers 
arising from the nasal halves of the retmas cross 
m the duasma, whereas the temporal fibers remam 
uncrossed ^ Thus it is that the ocapital cortex of 
one side receives Impulses from the nasal half of 
the opposite retina and from the temporal half of 
the retma of the same side, that is, those retmal 
halves which receive impressions from the opposite 
halves of the visual fields (fig 76 7, p 1173) Loss 

^ Thinking teleologically it is difficult to see a reason 
for the crossing of the opbc fibers at the chiasma But 
Adrian has pointed out that the natural course of the 
fibers IS that which actually obtains, those from the 
nght halves of the retina going to the nght side of the 
brain, and those from the left halves to the left hemi- 
sphere It IS as though the boiiifinyiQ.qu5_E£tinalJialves 
constituted separate organs It is also suggested that 
tFe crossing of the pyramidal and the sensory tracts 
has been dictated by this arrangement of the optic 
fibers For example, an object toward the nght or the 
left side of the body will form an image on the left or 
the nght halves, respectively, of the eyes A movement 
of the head and hmbs toward the object mil entail 
contractions of muscles on that side It is the most 
natural and convenient arrangement that the neurons 
governing such movements have their ongms in the 
hemisphere that receives the visual impulses, and that 
sensory impulses initiated, as by touching the object, 
are returned to this side of the brain It would be 
very confusing if visual impulses were received m one 
hemisphere and tacPle impulses in the other j 
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of visioii m one half of each eye is called hemianqr^ 
pia> (^-blindness) WTien the blindness affects 
the nght or the left halves of both retinas, i e., the 
half of the left retina (temporal half of vnsual 
field) and the temporal half of the right (nasal half 



or in both nasal retinal halves (temporal halves of 
visual fields) the hetnianopia is crossed or hctcro n- 
yfttojis and is referred to as hwosol or bi-ttryipofo l, 
resp^tively It will be noted that the qualifying 
terms refer to the affected halies of the msxtal 
fidds and not to the retmal halves In other in- 
stances a quarter only of each visual field is af- 
fected, vfaen the term guadranlic hcmianop ta is 
emploied It may be the upper or the loner 
quadrants of the nasal or of the temporal fields 
nhich arc iniolved, or homonymous quadrants 
ma> be affected, i e , a quadrant in the nasal field 
of one e\ c and in the temporal field of the other 
The tj-pe of hemianopia is further speafied by 
the use of the word “sj^^nor” or “inferior” 
(fig 76^) Thus, a superior na^quadranticbemi- 
anopia is one m which the cj es do not see objects 
m the upper nasal quadrants of the visual fields 
(blindness of lower tempioral retinal quadrants) 


• i 


, Showing monocular (white) and binoc- 

alar (faiack) fields of vision Upper rabbit, lower 
monke> (or man) (from Parsons, after Brouwer and 
eeeman) 

ofjl^ visual field) or vice versa, the hemianopia is 
said toHbe hommynwifs^dt or right respective!) 
n the blindnessls m the left half of one retina and 
m the Tight half of the other, i e., m either both tem- 
poral retmal halves (nasal halves of visual fields) 

andhenuopsra 

W f. ^ sometimes used, diev 

nave practicall) identical meanmgs ^ 


Fig 76 2 The blind spot. Close the left eje, hold 
the figure about su inches in front of the right eve 
and look sleadil) at the cross Move the book slowly 
toward the e>e until the orde disappears When this 
occurs the image of the orde has fallen upon the en- 
trance of the optic nerve from which rods and cones 
are absent, it is therefore mscnsiUve to light. Figure 
on the nght shows the bhnd spot projected <y in 
front of tie nght me as mapped out by means of 
penmetry (After Helmholtz ) 

Isofile rs The sensitivatj of the retina from the 
penpherj to the fov ea can be esplored bj using a senes 
of test objects of graduated sires with the perim- 
eter, and determuung m different mendiatis the distance 
from the fixation point (p 1182) at which each object 
is just perceptible The points so detenmned are 
marked upon the perimeter chart and hnes drawn 
through each set. Thus a senes of boundarj hnes 
roughlj concentnc with the fovea are constructed 
which indicate the thresholds for the percepUon (mim- 
mum visible, p 1117) of the different test objects, and 
therefore demarcate levels of retinal sensitintj Hnrh 
is called snj^sopt^^of^sensiltTtty, thej might be com- 
pared to the contour lines mdicating elevations on a 
detailed geographical map 

The Bnsn Spot The entrance of the optic nerve 
smee It IS dev oid of rods and cones is complete!) blind 
^ object whose image falls upon it is therefore invTSi- 

le (see fig 76,2) Not even a sensation of blackness 
results, for when the eje is fixated upon the cross, as 
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described in the legend of the figure, and the book 
moved imtil the ophc disc is occupied by the cncle the 
latter sunply disappears, no sensation whatever being 
experienced to mdicate its existence Ordmanly this 
“hole’- m the visual field causes no mconvenience 
because, m any position of the eyes, should one image 
of an object fall upon the bhnd spot a sensitive part of 
the opposite retma receives the other image But even 
when one ^e is dosed the fine mvoluntary ocular 
movements, by constantly shiftmg the fixation pomt, 
though ever so shghtly, keeps us completely unaware 
of the existence of the msensitive area WTien mapped 
out accurately by perimetry the bhnd spot has the 
shape shown m figure 76^ 

f 

€"€ 

0 , 



■ b c d e f 

Fig 763 I, distnbution of visual fibers A, nght 
retina, B, opUc nerve, C, optic chiasma, D, opposite 
lateral gemculate body, a, upper nasal quadrant of 
retina, b, lower nasal q[uadrant, c, upper temporal 
quadrant, d, lower temporal quadrant, e, upper macu- 
lar fibers, f, lower macular fibers (Redrawn and modi- 
fied from Henschen and Brouwer and 2^man) H, 
Diagram of types of hemianopia, 1, homonjunous, 2, 
bitemporal, 3, bmasal, 4, homonjrmous superior quad- 
rantic 

Perimetry is the term apphed to the procedure of 
mappmg out the visual fields The mstrument em- 
ployed IS called a perimeter It comprises a metal band 
or arm, shaped m^Targe*arc of a circle with its con- 
cavity directed towards the subject (fig 76 4) A holder 
shdmg m the arc carries the test object which can be 
moved centrally or penpherally as required The arm 
Itself IS pivoted at the center enabhng it to be rotated 
to any angle The subject’s head is supported on a chm 
rest. One eye is covered, the eye under e xamin ation is 
placed at the center of the sphere of which the perim- 
eter arm forms the arc, and made to fix a point straight 
ahead m the center of the arm The latter is rotated 
by degrees through a full circle and at each new posi- 
tion the test object is moved centrally until it is just 





Fig 764 Perimeter, e, position of the patient’s 
eye, c, chm-rest, further descnpbon m the text 



Fig 763 Perimeter chart showmg normal visual 
field of nght eye M, bhnd spot, g, r, b and w mdicate 
boundanes of fields for green, r^, blue and white, 
respectively Mendians mdicated by Roman numerals 
(After Starhng ) 


perceived by the subject This pomt and correspond- 
ing points at the vanous positions of the arm are 
marked ujion a penmeter chart and the contour of 
the visual field outhned through them The chart 
(fig 763) IS ruled m ordes (comparable to latitudes on 
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a geographical map) to indicate degrees from the pomt 
of fixation, and m radiatmg fines (‘longitudes” or 
meridians) The mappmg of the blmd spot and of the 
sensitivitj of the retina m isopters has been referred to 
The reader should consult texts on ophthalmology 
for a more detailed descnpUon of perimetry A simple 
but rough method of perimetry (confrontation method) 
which will reveal a major hmitation of the visual fields 
IS the followmg The observer stands facmg the sub- 
ject and about two feet m front of him One eje of 
the patient is covered while the other, which he fixes 
upon the opposite eje of the examiner, is being 
tested The examiner holds his finger midwaj between 
himself and the patient but outside the limit of his own 
visual field and then brmgs it slowlj toward the tmd- 
line The observer compares the position at which he 
first sights his finger with that at which it is first seen 
by the patient. The procedure is repeated from van- 
ous directions, above, below and from either side. 

The Visual Pathway 


The optic nerve The ganglion cells of the retina 
(ganghon cell lajer) whose central processes con- 
stitute the optic nerve, are the secondary neurons 
of the visual pathway (p 1109) The pnmary 
neurons are the bipolar cells of the inner nuclear 
lajer, the penpheral processes of the latter con- 
necting with the vnsual receptors— the rods and 
cones Tertiary neurons complete the pathway 
from the lateral gemculate body to the visual 
cortex. The fibers of the gangjion cells as they 
enter mto the formation of the optic nene are 
arranged in groups correspondmg, m their relative 
positions, to the quadrants of the penpheral retina 
from which thev arise. That is, fibers from the 
lyiper and lower temporal quadrants of the retma 
are found m the upper lateral and lower later^ 
r^^ of the n erv^e, respectively 76j)~Those 
from the nasal quadrants are situated m the inner 
sections of the nerve, the fibers from the upper 
quadrant Ijmg above those from the lower In 
the distal part of the nerve the macular or fov eal 
fibers are m a lateral posibon, bemg wedged be- 
tween the upper and low er temporal bundles, but 
agam, fibers from the upper half of the fovea be 
above those from the lower half * 
f Throughout the vnsual pathwaj , this rather pre- 
/ose pomt to point localiMbon of fibers from dif- 
/ ferent retinal areas obtains 


‘There ^ been some dispute with respect to thi 
e^tence of centrifugal fibers in the opUc nerve Sud 
fi^rs are not pr^nt apparentlj in the optic nerve o 

demonstrated u 
^ funcuon IS unknow, 

suggested that they control th 
monhty of the pigment cells 


The optic chtasma The fibers from the tem- 
poral halves of the penpheral retma contmue 
uncrossed mto the correspondmg optic tracts, 
while the fibers from the nasal halves ctoss m the 
chiasma to the optic tract of the opposite side.^ 
In the chiasma the temporal fibers lie m its lateral 
angle. Those of upper retmal ongm lie above 
those ansmg from the lower retmal quadrant In 
the crossmg of the nasal fibers, those from the 
upper quadrants he upon the upper aspect, those 
from the mfenor quadrants upon the under aspect 
of the chiasma, the macular fibers he in between 

The optic tracts and primary optic centers 

The VTSual pathway from the chiasma to the 
pnmarj optic center consists of compact bundles 
of fibers — the optic trad In the optic tract, fibers 
from the upper quadrants of the penpheral retma 
tend to he ventro-laterally, those from the lower 
quadrants \ entro-mediaUy The foveal fibers he 
dorso-laterallj The optic tract passes backwards 
and outwards between the tuber cmercum and the 
antenor perforated substance to the cerebral pe- 
duncle around which it turns as a flattened band 
to reach the lateral (external) geniculate body ‘ In 
this, the primary visual center, the great majontj 

‘The proportion of the fibers which cross in the 
chiasma vanes m different mammalian forms In the 
opossum, example J cross to the opposite optic tract, 
whereas m the ferret f cross, m the rabbit ako the un- 
crossed fibers are few m number In the monkej as in 
man, all fibers from the temporal side of the retina 
includmg the corresponding half of the macula are 
uncrossed, the nasal side and the nasal half of the 
macula decussate with those of the opposite side. In 
submammahan forms all optic fibers cross 

‘The projecUon of the reUna upon the external 
gemculate bodj has been studied b> Brouwer and Zee 
man in monkevs These observers produced localized 
lesions m the rebna and examined the gemculate bodj 
histologicallj after time had been allowed for degen- 
eraUon of the optic fibers It was found that the 
retinas were not projected diffuselj throughout the 
pnmarj optic center, but showed localizaUon of their 
different regions to definite secUons Thus the upper 
parts of the penpheral retinas, both nasal and temporal, 
of the two ej es were projected to the medial parts of the 
gemculate bodj The lower parts of the retinas were 
reprinted m the lateral part (fig 76 E) Dorsal 
to these regions and wedgea between them was an ex- 
tensive area wherein the macular fibers terminated 
Binocular and monocular tjqies of vision have separate 
representations In the monkej the area which re- 
^ii'esEbers from onlj one eye is very small, occupjnng 
a small nm on the ventral aspect of the pnmarj center 
In the rabbit, on the other hand, the monocular pro- 
j^tion occupies almost the entire gemculate body, 
mo^Iar vision being represented by a narrow area 
on tee m^al a^ect of tee gemculate bodv 

the cells of the lateral gemculate bodj with which 
tee visual fibers sjmapse are disposed m six well defined 
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of the optic fibers make connection A smaller 
number are continued to the supmor colhcutiis 
(superior corpus quadngeminum) but none of these 
are of foveal ongm The pulvinar of the optic 
thalamus has been generally looked upon as a relay 
station for visual impulses, but the researches of 
Brouwer and Zeeman lend no support to this behef , 
in monkeys, no degenerated fibers were observed 
to end m the pulvinar after e-scision of the eyeball 
It has also been stated by Henschen that a lesion 
of the pulvmar m man does not cause hemianopia, 
whereas disease mvolving the lateral gemculate 
body, but which spares the pulvmar, produces 
complete hemanopia The pulvinar may, however, 
be concerned with eye movements and visual 
judgments, e g , the recognition of depth (stereo- 
scopic function) and distance Its connection with 
the angular gyrus which is a center for eye move- 
ments suggests that it serves these functions, but 
m order to do so it would require to be m com- 
munication also with the visual area of the cortex 
or with the external geniculate body Such connec- 
tions have not been demonstrated 
The superior collicuh The superior colhculi are 
the chief centers for visual reflexes, and constitute 
as well the highest visual centers m submam- 
malian forms In the latter they are very promi- 
nent structures, m fishes and buds they are as 
large or larger than the cerebral hemispheres 
But m higher ammals, they are much reduced m 
size, and in man, are relatively inconspicuous 
structures, their visual functions ha vmg been 
taken over by the cerebral cortex ® The superior 
colhculi of mammals receive afferent impulses 
from (a) the retina through the optic tracts, (.b) 
the occipital cortex (visual area) and (c) the spinal 
cord via the spinotectal tract Their efferent con- 
nection are with the medulla and the spmal cord 
through the tectohulbar and tectospinal tracts 
The reflexes centered in the superior colliculi 
serve to correlate eye movements with the move- 
ments of the head, or with the trunk and hmbs. 


laminae which have been numbered 1 to 6 from the 
surface inwards by Le Gros Clark One set of three 
(1, 4 and 6) receive crossed fibers, i e , fibers from the 
nasal half of the opposite retina The other set (2, 3 
and 5) are cell stations for the uncrossed fibers, i e , 
from the temporal half of the retina of the same side 
• Their visual function vanes considerably m dif- 
ferent classes of mammals In the rat, cat, dog and 
other mammals of about the same phylogenetic level 
they serve as subcortical visual centers. Crude visual 
perception bemg possible after complete removal of 
the visual area of the cortex In man, bilateral destruc- 
tion of the visual cortex causes total bhndness 


The chief of these visual reflexes are, (a) turning 
the eyes m order to keep them fixed upon a sta- 
tionary object when the head is turned m the 
opposite direction (compensatory reflexes), (b) 
movement of the head with the eyes so as to 
keep a moving object m view, and (c) movements 
of the limbs, neck or trunk as m avoidmg a mov- 
mg object or in fendmg off a blow threatening 
the eyes Closure of the lids to protect the sight 
occurs simultaneously 

The optic radtation {gentculocalcanne pathway) 
The visual fibers after leaving the external gemcu- 
late body pass through the postenor extremity 
of the internal capsule, and curving forward and 
outward mto the temporal lobe sweep backward 
m relation to the outer aspect of the postenor 
horn of the lateral ventrical to reach the area 
striata (area 17) of the ocapital cortex (pp 1031 
and 1045) The optic radiation also contains de- 
scending fibers which end m the supenor coUiculus 
and the external geniculate body 

The visual cortex This comprises that part of 
the cortex referred to above as the area stnata,^ 
which forms the walls and bps of the calcanne 
fissure on the mesial aspect of the ocapital lobe 
The different retinal areas in their projections 
upon the cortex show definite localization There 
is a pomt to point projection on to the striate 
area The cortical cells, for example, are con- 
ceived as receiving mdividually impulses from 
smgle cones to form a pattern corresponding to 
that of retmal organization ® The homonymous 
halves of the penpheral retinas are represented 
m the antenor part of the visual area, the upper 
quadrants m the upper wall and hp, the lower 
quadrants m the lower wall and hp In other words, 
the nasal half of the nght retma and the temporal 
half of the left are projected on to the left ocapital 
cortex — the projection of the upper quadrant in 
each case lying above tbat of the lower quadrant 
Similarly, the nasal half of the left retina and the 
temporal half of the nght are projected on to the 
nght striate area The macular representation oc- 
cupies the postenor part of the stnate area reach- 
mg backwards to the ocapital pole, but it also 
spreads forwards to overlap the projection area of 

^The histology of the striate area is descnbed m 
ch 68 

® Though the existence of pomt to pomt projection 
of the retma upon the stnate area has been definitely 
established, the cortical representation is not ngidly 
fixed and arcumscnbed by anatomical paths, but is 
capable of considerable functional adaptation and 
modification under changed conditions (see Holmes) 
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the penpheral retina (fig 76 6) As m the case of 
the penpheral retina, the upper and lower parts of 
the macula (fovea) are projected to the upjier and 
lower halves, respectively, of this part of the stnate 
area The cortical projection of the macula is 
possibly bilateral,® i e , represented m its entirety 
m both hemispheres, since the retention of macular 
vision m both eyes after an extensive lesion of an 
ocapital lobe is not infrequent Indeed spanng of 
macular vision has been reported after apparently 


The subject of hemianopia may be qiute un- 
aware of his defect of vision He compensates 
sometimes to a considerable extent for his half- 
blmdness by turning his eyes more toward the 
blmd side of the visual field, so as to bnng the 
image on to the sound part of the retma A new 
fovea (called a pseudofovea) is created m the 
penpheral retma of the seeing half of his eye which 
may become as sensitive as a normal fovea Com- 
pensation IS also m part psychological, that portion 



complete ablation of one ocapital lobe It has been 
supposed by those who beheve that the macula is 
represented bflateraUy that fibers pass from the 
lateral gemculate body of one side through the 
^tenor part of the corpus callosum to join the 
opfic radiation of the opposite hemisphere In Z 

lobe IS 

w by retrograde degeneration of all cells of 
Z lateral gemculate body thiA 

to 1 '=ells s^t fibS 

conttmS7i!“" In so far as man IS 

ncemed the question is unsettled 
and associates, ibid , 98p’ Maisoa 


of the image of a familiar object which falls upon 
^ bhnd half of the retma is visualized mentally 
him the image is completed subjectively Nor- 
maUy when an object is seen with one eye that 
part of the image which faUs upon the bhnd spot 
IS fihed in mentally so that no gap is apparent 

The ejects of lestoits at dtjerenl levels ofihe visual 
patlrway {see also p 1171) 

resSt t ^ 

fSr ^ blmdness of the correspondmg eye 
^ 76 7) Increased mtracranial prLure may 

- gradual 

^^centnc reduction of the visual fields of both 
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(2) A lesion involving the chiasma will result in 
visual defects whose nature will depend upon the 
fibers destro3'ed (a) Pressure upon the uncrossed 
fibers in the outer angle of the chiasma, as by an 
aneurysmal dilatation of the internal carotid ar- 
tery, may produce blindness in the temporal 
part of the retina of the same side If these fibers 


fibers from the lower retmal quadrants he ventral 
to those from the upper, the lower are likely to be 
involved first in pituitary tumors, superior temporal 
quadrantic hemtanopta will result Lesions (e g , 
tumors) pressing from above tend first to cause 
defects m the lower temporal quadrants of the 
visual fields Dilatation of the third ventricle or a 


vsst vianiTj pmo 
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Fig 76 7 Diagram to show the effects upon vision and pupillary reactions resulting from interruption of 
retinal impulses at vanous levels 1, Optic nerve, bhndness of corresponding eye, direct reaction of this 
eye and consensual reaction of sound eye lost Consensual reaction of bhnd eye and direct reaction of 
sound eye retained Near reflex unaffected 2, Chiasma, bitemporal hemianopia Wernicke’s pupillary reac- 
tion 3, Optic tract, homonymous hemianopia (blindness in nasal half of nght retina and temporal half 
of left) Wernicke’s pupillary reaction 4, Optic radiation, homonjunous hemianopia, hght and near reflexes 
retained 5, At synapses m the oculomotor nucleus Light reflex lost, near reflex retained (Argyll-Robertson 
pupil, see a’lso p 1177) The lesion is usually bilateral (as m tabes, disseminated sclerosis, etc ) 


on both sides are affected, the sight m the tem- 
poral half of each retma (nasal half of the visual 
field) may be lost {bt-nasal hemianopia) Accordmg 
to Cushmg a dilated third ventncle may, by press- 
mg from above, force the angles of the chiasma 
agamst sclerosed mtemal carotid arteries and so 
produce a bi-nasal hemianopia (b) Pitmtary tu- 
mors, owing to their position, are likely to involve 
the nasal fibers at the pomt of them crossmg and 
thus cause bi-temporal hemianopia Smee the nasal 


tumor of the pituitary stalk may produce such an 
effect 

(3) Lesions of the optic tract, of the primary 
visual center or of the optic radiation will result 
m homonymous hemianopia The nght halves of 
the two eyes (left halves of the visual fields) bemg 
effected m nght-sided lesions and the left halves in 
left-sided lesions An abscess or tumor of the 
temporal lobe may, by involvmg the optic tract or 
optic radiation, cause a homonymous hemianopia 
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men the optic radiation is pressed upon by a 
temporal lobe lesion the hemianopia is very often 
incomplete, i e., quadrantic. The ventral fibers 
of the radiation are likely to be impbcated by a 
tumor m the Ion er part of the lobe, and a snpenoi 
quadrantic hemianopia result Injury to the dorsal 
fibers tends to cause a defect confined at first 
to the lower homonymous quarters of the visual 
fields 

(4) Lesions oj the occipital cortex. A lesion in- 
volving the area stnata of one hemisphere or the 
optic radiation before their termination therein 
results m an homonymous hemianopia, right or 
left, dependmg upon the side of the brain affected 
Quadrantic homonymous hemianopia will result 
when the lesion is restncted to the upper or lower 
part of the stnate area Oaung to the large corti- 
cal area representmg the macular region, or perhaps 
to the fact that the macula is bilaterally repre- 
sented, extensive umlateral ocapital lesions or ex- 
cision of a large part of this area often leave acute 
(central) vision mtact, the blmdness then mvolvmg 
only the penpheral half of each retma 

The Potii, 

Pupillary reflexes Reflex changes in the size of 
the pupil occur under the foUownng conditions 
(a) Constriction or dflatation occurs m response 
to changes m hght mtensity {hglU reflex) men 
light is thrown into the normal eye the pupil of 
that eye constncts promptly, this is the direct 
pupillary reaction But the pupil of the opposite 
eye, though shaded, also narrow's, this, the indirect 
or consensual pupillary reaction, is dependent upon 
fibers which cross to the pupiUary-constnctor cen- 
ter of the opposite side (b) Constriction occurs as 
a part of the mechanism of accommodation to 
near vision {pupillary reaction of accommodation) 
With It are associated convergence of the eyes 
and accommodation of the lens These three reac- 
tions are appropriately grouped under the term 
near reflex or accommodation reflex (c) Dilatation 
follows stimulation of the skm of the neck {ciho- 
sfinal reflex) (d) Irritation of the eyehd or con- 
junctiva causes dilatation followed by constriction 
of both pupils (oculo-sensory reflex) The afferent 
fibers of this reflex are contamed m the ophthalmic 
division of the tngemmal nerve (e) Closure of the 
eyehd, or an effort made to dose the hd while it is 
forably held open causes slight pupfllary constnc- 
tion Old or orbicularis reflex) (f) Pupillary dilata- 
tion may occur during certam emotional stales 
(e.g , rear), as a result of acute pam or a sudden 


sound The pupil is extremely sensitive to the 
latter type of stimulus, responding by dflatation 
to sounds of different pitches at the lowest intensi- 
ties which can be heard (e) Fmally, stimulation 
of labyrmthme receptors causes changes in the 
diameter of the pupil (p 982) For example, rapid 
rotation of the body around its long axis causes 
dilatation of the pupil and rhythmical changes in 
its diameter {Inppus) 

THE IRIS 

The ins is the most antenor part of the vascular 
tunic of the eye It is a thin contractile disc perforated 
a httle to the nasal side of its center h> the pupil The 
pupillary margin rests upon the anterior surface of the 
lens The space between the lens and the cornea is 
divided by the ms into a brger anterior and sraaUer 
posterior cimmler, the two chambers communicating 
through the pupil The penphery (root) of the ins is 
attached to the antenor surface of the ahaty bod> and 
is continuous through the pectinate hgaroent (p 1165) 
with the jwslcnor clastic lamina of the cornea The 
following five layers from before backwards compose 
the structure of the ms, (a) the antenor epithelium, 
(b) the antenor limiting membrane, (c) the stroma, (d) 
the postenor membrane and (e) the postenor epithe- 
lium The anterior eptikeltum consists of a single la>er 
of fiat endothelial hke cells Near the pupillary margin 
of the ms there are many small pits— the erypis of 
Fiiclts — over which the epithelium is absent The 
stroma is composed of loose connective tissue It 
transmits the vessels and nerves and holds numerous 
branched cells which m dark eyes contain pigment 
granules The ms contains two involuntary muscles — 
the sphincter pupiUae and the dilator pupillae The 
spltincler pupillae is embedded in the stroma and com 
pnses a band of arcular fibers about 1 mm broad sur- 
roundmg the pupil WTien these fibers contract the 
pupil IS constricted The dilator pupillae constitutes 
the fourth layer of the ms, i e , the postenor membrane, 
mentioned above It consists of a thin layer of smooth 
muscle fibers which converge towards the pupillary 
margin where they blend with the fibers of the sphincter 
At the root of the ms the dilator fibers pass mto the 
aliary body from which they take ongin, when they 
contract they draw upon the pupillary margin and thus 
dilate the pupil The posterior epithelium comprises 
two layers of deeply pigmented cubical cells, it is the 
continuation aatenorly of the pars alians retinae (p 
1152) The arteries of the ins which are loosely coiled 
form two vascular circles, one near the pupillary 
margm the circatus orlenosus minor, the other near 
the root of the ins — the arctilus arteriosus major The 
two arcles are connected by vessels which, arising from 
the larger circle, converge towards the pupillary margin 
where they form the smaller circle 

Blue or gray eyes owe their appearance to the pig- 
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ment m the postenor epithehal layer as seen through 
the unpigmented stroma and other layers of the ms 
The pigment cells of the stroma are responsible for the 
color of dark eyes, the shade varymg with the quanbty 
of pigment present In the white races nearly all new' 
bom babies have blue eyes because pigment does not 
develop m the stroma imtil some weeks after birth 
But Negro babies and others belongmg to the dark 
races have brown eyes, the stroma pigment bemg well 
developed at birth 

The functions of the ins The ins has three impor- 
tant functions, (a) it serves as an opaque screen, 
hke the diaphragm or “stop” of a camera, to adjust 
the quantity of hght reachmg the retma under 
different mtensities of illummation, (b) it prevents 
hght from passmg through the penphery of the 
lens and thus reduces sphencal and chromatic 
aberration The image is thus more dearly defined 
by restnctmg the transmission of hght through 
the central part of the lens, and (c) when the 
pupil constncts the depth of focus of the eye is 
mcreased (p 1156) 

PuptUo<onslnctor pathways 

It is generally beheved that the receptors of 
the light reflex are the same as those mediatmg 
visual sensations Wagman and his assoaates have 
made the mterestmg observation that m dim light 
the curve of pupillary size at different wave-lengths 
agrees dosely wuth the scotopic lummosity curve 
The most effective wave-length m causmg pupil- 
lary constriction of the dark adapted eye is, 
therefore, around 510 m^, m the light adapted eye, 
it IS at about 560 m/i Thus, the pupillary reaction 
shows a difference m sensitivity at high and low 
light mtensities correspondmg to the Purkmje 
shift. 

The afferent fibers of the light reflex travel with 
the visual fibers and with the afferent fibers of the 
dilator response as far as the lateral gemculate 
bodies Here they part company from the latter 
two sets of fibers They do not enter the lateral 
gemculate body, but pass mto the brachium of the 
superior coUiculus They then proceed to a group 
of cells m the pretectal region — the pretectal nu- 
cleus — where they make their first synaptic con- 
tacts The impulses are finally conveyed by second- 
ary neurons to the oculomotor nudeus on both 
sides of the bram, but mostly to that of the oppo- 
site side The superior colhculus itself is not inter- 
posed m their path, for Ranson and Magoun did 
not observ'e pupillary constriction when this part 
was stimulated The partial decussation of the 


afferent fibers, occurs, Ranson and Magoun believe, 
m the postenor commissure An earlier crossmg 
of some fibers occurs also m the optic chiasma 
The fibers to the same side pass caudally and 
ventrally along the side of the central gray matter 
Though under ordmary circumstances reduction 
m the tone of the pupillo-dilator center occurs 
reaprocally with activation of the pupiUo-con- 
stnctor center, the hght reflex can be carried out 
through the latter alone The reflex is therefore 
retamed after section of the cervical sympathetic 
(which conveys the dilator fibers) Smce the af- 
ferent fibers mediatmg the hght reflex separate 
from the visual pathway at the level of the lateral 
gemculate body, lesions of the optic pathway be- 
yond this pomt do not interfere with the hght 
reflex 

The efferent fibers subservmg the light reflex 
bdong to the parasympathetic division of the 
autononuc nervous system They ongmate in the 
oculomotor nudeus (probably the Edmger-West- 
phal nudeus) and are conveyed to the ms (sphmc- 
ter pupillae) via the third nerve, cihary ganglion 
and short cihary nerves (fig 76 8) The near reflex 
IS dependent upon cortical centers Impulses pass 
by association fibers from the occipital to the 
frontal cortex (frontal eye field) and thence via the 
mtemal capsule to the nucleus of the 3rd nerve 
Constnction of the pupil which accompanies ac- 
commodation of the lens is brought about through 
fibers which probably pass directly to the pretectal 
region from the ocapital cortex adjacent to the 
visual area The efferent path from the oculomotor 
nudeus is the same as that for the light reflex 
The afferent pathway is via the visual fibers, i e , 
lateral gemculate body and optic radiation, not 
through the supenor colhculus The reflex is bi- 
lateral, 1 e , it occurs in both eyes when one is 
covered and the other directed to a near object 

The pupiUo-dilator pat /may 

The dflator musde of the pupil receives sympa- 
thetic fibers which arise from the 1st and 2nd 
thoraac segments of the spmal cord, and some- 
times from the 8th cervical or the 3rd thoracic 
They issue by the white rami and pass via the 
cervical sympathetic to the supenor cervical gan- 
glion From here postganghonic fibers are conveyed 
along the mtemal carotid artery mto the cranial 
cayity Entenng the tmnk of the nasociliary 
branch of the first division of the fifth nerve, they 
are transmitted to the ms in the long aliaiy nerves 
Some fibers also pass v ithout mtermption through 
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of the upper hd (ptosis) will result from pandysis 
of the smooth muscle of the levator palpebrae 
supenons and there may be recession of the e> eball 
(enophthalmos) from paralysis of the unstnped 
muscle of the orbit (see p 1105) 

An mvestigation of the pupiUarj' reactions may 
give valuable information concermng the site of a 
lesion m the brain (see fig 76 7, p 1173) (a) A 
lesion destroying one optic nerve, smce it mter- 
rupts the afferent pathway but leaves the efferent 
mtact, abolishes the duect but not the indirect 
(consensual) reaction on the bhnd side The di- 
rect reaction on the sound side is, of course, re- 
tamed but the mdirect is lost That is to say, a 
hght thrown into the sound eye causes a response 
m this eye as w ell as m the blmd eye, but a hght 
thrown into the blmd eye is without effect upon 
either eye The near (accommodation) reflex is 
not abolished Blmdness due to destruction of 
both optic nerves results in the loss of the reflexes 
for hght as well as of those for accommodation 
(b) Henuanopia due to a lesion of the chiasraa, or 
of the optic tract, results m the loss of both the 
direct and indirect reactions to hght thrown upon 
the bhnd half of either retina Light falling upon 
the sound halves of the retmas causes the normal 
response This is known as Wermckt's liemianoptc 
pupillary reaction (c) Loss of the hght reflex 
(both direct and induect reactions) with retention 
or even exaggeration of the accommodation-con- 
vergence reflex is known as the ArgyU-Robertson 
pupa The pupa IS also, as a rule, smaller than 
normal (myosis) and does not dflate to a pam- 
ful stimulus nor fully to atropinization, the vestib- 
ular reflex is frequently absent as well The 
abnormal pupillary responses occur quite apart 
from any defect of vision Though usuaUy bi- 
lateral the ArgyU-Robertson pupfl is sometimes 
conflned to one side It is most commonly seen 
in syphihtic degeneration of the central nervmus 
system (eg, tabes), but occurs occasionally m 
other conditions as well The site of the lesion 
responsible for the ArgyU-Robertson pupil is not 
knowm precisely Memtt and Moore give evidence 
for placmg it m the region of the posterior com- 
missure where presumably, the neighbonng dilator 
pathway is also mterrupted, but the pathway for 
the accommodation reflex from the cortex to the 
oculomotor nucleus would be spared Scala and 
Spiegel believe from the results of then experiments 

Owing to the difiSculty of confining a beam of hght 
to the blind half of the retina it is not an easy matter 
to demonstrate this reaction 


that the disease mvolves the synapses between the 
afferent and efferent neurons of the hght reflex, that 
is, m the oculomotor nucleus itself But the oculo- 
motor nerve supphes both pupils and a lesion here 
IS diflScult to reconcile with the unilateral loss of 
the hght reflex which sometimes occurs Lang- 
worthy and Ortego conclude, after a careful study, 
that the lesion is peripheral — due to changes m the 
ms itself mvolvmg sympathetic, parasympathetic 
and sensor>>’ nerves as weU as the muscle cells of 
the sphmcter This theory can account for the 
irregularity of the pupil, and perhaps, if the S3mi- 
pathetic innervation w'ere mjured m greater degree 
than the parasympathetic, for the myosis, but it 
cannot explam the preservation of the accommo- 
dation reflex (d) Destruction of the oculomotor 
nucleus or of the efferent pathway abolishes all 
hght and accommodation reactions on the same 
side The duect and induect reactions are retamed 
on the contralateral side (e) Lesions mvolvmg the 
visual pathway after the separation of the visual 
and pupillary fibers, e g lateral gemculate body, 
optic radiations or ocapital cortex, leave the hght 
reflex unaffected (f) A bilateral lesion imphcatmg 
the pathway from the cortex to the center for 
accommodation m the oculomotor nucleus will 
cause a loss of the near reflex and leave the hght 
reflexes mtact This is the converse of the ArgyU- 
Robertson pupil, and IS sometimes seen m post- 
diphthentic paralysis 

The ej'ecls of drugs upon the pitptl and cthary muscle 

Dilatation of the pupJ is spoken of as m^druists, 
constnction as tniosts Drugs which cause pupillary 
dilatation are therefore called mydriattcs, those which 
cause constnction, mwhcs Paralysis of the ciliary 
muscles is known as cydophgta, drugs which cause this 
effect are called cycloplegics 

Mydnasis is caused by drugs which 

(a) Paralyze the penpheral constnctor (parasym- 
pathetic) mechanism, such asatropme, or homatropme 
Atropme is also cycloplegic, homatropme much less so 

(b) Stimulate the dilator (sympathetic) mechamsm, 
e g , adrenahne, cocame These drugs have no effect 
upon accommodation 

Miosis is caused by drugs which 

(a) Stimulate the penpheral constnctor mechamsm, 
e g , pilocarpme, physostigmme, muscarme These 
drugs also cause spasm of the cihary muscles 

(b) Dimmish the inhibition of the constnctor center, 
e g , morphme The action of this drug upon the pupil 
depends largely upon the mtensity of the illumination 
It appears, therefore, to exert its effect, mamly, by 
increasing the sensitivity of the hght reflex 

(c) Stimulate the constnctor center, e g , picrotoxm 
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Corresponding retinal points — The horopter 

When the gaze is directed to an object, an image 
IS formed b\ each e\e and impulses are con\ejcd 
to both sides of the bram, yet perfect fusion of the 
two images occurs in consaousness and onh’ one 
image is seen This charactenstic of binocular 
vision IS explamed upon the theory of correspond- 
ing retinal points The corresponding points in 
the retinas (foi eas) w hich n hen stimulated simul- 
taneously cause a single \nsual sensation, lie m 
the nasal half of one retina and the tempioral half 
of the other V!hm the eyes are converged, the 
retmas are turned so that the images fall upon these 
correspondmg parts If, as a result of unequal 



Fig 76 9 The horopter (hldUer) F is the fiiaUon 
point The images of A, F, and B fall upon the reUnae 
at correspondng points as and bb' The projec- 

tion of all such corresponding points hes upon the or- 
curaference of the dotted orde It is obnous that 
there is a different horopter for each position of F 
(After Duke Elder, Text Book of Ophthalmology ) 

action of the ocular musdes, this cannot be brought 
about, the separate images are not fused in con- 
saousness and an object appears double This 
abnormahty of vision is known as diplopia 
The horopter \Mien the eyes are fixed upon 
a point m space, a number of other points can 
be located by calculation which are projected 
upon corresponding pomts of the two retmas 
(fo\ eas) A Ime jommg such pomts forms a arde 
called the horopter which passes through the fixa- 
tion pomt and the nodal jximts of the ey es The 
horopter will vary of course with the point of 
fixation of the eyes and does not exist unless the 
eyes act synergicaUy (see fig 769) Points m 
the visual field lymg outside the horopter do not 
fall on the correspondmg points m the tno retmas 
(peripheral retmas) and, as a consequence, actuallv 
cause a double impression But this physiological 
diplopia as It IS called does not thrust itself upon 
tensaousness, it issuppressedorignoredand there- 
fore does not cause confusion. Yet one can easQy 


demonstrate for himself that it exists Tor ex- 
ample, when the eyes arc fixated upon a near 
object, such as a penal tip held dose to the face, a 
more distant object may, through a consaous 
effort, be obsened in duplicate Tor this reason, it is 
also sometimes referred to as inlrospcctnc diplopia 
The double image is always projected to the 
plane of the object upon which the eyes arc fixed, 
and the doubling of the image is either homonv- 
mous (unaossed) or heteronymous (cro"=cd) de- 
pending upon irhethcr the object yvhich produces 
the double image is beyond the point of fixation 
or betv cen it and the e\ es That is to say , when the 
objert (D in figure 76 10) whose images fall on non- 
corrcsponding retinal points is doscr to the cy es 
than the object upon ivhich the ey es arc fixed, the 
images, I and I, arc projected across the lines of 
sight, the nght hand image being formed by the 
left eye and the left hand image by the right eye 
IITien the object is beyond tlic plane of fixation 
the projection of the images (Ii and Ij) is homon 
yrnious, each being formed by the corresponding 
eye The reader may demonstrate these facts for 
himself WTien a pencil is held dose to the eyes so 
as to form a double image vhilc the eyes arc fo- 
cussed upon a more distant object, closing the 
right eye causes the left hand image to disappear, 
yvhcrcas, if the eyes arc focussed upon the penal 
and the object giying nsc to the double image is 
more distant, dosurc of the nght eye aliolishes the 
nght hand image Closure of the left eye, of course, 
produces cony erse effects 

DEPTH PERCEPTION STEPXOSCOPIC VISION (CR. 

STEREOS, SOLID SKOPEO, I MEIl) 

Our yasual judgment of solidity, that is, our 
recognition that the object has depth as well as 
height and width, is due largely to the fact that 
ynsion is normally binocular and corresponding 
points m the two retinas rcceiye slightly’ dissimilar 
images of any gnen object If the reader wall look 
at some object m front of him, first dosing one 
eye and then the other, he yyill find that the yaew 
seen by the nght eve is slightly different from that 
seen by the left (fig 76 1 1) The nght ey c is able to 
see more of the nght side of the object, the left cy e 
more of the left side The two slightly disparate 
unages arc fused m the brain, yet the comjxisite 
image has hidden w ithm it something of each sep- 
arate one, upon this the stereoscopic effect to a 
large extent depends The fusion of the dissimilar 
unages by the brain, and the impression of depth 
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and solidity produced thereby, lies in a field of 
psychology of which httle is known 

In order for two dissimilar images to be fused in 
consaousness, it is not necessary that they fall 



Fig 7610 Illustrating the projection of retinal images 
that fall upon non-corresponding retinal pomts, i e , 
on difierent sides of the foveae — physiological diplopia 
I, heteronymous diplopia (crossed), homonymous (un- 
crossed) diplopia, D, {MSiUons of object m relation 
to the fixation pomt The images, I, I and Ii, Ii are 
projected to the plane of the object F upon ahich the 
eyes are fixed, LE, left eye, RE, nght eye 


ancy is not so great as to prevent fusion In figure 
76 12 a scene ot a tent and pine trees is represented 
diagrammatically lyhcn the two scenes arc fused 
the tent is projected closer or farther from the eves 
according to its position m the two pictures m 
lateral relation to the pmes WTien in one or m 
both pictures it is moved toward the mid-Iinc it 
appears to advance m front of the pmc trees. 
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Fig 76 11 Examples of aspect dispanty ^ is a view, 
seen from above, of Imes of sight when the eyes look 
at a sohd object Notice that the nght eye sees some 
of the nght hand side of the object, while the left eye 
sees some of the left hand side 

R IS a front view of a cube seen by the left eye with 
the nght eye closed C is a front view seen by the nght 
eje with the left eye dosed When both eyes are open. 
We see a fusion of B and C (After Graham) 


upon retinal pomts which correspond exactly, 
unification of the images results though there is 
some degree of non-correspondence Actually, there 
IS a greater impression of depth when the dissimilar 
images do not fall on retinal points which fail to 
correspond perfectly, promded that the discrep- 



Fig 76 12 Scenes of a tent and pine trees (diagram- 
matic) To show the impression of depth caused by the 
fusion of tw'o dissimilar images If the figures be gazed 
at steadily at a distance of about 5 inches from the cj es 
and a card held edgewise from the tip of the nose to the 
Ime of letters each horizontal pair of figures can, with 
a little pracUce be made to fuse In A the asjiect of the 
two scenes is pracUcally the same and the fused picture 
appears qmte flat In B, the tent m the nght hand figure 
15 placed more toward the mid-linc and upon fusion 
appears to be m front of the pmes In C, the dispanty 
of the nght hand figure is farther from the mid line, 
the tent is now projected to a point behind the pines 


when moved laterally it seems to recede The 
three dimensional effect is enhanced by mcreasmg 
the non-correspondence, as when the tent m one 
or both pictures is moved, to or awaj from the 
mid-lme But if moved too far the non-correspond- 
ence IS too great to permit fusion to occur and the 
stereoscopic effect is lost 
The instrument known as a stereoscope pro- 
duces an illusion of sohditj by making use of the 
pnnaple of simultaneous stimulation of the retinas 
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by dissimilar images A photograph taken with 
an ordmary camera appears flat because identical 
images are formed upon the retinas A stereo- 
scopic photograph, on the other hand, is taken by a 
camera provided with two lenses which arc set, 
like the eyes, a short distance apart Thus, an 
illusion of depth is produced Tw’o shghtly dis- 
similar views are taken which, when looked at 
through the stereoscope, are projected by means 
of prisms, one to each eye, so as to fall on corre- 
sponding retmal points (fig 76 13) Depth percep- 
tion cannot, however, be explamcd entirely upon 
the basis of dissimilar retmal images, for though the 
discrimination of depth (or distance) is much more 
acute m bmocular vision it is not abhshed when one 
eye is closed For example, when two objects arc 
placed one m front of the other and vnewed binocu- 
larly from a distance of about 6 meters the least 
distance between them which can be perceived by 
average normal eyes is around 20 mm ^\^len one 
eye is covered the least perceptible dificrcnce is 
mcreased to 120 mm The ability to detect a small 
difference m distance from the eyes of tw o objects, 
and so to appreaate depth and solidity, is called 
stereoscopic acuity It is expressed as the least dif- 
ference between the angles formed by the lines of 
sight to two objects when one is just perceived to 
be farther away than the other (fig 76 14) The 
difference m angles is known as stereoscopic paralax, 
and may, m a person mth very high visual acuity, 
be as httle as 2 seconds of arc 
Other factors, listed below, do not depend upon 
bmocular vision, but play an impiortant part m 
depth perception through one eye alone (monocu- 
lar vision) 

(1) The apparent size of various objects tn our field of 
vision We know from experience the approximate di- 
mensions of the objects which we see, but the image 
which an object casts upon the fovea diminishes ns its 
distance mcreases (p 1118) For example, a church 
steeple at a distance casts an image upon the retina no 
larger, perhaps smaller, then would a pencil held a few 
inches from the eyes We know the relative sizes of the 
two objects, and therefore infer that the steeple must 
be far away and the penal near 

(2) Accommodation of the eye Smee a near object 
requires a greater effort of accommodation than does a 
more distant one for its image to he focussed upon the 
retina, some cue may possibly be given as to the rela- 
tive distance of two objects from the eyes This factor 
however is of very mmor importance, and may be 
neghgible, 

(3) The apparent change in color of an object vnlh 


distance The atmosphere is not pcrfectlj transparent 
or cquallj so for all wave lengths Tree-clad hills, 
which we knon to be green, appear bluish m the dis- 
tance, the colors of man> other objects appear to fade 
with distance, their detail and outline being dimmed 
by haze 

(4) The blocking out of parts of a distant view by 
objects between it and the ejer gives a sensation of depth. 


V 



Fig 76 13 Diagram to illustrate the pnnaplc of the 
stereoscope (Brewster’s) A and B represent photo- 
graphs of two scenes, slightlj dissimilar because the> 
were taken from different positions C, curved pnsms, 
p, partition to prevent one c\c seeing the picture 
opposite the other eje, LE, left eje, RE, right eje 
When the two pictures arc viewed through Uie mslru 
ment, tbc> arc fused pcrfcctlv into one of apparcntlv 
three dimensions, points in the background of whicn 
seem to be situated at V A similar stereoscopic effect 
is produced when two scenes arc printed each in a 
different color, c g , red and blue, and imperfectlj 
Eupenmposed so their outlines overlap If the> arc 
viewed in the ordinarj waj, thej appear ns a flat 
jumbled picture, but if a red glass be held m front of 
one eye and a blue glass in front of the other, so as to 
sort out the separate scenes, one to each eje, a clear 
black and white view is seen in three dimensions 

for the overlapping of parts of farther objects bj nearer 
ones gives an mdication of their relative distance from 
the eyes 

(5) Linear perspective Straight lines runmng into 
the distance which arc actuallj parallel (or objects 
along imaginary straight lines) arc convergent in the 
retmal image When we look down a railway track, for 
example, the tails appear to converge towards some 
pomt beyond the horizon. This arrangement of lines 
in the retmal image we have come to assoaate with 
distance It depends upon the fact that points at a 



Chapter 76 


VISUAL FIELDS AND PATIDVAY 


1181 


constant distance apart subtend a smaller angle at the 
eye the farther tiicy are removed The artist draws ob- 
jects along innginar}’ lines which run towards a point 
in the background of his picture 

(6) Parallax When one moves in any direction, near 
objects appear to more in the opposite direction, those 
in the background in the same direction as ourselves 
This apparent mo\emcnt of near objects in relation to 
ones farther away is called parallax, it is also produced 
by a mo\ ement of the head or cy cs, even though the 
body remains stationary Now, involuntary movements 


muscle component of the elevator of the lid is innervated, 
by the sympathetic 

The Nucleus of tue 3rd Nerve is situated m the 
floor of the Sylvian (cerebral) aqueduct and subjacent 
to the supenor colliculus It is m close relation to the 
medial longitudinal fasciculus It is composed of a 
group of five smaller nuclei (fig 76 15) 

(a) The central nucleus (Perha’s nucleus) fuses with 
its fellow of the opposite side to form a single gray 
mass in the mid-line It is probably the center for con- 
vergence of the eyes (internal recu) (b) The caudal 



Fig 76 14 Stereoscopic parallax in thevnewnng of two objects Ti and T: It is expressed as the difference be 
tween the angles ai and a* 


of the eyes arc continually taking place with the pro- 
duction of parallax, this is believed to be an important 
but not an essential factor m giv ing us a sense of depth 
That It IS not an essential factor in depth perception 
was proved by Dove (1841) who found that objects 
illuminated by an electric spark were seen in three 
dimensions, the stereoscopic effect, as was showm later 
by Volkmann, is experienced, though tlie duration of 
the flash is only 0 000,001 second 

(7) The dtslnbulton of Itghl and shade over the surface 
of an object and the shadov sxhich tl casts upon its sur- 
roundings is also an important factor in the production 
of the stereoscopic effect. 

Normally, the images formed by the two eyes 
arc very'’ nearly equal in size, varying bv less than 
one per cent When they differ in size to a degree 
which prevents perfect fusion with a consequent 
impairment of binocular vision the condition is 
spoken of as amsetkoma Little interference with 
bmocular vision results unless the inequality of 
the images is mo'e than four or five per cent 
Aniseikonia may be a factor, according to 
Bielschowsky', in the production of strabismus 

Ocular Mov'esients 
The innervation of the ocular muscles 

The nerves supplying the extrinsic muscles of the 
ey'e are the 3rd (oculomotor), 4th (trochlear) and the 
fith (abducent) The oculomotor nerve supplies all the 
extrinsic muscles of the eyeball except the superior 
oblique and the external rectus It also supplies the 
striated portion of the levator palpebrae supcnoris and 
conveys parasympathetic fibers to the sphincter pupil- 
lae (p 1175) and aliary muscle The deep smooth 



Fig 76 15 A scheme of the v'anous groups of cello 
which together constitute the nucleus of the oculomotor 
nerve A, the dorsilateral nucleus, B, the ventrimediai 
nucleus, C, the central nucleus, D, the Edinger 
Westphal nucleus, E, the caudal central nucleus, in, 
the third ventricle (from Gray, Anatomy of the Human 
Body, after le Gros Clark, redraw'n) 

central nucleus hes in fine with and behind the former 
It also fuses with its fellow of the opposite side Func- 
tionally It is considered a part of the central nucleus 
and IS shown by Brouwer and others as actually con- 
tinuous with the latter (c) The dorst-lateral nucleus 
It and the next two nuclei are paired The dorsi- 
lateral nucleus is probably the center for upward move- 
ments of the eyes (supenor rectus and mfenor obbque 
muscles) The striped muscle of the levator palpebrae 
superions also, it is believed, receives its mnervation 
from this nucleus (d) The ventrunedtal nucleus, lying 
medial, ventral and caudad to the preceding is thought 
to be concerned with downward movements (mfenor 
rectus) (e) The Edtnger-Westphal nucleus hes on each 
side dorsal and lateral to the central nucleus It is 
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believed to supply fibers to the sphincter pupiUae and 
aliary musde 

The axons arising from these cell groups pass for the 
most part into the nerve of the same side A few fibers 
supplying the internal and inferior recti and inferior 
obhque muscles decussate with those of the opposite 
side 

The fibers after issiung from the oculomotor nucleus 
form a well-defined tract (tract of the oculomotor nerve) 
which runs downwards and forwards through the 
tegmentum, traversing the red nucleus and medial 
porUon of the substantia mgra. They emerge from the 
medial aspect ot the cerebral peduncle 

The NucLEtiB of the Tkochleae Neeve hes m the 
floor of the cerebral aqueduct adjacent to the posterior 
end of the ventri medial nucleus of the oculomotor 
nerve, and on a level with the inferior colliculus It 
supplies the supenor obhque, and, with the ventn- 
medial part of the oculomotor nucleus, forms a centei 
for downward movements of the eye The fibers ans- 
mg from the trochlear nucleus differ from those of any 
other cranial nerve in that the great majonty decus- 
sate With those of the opposite side After leaving the 
nucleus the fibers curve dorsally around the central 
gray mass surrounding the aqueduct to reach the 
anterior medullary velum m which the decussation 
occurs They emerge from the dorsal surface of the 
anterior medullary velum on one side of its frenulum 
and immediately behind the inferior colhculus 
The AantjcENT Nucleus furmshes fibers to the ex- 
ternal rectus It lies m the pons close to the median 
Ime and subjacent to the upper part of the floor of the 
4th ventricle. Its fibers pass downwards and fonvards 
through the pons to emerge without crossing at the 
latter^s lower border The fibers of the facial nerve loop 
around the abducent nucleus (ch 66) 

The nuclei of the three ocular nerves receive fibers 
from (a) the pyramidal tract of the opposite side, (b) 
the medial longitudinal fosaculus through which the 
three nuclei are connected with one another, with the 
vestibular nucleus, with the spinal cord and probably 
with the facial nucleus It has been suggested that 
fibers from the oculomotor nucleus may enter the latter 
nucleus and be then conveyed in the faaal to the 
orbiculans ocuh and the corrugator supercihi, (c tecio 
bulbar tract which relays to the three nuclei, impulses 
entenng the supenor colliculus irom the optic tract 
and tbe visual cortex. 

The eyes are said to be m a position of rest or 
m then primary position when their direction is 
maintained simply by the tone of the ocular 
muscles, that is, when the gaze is straight ahead 
and far away and not duected to any particular 
^int m space The visual axes are then paraUel 
When the eyes view some definite object they are 
turned by the contraction of the ocular muscles 


and converged so that the visual axes meet at the 
observed object and an image of the object falls 
upon a corresponding point on each fovea (p 
1178) The closer the object to the eye the greater 
the degree of convergence (p 1156) This move- 
ment of the eyes for the acute observation of an 
object IS called fixation The point where the 
visual axes meet is called the fixation point and 
the lines joining the latter to the fovea, i e , the 
visual axes, are sometimes called the fixation 
lines The widest limits of vision m all directions 
within which eyes can fixate is called the field of 
fixation When surveyed by means of the picnm- 
cter It IS found to be nearly circular with a diameter 
of about 100° Its boundancs therefore he well 
mthm the limits of the binocular visual field 
(p 1167) 

The eyeball is rotated m its socket (formed by the 
fasaa bulbi) bj the ocular muscles around one or 
other of three primary axes which intersect one another 
at nght angles near the center of the globe One ans 
IS vertical, around it lateral movements (adduction 
and abduction) take place, i c , m the horizontal plane 
Another runs from before backw ards and coinades with 
the visual axis, movements in the frontal plane (torsion 
or wheel movements) take place around it The third 
IS transverse, it is the axis of rotation for upward and 
downward movements, i e , movements in the sagittal 
plane. Though the moxements of the eyeball are 
essentially and for practical purposes rotary m char- 
acter, a very slight translatory movement may take 
place as a result of movements of the lids and sana- 
tions in the width of the palpebral fissure, closure and 
opening of the lids causing a displacement backward 
and outward, and forward and inward, respccuvclj 
A sbgbt displacement at nght angles to the rotary 
movement also takes place dunng contractions of the 
ocular muscles, the eyeball therefore executing what 
has been desenbed by Berbn as a screw movement. 
Also for this reason the center of rotaUon of the cj’cball 
IS not an absolutely fixed point but vanes slightly 
For general purposes, however, it may be taken as the 
point of intersection of the pnmary axes This pomt 
IS on the visual axis about 13 mm from the antenor 
surface of the cornea 

In table 100 the actions of the individual ocular 
muscles are given, but no normal movement is 
carried out by one of these muscles alone Thus, 
when the eye is abducted, the external rectus and 
the two obhques act m unison to turn the ej'c 
outwards The depressor and elevator compo- 
nents in the actions of the respective obhque 
muscles cancel one another Similarly, adduction 
is eff cted by contraction of the internal rectus 
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acting w ith the superior and infenor recti Again, 
the depressor and elevating actions of the latter 
tv'o muscles neutralize one another In looking 
upwards the eye is elevated by the combined ac- 
tion of the superior rectus and the mfenor obhque 
In looking downwards the mfenor rectus and the 
superior obhque act together, the subsidiary action 


unison, both turning m the same direction — conjugate 
demotion — and reaprocal innervation is extended to 
include muscle groups m the two eyes, thus mdicatmg 
their control from a single center Thus, stimulation of 
the postenor part of the 2nd frontal convolution causes 
conjugate deviation of the eyes to the opposite side 
This mvolves contraction of the abductors and mhibi- 
tion of the adductors of one eye and converse actions 


TABLE 100 


irUSCLE 

MOVEUEM 

INNERVATION 

DIPLOPIA DUE TO OCULAR PARALYSIS POSITION 

OP FALSE MAGE IN RELATION TO TRUE WHEN 
RIGHT EYE ATTECTED (APPLICABLE TO LETT 

EYE IP RIGHT BE CHANGED TO LEFT 

AND VICE versa) 


Supenor 

Elevation (10), adduction (Inf R, 
Int R) mtortion (SO) 

Oculomotor 

Above, to left of and tilted away from 
true image (crossed diplopia) 

Rectus < 

Inferior 

Depression (SO), adduction (Int 
R, SO) extortion (SO) 

Oculomotor 

Below, to left and tilted towards true 
image (crossed diplopia) 

Internal 

Adduction 

Oculomotor 

Level with, parallel to and on the left of 
true image (crossed diplopia) 


External 

Adduction 

Abducens 

1 

Level with, parallel to and on the nght 
of true image 

Obhque i 

Inferior 

Extortion (IR), elevation (SR), 
abduction (Ext R, SO) 

Oculomotor 

Above, to nght of and hlted away from 
true image 

Supenor 

> 

Intortion (SR), depression (Inf 
R), abduction (Ext R, SO) 

Trochlear 

Below, to nght of and tilted towards 
true image 

Levator palp sup 

Elevator of eyelid antagonizes 
the action of the palpebral part 
of the orbiculans ocuh 

Oculomotor 



of the mfenor rectus m tummg the eye mwards 
being offset by the opposite action of the supenor 
obhque This compound action of the ocular 
muscles makes for smooth and steady movement 
and rapid fixation of the eyeball It ivill be seen 
from figure 76 16 that the obhques and the supenor 
and inferior recti when contracting individually 
produce a rotary or wheel-like movement, out- 
ward (extortion) or mward (mtortion) When act- 
mg in pairs the rotary actions being m opposite 
directions antagonize one another so that normally 
no such movement occurs It has been stated by 
Hermg that every central influence govemmg eye 
movements, excitatory or mhibitory, reaches both 
eyes equally (Hermg’s law) causmg contraction or 
relaxation of associated muscle groups 

The actions of the eye muscles follow the principle of 
reciprocal innervation Thus, when the eye is turned 
outwards the external rectus and the two obliques con- 
tract while their antagonists (infenor, external and 
supenor recti) are inhibited The two eyes act m 


Elevation- 



AdducUon 


Fig 76 16 Diagram of nght eye from the front to 
illustrate the actions of the ocular muscles O I , m- 
fenor obhque, RS, supenor rectus, R ext, external 
rectus, R int, mtemal rectus, 0 S , supenor obhque, 
RI, infenor rectus (from Fuchs after Marquez) 


m the opposite eye (i e inhibition of the abductors 
accompanied by contraction of the adductors) De 
struction of the cortical area results m the loss of the 
conjugate movement without paralysis of the individual 
muscles The act of convergence, m which both eyes 
are adducted, is due to the conjomt contraction of the 
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jnteraal recti The center for tins movement is prob- 
ably m the central nucleus of the oculomotor nerve A 
higher center for the movement is also situated m the 
frontal cortex 

The effects upon the eye movements of paralysis or 
weakness {paresis) of the ocular muscles (a) Limitation 
of movement of the eye m the direction of the normal 
action of the afiected muscle (b) Paralytic strabismus 
or squint When an effort is made to turn the eyes in 
the direction of the paralyzed muscle, the affected eye 
remains stationary or makes a smaller movement than 
does the sound eye. That is, it deviates m relation to 
the latter m a direction opposite to that of the normal 
action of the paralyzed muscle The visual axes, there- 
fore, do not bear their normal relationship to one 
another This is called the primary demotion If a 
screen is placed in front of the sound eye while an at- 
tempt IS made to fixate the affected eye upon an object 
situated towards the side of the paralyzed muscle, the 
sound eye deviates m the direction of action of the 
latter This secondary deviation, as it is termed, is 
greater than the primary deviabon of the paralyzed 
eye The greater deviation of the sound eye is attnb- 
uted to the unusual effort exerted m the attempt to 
fixate the paralyzed eye, an unnecessarily strong motor 
discharge bemg transmitted simultaneously to the 
muscle of the sound eye which normally acta conjomtly 
(conjugate deviation) with the paralyzed muscle, 

(c) Diplopia, false projedion of the visual field If, 
as a result of weakness or paralysis of the muscles of 
one eye, or of an imbalance from whatever cause be 
tween the actions of the ocular muscles of the two ^es, 
the images do not fall upon corresponding retinal points, 
diplopia or double vision results The image seen by the 
sound eye is called the true image, that seen by the 
affected eye is called the false image The false image 
hes to one side, above or below the true image, depend- 
mg upon the ocular muscle which is paralyzed In the 
case of the obhque muscles and the superior and infenor 
reeb, the false image hes above or below the true image 
— a httle to one or other side and blted towards or 
away from it (see table 100, p 1183) The false image is 
always displaced m the direcbon of the normal acbon 
of the paralyzed muscle Thus, m paralysis of the right 
external rectus the right eye is not turned outwards 
when the subject attempts to look at an object towards 
his right side The image of the object falls upon the 
temporal half of the left macula and is therefore pro- 
jected into the nasal half of the visual field of that eye 
But, m the affected eye the image falls upon the nasal 
half of the rebna and is therefore projected mto the 
temporal half of the right visual field The image seen 
Dy the nght eye (false image) therefore hes to the nght 


of that seen by the left (true image) When the false 
image is on the same side of the true image as the 
affected eye the diplopia is said to be simple or un- 
crossed, if it hes on the opposite side of the true image 
the diplopia is said to be crossed 

If m a case of diplopia the sound eye is covered and 
the pabent asked to him his eyes, and to touch quickly 
an object placed to one side of his hne of vision, but ui 
the direcbon of the paralyzed muscle, he places his 
hand some distance from the object’s true posibon 
Normally, mformabon concerning the positions of 
objects m space is to a large extent dependent upon 
propnoceptor impulses arising in the ocular muscles 
When, for example, we look at an object straight in 
front of us an image falls upwn the mi Cula of each rebna 
When we look at an object to one side the eyes are 
turned so that the images fall again upon precisely the 
same areas — the maculae The actual posibon of the 
object — whether in front or to one side — is made known 
to us by afferent impulses set up in the muscles as they 
turn the eyes mto posibon Such impulses serve also 
as a basis for the nice corrclabon between visual sensa- 
bons and vanous body movements When, as a result 
of paralysis of certain muscles, the eye docs not move 
with the sound ej e, the impulses arising in the muscles 
of the latter convey the impression, nevertheless, that 
such a movement has taken place. Let us say the 
outward movement of the nght eye is paralj zed and the 
left, sound eye, is covered, when the latter turns to the 
nght the pabent believes the paralj'zcd c> c docs so to 
the same degree The image in this c>e, which con- 
tinues to look forward, falls upon the nasal side of the 
rebna Since carhest cxpcnences have taught him 
that an image falling upon the nasal part of the rebna 
when this eye is rotated outwards represents an object 
well over to the nght, he falsely projects the image into 
this posibon, and makes the appropnate movement of 
the hand m an attempt to touch the objecL 
If strabismus is congenital or of long standing diplo- 
pia IS not, as a rule, experienced This is because though 
the images do not fall on anatomically symmetrical cor- 
respondmg points m the two eyes, an area is developed 
m the peripheral retina of the squinbng eje which 
assumes the funebon of a fovea This pseudofovea or 
false macula, as it has been called, corresponds physio- 
logically to the fovea of the sound eye Fusion of the 
two images occurs and stereoscopic vision suffers httle 
if at all When squmt of long standing is corrected 
surgically to bnng the visual axes parallel, diplopia 
results since the true fovea of the corrected eye docs 
not correspond funcbonally with the fovea of the 
normal eye. 
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ANATOinCAX OtJTLINE 

In order that the reader may follow with the least 
effort the account of the physiological mechamsms of 
heating, the anatomy of the auditory apparatus and 
espeaallj those features having a direct beanng upon 
function will be bnefly descnbed 

The external ear comprises the cutaneous and car- 
tilagmous appendage knorni as the auricle or pinna, and 
the short passage — the external auditory meatus leading 
mto and penetratmg the temporal bone (fig 77 1) 



Fig 77 1 Plan of the ear (Redrawn and modified 
from Arnold ) 1, the auricle (or pmna) , 2, external 
auditory canal (or meatus), 3, the tjmipanic membrane 
(sectioned), 4, the tympamc cavity (middle ear), the 
chain of ossicles hes just above Uie pointer, 5, Eu- 
stachian tube, 6, cochlea, 7, acoustic nerve, showing 
cochlear and vesthnilar divisions, 8, semiarcular canals 

The external auditory meatus is an S shaped canal, 
being directed mward, upward and forward, then, 
upward and backward and finally, forward and shghtly 
downward to end bhndly at the drum membrane The 
inner 16 mm. or so of the canal (pars ossea) forms a 
tunnel in the temporal bone The wall of the outer 8 
millimeters of the meatus is composed of cartilage 
(pars cartilaginea) , the entire canal, mcludmg its inner 
blind end formed by the drum membrane, is Imed by 
skin 

The middle ear, tympanic cavity or drum is a chamber 
measurmg about 15 x 5 x 2 mm and situated withm 
the petrous bone It is hned by mucous membrane 
Except over the tympamc membrane and part of the 
inner wall, the epithelium is cdiated The outer wall 
of the tympamc cavity is formed m a inl y by the flexible 
tympanic (^druiri) membrane, while its inner wall which 
separates it from the mtemal ear is composed of bone, 
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except for the oval and round "windows {fenestra vestibuti 
and fenestra cochleae) The inner wall presents a rounded 
emmence — the promontory — caused by the projection 
laterally of the basal turn of the cochlea The oval 
wmdow lies above the postenor part of the promontory 
The round window which is closed by a delicate mem- 
brane IS situated at the bottom of a deep hollow or 
niche lying just below this end of the promontory 
The oval wmdow lodges the footplate of the stapes 
The tympamc cavity is filled with air which is mam- 
tamed at atmosphenc pressure by means of the Eu- 
stachian tube {auditory tube) which runs from the lower 
part of its antenor wall to the nasopharynx. The 
lower opemng of this tube is closed at ordmary times 
but IS dilated durmg swallowmg by contraction of the 
salptngopharyngeus and dilator tubae muscles. 

The tympanic membrane is not qmte circular, 
measurmg about 10 mm m height and 9 mm m width 
It is placed obhquely, bemg directed from above down- 
ward and forwards to form an angle of 55° with the 
antenor and infenor walls of the external auditory 
meatus It possesses three layers, the outermost bemg 
of skin and the innermost of non-cihated mucous 
membrane The middle layer or membrana propria is 
composed of two sets of fibers — a radial and a circu- 
lar — arranged somewhat like the threads of a spider’s 
web The drum membrane is drawn mwards at the 
center and along the attachment of the handle of the 
mafleus, its outer surface is therefore concave, its inner 
surface convex. The pomt of greatest concavity, which 
corresponds with the tip of the handle of the malleus, 
is called the umbo (fig 77 2) 

The drum membrane is observed dunnghfe by means 
of a hght throwm mto the meatus through an aural 
speculum The healthy membrane viewed m this way 
IS pearl gray m color, pmkish or famtly yellow Above 
and antenorly near its circumference the membrane 
presents a small white spot caused by the projection of 
the lateral process of the malleus, from this pomt a famt 
ndge correspondmg with the handle of the malleus ex- 
tends to the umbo Two famt folds — the antenor 
and posterior malleolar folds — extend forward and back- 
ward, respectively, from the lateral process of the 
malleus, endosmg a small triangular area The part of 
the tympamc membrane withm this area is thm and 
lax, it IS known as Shrapnell’s membrane or the pars 
flaccida The rest of the drum membrane is tight and 
glistenmg {pars tensa) The lustre of the membrane 
gives nse to a bnght tnangular area, the “cone of 
fight” This IS situated with its apex at the umbo and 
its base directed downwards and forwards For con- 
vemence m descnbmg the posibon of a lesion of thr 
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drum membrane it is mapped out mto quadrants bj a 
Ime represented bj the handle of the malleus and its 
contmuabon downwards and b> another passmg 
through the umbo at right angles to the first. 

Three articulated miniature bones— the oudtfory 
ojjicler— stretch across the t>-mpamc ca\-itj from the 
drum membrane to the oval window (fig 77 J) These 
are named, somewhat imaguiati\el> from then shapes, 
the malleus (hammer), the incus (aniil) and the stapes 
(stirrup) The malleus (8-9 mm long) consists of a 
handle (or manubnum) which is attached along the 
upper half of the lertical diameter of the t>-mpanic 
membrane, a head (or capitellum) and two processes, 
a lateral and an anterior The inciii is shaped like a 
premolar tooth, the anterior surface of its bodj pre- 
sents a saddle shaped facet which articulates with the 


The t>’mpanum contams two nunutc musdes— the 
tensor lympani and the stapedius The former arises 
from the roof of the cartilagmous part of the Eustachian 
tube and from the adjacent part of the great wmg of 
the sphenoid bone, its tendon turns laterally to be 
inserted mto the medial edge and antenor surface of 
the handle of the maUeus (fig 77 J) WTien it contracts 
It pulls the handle of the maUeus mwards, thereby pre- 
\cntmg eacessiie displacement outwards of the t^Tn 
panic membrane The stapedius takes its ongm from 
an emmence (emmenUa pjoamidalis) on the posterior 
tj-mpanic wall and passing forwards is inserted into 
the posterior surface of the necl of the stapes, its action 
pulls the head of the ossicle backwards, thus Ulung the 
antenor edge of the base outwards, i e , towards the 
tjTnpamc cavity, and reduemg the pressure upon the 
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Fic 77.2 Left tjTupamc membrane (as viewed from the external acoustic meatus) (From Cunningham’s 
Anatom) ) 


postenor aspect of the head of the malleus The lower 
part of the articular facet is hollowed out for the recep- 
tion of the prormnent infenor margm of the facet on 
the postenor surface of the head of the malleus — the 
so-called spur or cog loath of the malleus The meus has 
a long and a short process, the former projects down- 
wards and, tummg mwards at the tip, connects through 
a ball and socket jomt with the head of the stapes The 
stapes shows a base (footplate of the stirrup) and two 
curved crura which jom lateral!) to form an arch, a 
rounded eimncnco called the head arises from the center 
of the latter The shght constncpon between the head 
and the junction of the crura is called the neck The 
head of the stapes, as just mentioned, articulates with 
the meus The base fits mto the oval window and is 
coated with cartilage which is connected around its 
circumference to the margins of the oval window by a 
Ting of elastic fibers, known as the annular Itpamenl 
The auditory ossidts art connected to the walk of 
the tympanum by five hgaments Three of these are 
attached to the malleus— the anterior, superior and 
lateral Uiaments of the malleus, a fourth connects the 
snort process of the meus to the postenor wall of the 
tympanum, the fifth is the annular hgament of the 
stapes jnst mentioned 


pcnljTnph. These muscles are under reflex control, 
contracting to sound slimuh over the entire range of 
audible frequennes The thresholds for these reflexes 
ate lowest for tones of from 2000 to 4000 c p j (rabbit) 
A sound in one ear causes mcreased tone of the tensor 
tjTnpani of the opposite car This muscle also contracts 
dunng yawmng The tensor tjTnpani is supphed b) the 
fifth nerv e, the stapedius b) the sev enth 

Two mam views hav e been expressed concerning the 
functions of the in tra aural muscles Some beheve 
that the) are protectne m action, their contractions 
tending to reduce the amphtude of the vabrations of 
the t)Tnpamc membrane and ossicles particularly to 
low tones, thus protectmg the dehcate structures of 
the internal ear from mjur) The other view, generall) 
referred to as the accommodative theory, holds that the 
stapedius and tensor t)Tnpani act to “tune up*’ the 
transmittmg mechanism of the middle ear and thus to 
increase its sensitivity to any given vibration frequency 
It has been shown, however, b) H Wiggers in the 
guinea pig that the transmissibihty of low tones (below 
1000 c> cles) to the mternal ear is reduced by contraction 
of the stapedius and tensor tympani, the transmission 
of medium tones (1300 to 1800 c)des) is slightly en- 
hanced while that of high tones (over 2000 cycles) is 
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tmaffected In the human subject the transmission of 
tones withm the lange of a conversational voice and 
of all other tones of low pitch is reduced These ob- 
servations mdicate that the function of the mtra-aural 
muscles is mainly protective, any direct effect upon 
luditorj acmty is hmited to a small pitch range How- 
ever, then- action m reducmg the effiaenc> of the 
transmission s^^stem for low tones may mdirectly, by 
dmimishmg the maskmg effect (p 1196; of such tones, 
mcrease the acuity for higher frequenaes 



Fig 77Z The auditory ossicles 1, left malleus 
viewed from outer side, c, head, a i , articular surface 
for mcus, ma, handle. 2, left mens, pr br, short proc- 
cess, pr I, long process which articulates with stapes 
a m articular surface for malleus 3, left stapes, h, 
head, b, base or “footplate”, 4, the middle ear viewed 
from the mner aspect and showmg ossicles in posiUon, 
d, drum membrane, i, mcus, m, malleus, st, stapes, 
ch ty, chorda tjnnpam nerve, 1 s , ligament of malleus, 
li, hgament of mcus, Lt, tendon of tensor tympam 
muscle 


The internal ear or labyrinth, situated withm the 
temporal bone on the mner side of the middle ear, 
contams the auditory sense organs The latter he 
within a spiral canal called the cochlea 01< a snail’s shell) 
The canal makes 2i turns round a central pillar of bone 
called the modiolus The smallest turns of the cochlea 
are at its apex or cupula which is directed forwards and 
laterally, the largest turns at the base which looks 
backwards and mwards and forms part of the outer 
wall of the internal auditory meatus A ledge of bone 


{lamina spiralis ossea) -wmdmg around the modiolus 
like the thread of a screw-nail divides the spiral canal 
mcompletely mto two parts The partition is com- 
pleted by a membranous structure — the basilar mem- 
6ro«e— which extends from the tip of the lamma spirahs 
ossea to the outer wall of the canal (see fig 77 4) A 
second membrane — Reissner’s membrane — stretches 
from the upper surface of the bony lamma to a pomt a 
short distance above the outer attachment of the basilar 
membrane The ongmal osseous canal is divided m 
this way mto three spiral compartments or galleries 
The gallery below the basilar membrane is called the 




Fig 77 4 Upper, a view of the osseous cochlea di- 
vided through the noiddle 1, scala vestibuh, 2, scala 
tympam, 3, modiolus, showmg tunnels transnuttmg 
branches of auditorj' nerve Lower, enlarged sketch 
of one turn of the cochlea (redrawn after Quam) S V, 
scala vestibuh, S M, scala media (cochlear duct), S T 
scala tympam, a, Reissner’s membrane, b, basdar 
membrane, c, organ of Corti, d, auditory nerve 


scala tympam, the one above Reissner’s membrane, the 
scala vestibuh, while the one enclosed between the 
two membranes is known as the scala media, the cochlear 
duct or the membranous cochlea The membranous 
cochlea is filled with a flmd known as endolymph, while 
the osseous canals, i e , the scala vestibuh and scala 
tympam, are nlled with perilymph The scala vestibuli 
and scala tympam commumcate with one another at 
the cupula of the cochlea through a small aperture called 
the hdtcclrema The scala media ends here as a closed 
sac, but its basal extremity commumcates with the 
non-auditory labyrmth through the canahs reuniens or 
duct of Hensen (p 975) The perilymph and endo- 
lymph have different ongms The former is actually 
cerebrospmal flmd, the osseous canals commumcatmg 
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tnth the snbaradmo d space thrcragh the ijdjs pen- 
lyr- phzlicus •which passes from the fioo* of the ■vestibule 
to the posteno- fossa of the sMl The ongm of the 
endolymph is unhnani, it is posabhr a secreticn or 
transudate fnimshed by the stna vascularis The 
scala vBstfbuh opens out near the central part of 
the labjrmth mto an ovo d osseous chamber (6 1 4 1 4 
mm ) called the ztstib-Je This chamber contains teh 
utade and saccule, the osseous semicircalar canals open 
mto Its posterior part (p 975) Its lateral wall separates 
it from the middle ear and contains the oval wmdow 
Trc caller; ruep on The sensory celL. together 
sxTtVi elcndts constitute <i structure 

tnown as the spared ergar Cj Codt (£g 77,5) This lies 
■withm the scala media, occupying the umer half or so 
of the basilar memb-ane. It presents towards its inner 
part two rows of elongated epithelial e'ements of 


Ecparated from the basilar memlrane by cells arranged 
m several rows— the celfr of Dn/err— which send 
slender pwicesses bet-'ten the rows of the sensitive 
cells. That part of the ergan of Cmdi lying on the outer 
side of Deiters’ cells and the outermost row of hair 
cells IS composed of several lajers of columnar cells 
— ^htsjppcrfjrg colls cf Eensen 

The tedoncl vtrrhTarA is a dehcate, almost homog- 
enous Etructme, somewhat paddle-shaped m transv eise 
sections of the scala media, it oveihes the inner half 
O' more of the spiral o*gan Ansmg from a pomt near 
the base of the laTmna spirahs ossea it ends laterally in 
an irregnlarly frmged or scalloped free margin The 
hairs of the senso'y twTI'; of all four rows are embedded 
m Its under surface. 

Tht strudjTt cf tH bastlar rrerrhrere The inner 
part {‘zera crcucld) of the basilar membrane where it 


tcaerrwlcICcrtl 
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pecuLar shape— tie trrer and eder reds (or pillars) cf 
Crr'i—wLch stand with thar expanded bases planted 
upon the basilar memlrane The bases of the rods 
o' the t'o ro^^ are separated b\ an mtervaJ, but above 
the membrane their bod.ee mchne towards one another 
and meet at an angle, these extremities fit mto one 
anotie' m a manne- much as one clasps a fist with the 
o Jicr hand. They fown by this ar-angement a triangu- 
lar tunrel "hose fioo* is covered by two nucleated 
scraps of p-o oplaan which actually are the undifier- 
cntiated parts of lie cells from which the corresponding 
rods have developed. The arches of Co-ti mertase 
pwigressnelv m hoght from the basal to the ap-cal 
turns o' the ccpchlea. 


The A.:r colls are the essential senscry elements. 1 
section they are seen as four rows of shert cohimn; 
cells, one row lytng on the mne- side and three on tl 
cute- side o' the cerrespoudmg rod Tie jrrer ha 
cells nambe* aboa 3500, them free ends are m In 
with tie surfaces of lie rods, but then- bases erta 
raly half -raj to the basilar memlrane The free ^ 
face O' each hair ceU of both inne' and cuter mm 
n-mioun eo tv some twenty ham-Die p-ocesses. One 
two ro-s o' cods suppo-t the bases and inner aspet 
o the inne- hair cells. The outer ham cells are Ions 
tmin the inner and mo-e numerous (12.000), they a 


Etippo*ts the spual organ is thm, its crater thicier part 
(mne J ectir-uiu) is covered by a smgle laver of columnar 
cells named the coEs cf Oasdiss The substantia 
propna of both rones of the memlrane show numerous 
fibers — the cjdilory dnrgs — embedded m a homoge- 
nous ground substance. The strings m the outer rone 
are straight and smooth and run for the most part 
transversely , thisc of the mner zone are thinner and 
arranged in the form of a net- The total number of 
fibers m the human coddea is 24,000, according to the 
generally accepted estimate of Relzms The baslax 
membrane when uncoiled sbows a gradual taperj it 
measures about 30 mm. m length m Toao. It is about 
three times wider at its ap cal than at its bn cal end 
The auditory strings vary m length m a correspondmg 
manner, bemg from 6S;i to lG0;x long at the base and 
from 350,1 to o00;i at the cupula. The oute' end of the 
membmne is attadied to tie wall of the cochlear 
canal throughout its entire length by a ligamentons 
band caHtd the Oder id sprrd hgarred This appears 
™ sections o' the ca n al as a comcal stmetnre composed 
of radiatmg fibers, it is relativdy thick and strong m 
the basal turns but becomes progressively narrower m 
the direcboa of the cupula -where it dwindles to a 
dehcate strand. 

The external spiral bgament is covered by cubical 
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epithelium Situated between the epithehal cells and 
the underljnng fibrous bssue are numerous small blood 
vessels and capillary loops which together form a struc- 
ture named the stria vascularis The tissue surroundmg 
the vessels contains pigment of varying amount de- 
pendmg upon the speaes The stna vasculans is 
thought by some to have a secretory function 

Innervation of the hair cells The cochlear division 
of the auditory (acoustic) nerve emerges as a number 
of fine filaments from the base of the modiolus m the 
internal auditory meatus These are the central proc- 
esses of the bipolar cells of the spiral ganglion of the 
cochlea w hich lies m the spiral canal of the modiolus, the 
latter twists through the bone along a Ime nearly 
corresponding with the origin of the lamina spiralis 
ossea The peripheral processes (axons) of the bipolar 
cells proceed outw ards m fine canals m the spiral lanuna 
to its outer edge The nerve fifaraents termmate as 
fine arbonzations, some around the bases of the inner 
hau" cells, others after crossmg Corti’s tunnel around 
the bases ofthe outer hair cells 

The non-auditory part of the labyrinth is described 
m chapter 65 

The Auditory Pathway The cochlear division 
of the 8th nerve after issuing from the mtemal auditory 
meatus, crosses the postenor fossa of the skull m close 
assoaation with the vestibular division (p 975) and 
the faaal nerve Reachmg the lower border of the pons 
the cochlear fibers divide mto two groups The fibers 
of one group end around cells m the ventral cochlear 
nucleus situated upon the ventro-lateral aspect of the 
restiform body (fig 77 6), those of the other group 
around cells of the dorsal nucleus {tubcrculum acous- 
licum) Ijnng upon the dorso-lateral aspect of the 
restiform body Secondary auditory neurons are situ- 
ated in both these nuclei The fibers issumg from the 
ventral nucleus pass medially, forming the trapezoid 
body and, crossing with those of the opposite side, 
ascend in the lateral lemniscus (Some fibers from the 
ventral nucleus give ofif collaterals to the nucleus of 
the trapezoid body and to the supenor ohve, from these 
nuclei tertiarj’’ neurons convey impulses through the 
medial longitudmal fasaculus to the nuclei of the 
oculomotor, trochlear, abducens and spinal accessory 
nerves ) Fibers arising from the cells of the dorsal 
nucleus pass around the dorsal aspect of the restiform 
body, and proceed medially m the floor of the 4th 
ventricle, where they appear as well defined white 
strands — the since acousltcae (or slnae medullares) 
Reaching the tmdhne they cross to the opposite side, 
and ascend with those of the ventral nucleus in the 
lateral lemniscus Some fibers of the dorsal nucleus end 
in the nucleus of the supenor ohve, and some from both 
the dorsal and ventral nuclei jom the lateral lemniscus 
of the same side The lateral lemniscus as just indicated 
IS composed of the secondary neurons of the auditory 
pathway and ascends m the reticular formation of the 
pons. Its fibers endmg m (a) the substantia nigra, (b) 


the inferior colliculus and (c) the medial geniculate body 
Just as the supenor colhculus serves as a center for 
visual reflexes so the infenor colhculus is a center for 
auditory reflexes It is not concerned with auditory 
sensations It is connected by descendmg tracts with 
the nuclei of the bram stem and spmal centers (tecto- 
spmal tract) The medial gemculate body is the sub- 
corbcal or primary auditory center 



Fig 77 6 Diagram of the auditory pathway H, 
Heschl’s gyrus, sc, supenor colhculus, ic, infenor 
colhculus, mg, medial gemculate body, si, tectospinal 
tract, sm, striae meduU^es, la, tuber^um acusbeum, 
dn, dorsal cochlear nucleus, on, ventral cochlear nu- 
cleus, so, supenor ohve, cl, corpus trapezoideum, sg, 
spiral ranghon, ll, lateral lemniscus, nl, nucleus of the 
lateral lemniscus, c, cochlea Collateral conneebons with 
so, cl and nl are not shown Mid-hne, dotted hne 

The auditory radiation The tertiary auditory neurons 
arise m the medial geniculate body,^ ascend m the 
postenor hmb of the mtemal capsule external to the 
fibers of the opbc radiabon, and end m the cortex of 
the supenor temporal convolubon (Heschl’s gjuus.) 

The penpheral organ shows a pomt to pomt locahza- 
bon m the cochlear nuclei and temporal cortex analo- 

> There is some evidence that the secondary neurons 
make conneebons wnth cells m the supenor ohvary 
nucleus or m the nucleus of the lateral lemniscus 
These would therefore be terbary neurons, while those 
ansmg m the medial gemculate body would be of the 
fourth order 
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gous to that descnbed for the retina Those fibers from 
the apical turn are distributed mainly to the ventral 
parts of the cochlear nuclei while those from the basal 
turn tenrunate m the dorsal part of the nuclei, the 
endings of fibers from the middle coil occupy an mter- 
mediate posiUon A certam localization of fibers from 
the coils of the cochlea have been detenmned m the 
medial geniculate body, and pro;ection from this 
structure to the cortes occurs m orderly fashion Fibers 
from the medial part of the subcortical center pass to 
the depth of the Sylvian fissure, those from the lateral 
part to the region nearer the hp of the fissure (see ch 68 
and figs 68A and 68 7^ 

Sound, General Principles 

All sound arises as a senes of vibrations The 
sound IS transmitted through an elastic medium 
(e g , air) as a tram of altematmg vanations m 
pressure For example, when the prongs of a 
tunmg-fork are struck they vibrate, movmg rapidly 
to and fro with a pendular motion and produang 



Fio 77 7 Showmg how one prong of a tumng fork 
compresses and rarefies the air The arcles represent 
httJe portions of air, while the spnngs are intended to 
show the elastiaty of air (After Watson, Sound ) 

alternate compressions and decompressions (rare- 
factions) of the air m contact with their flat sur- 
faces The train of pressure alterations thus set 
up are transmitted through the air in all directions, 
reaching the drum membrane, they force it into 
vibration (fig 77 7) The pendular movement of 
the tuning fork is termed a simple harmonic motion 
This movement is imparted to the air particles m 
contact w ith the prongs of the fork and through 
these to contiguous particles and so on through the 
medium Simple harmonic motion may be illus- 
trated by a mechanical model In figure 77 7 the 
particles of air (o) are represented as connected 
by spnngs When the prong of the fork moves 
outwards the first spnng is compressed and a move- 
ment-thereby transmitted to the attached partide 
The movement of the particle compresses the 
second sprmg and through it the correspondmg 
particle, and so on through the senes The springs 
are not compressed all at the same instant but m 
succession, the moiement of each particle oc- 
cumng a little time after that of the particle im- 
mediately preceding When the prong swings m 


the opposite direction the spnngs are stretched, 
the particles movmg in reverse order, the move- 
ment showmg a similar lag from particle to particle 
Thus, the particles oscillate in a regular to and fro 
manner Simple harmonic motion is illustrated by 
the projection oj a circular movement upon the 
diameter of the circle For example, if while a body 
IS movmg with constant velocity m a arcle one 
observes it from a distance with the eye m the 
plane of the circle, it appears to oscillate back and 
forth like a shuttle along a straight Ime, that is, 
along the diameter of the arcle In order to 
indicate the location of the oscillating particle on 
Its Imear path at any instant, another particle, 
purely imagmary, is supposed to be travehng in a 
circle and always keepmg vertically above the 
actual one The orbit of this unagmary particle 
IS called the arcle of referaice (see fig 77 8) The 
distance which the particle travels from its equi- 
hbnum pomt (which is the center of its Imear 



Fig 77 8 Illustrating simple harmonic motion and 
arcle of reference (After Wilkinson and Gray ) 


path), 1 e , half a full excursion, will, of course, be 
proportional to the radius of the circle and gives the 
amplitude of the vibration The position of the 
particle m the arcle of reference is called the 
phase of its motion A complete movement, i e , 
from one phase to the next corresponding phase is 
termed a cycle or double vibration (d v ) and the 
number of cycles per second (c p s ) is the vibration 
frequency The distance from one particle to the 
next One m the same phase gives the wave length 
The compression or stretchmg of a spnng in the 
model corresponds to the movement of a particle 
of the medium m the same or m the opposite direc- 
tion, respectively, to that m which the sound wave 
IS movmg, m their movement with the wave the 
air particles are closer together (compression), 
durmg the opposite movement they are further 
apiart (rarefaction) Simple harmonic motion is 
the commonest type of motion set up m air par- 
ticles by vibratmg bodies and all musical tones are 
due to such motions or to a combmation of them 
in different phases (p 1 194) 

Though, as stated above, sound is conducted as a 
senes of compressions and expansions of the air, it is 



Chapter 77 


THE EAR 


1191 


customary to represent it graphically as travelling hke 
a senes of water waves But it must be pom ted out 
that this IS merely a useful convention denved from 
the fact that if we attach a wnting point to a pendulum 
or tunmg-fork executing simple harmonic motion, 
and have it inscribe its excursions upon a moving 
surface, a senes of such waves will be drawm Such a 
simple regular tj^ic of wave produced by a tunmg-fork 
and showTi m figure 77 8 is known as a sine wave, because 
when different points upon the wave arc correlated 
with the positions of the moving particle on the arcum- 
fcrence of the arcle of reference, the ordmate at each 
point on the wave is proportional to the sine of the 
angle which the radius joining the particle on the ar- 
cumfcrcncc males with the diameter of the arcle 
Simple or pure tones are all produced by waves of this 
tj-pc 

The velocity of sound vanes with the elastiaty of 
the medium and inversely with its density Increased 
elastiaty raises the \cloaty (the imaginary spnngs 
between the particles bemg suffer respond more 
rapidly), greater dcnsitj slows the rate of transmission 
owing to the greater inertia of the parUclcs The 
vcloaty of sound vaves is about 1100 feet per second 
in air, 4,700 per second in water, 13,000 per second in 
wood and 16,500 in steel The vcloaty of sound m a 
medium is obtained from the cquaUon v = -v/E/d, 
in which E » clasUaty and d =■ density The wave 
length of a gi\cn tone is readily obtained by dividmg 
Its frequency of vibration (number of cycles per second) 
into the figure expressing its vcloaty Thus the wave 
length of a sound transmitted through air and with a 
frequency of 550 cycles per second is (1100/550 =) 
2 feet. 

Sound waves undergo absorption, reflection, r^raction 
and diffraction m a manner closely similar to that 
exhibited by light rays (chapter 75) For example, 
sound waves travelling m one medium upon sinking 
another possessing a different density or elastiaty arc 
m part absorbed, m part reflected and m part trans- 
mitted, the proporUons disposed of m each of these ways 
depending upon the differences between the propcrUcs 
of the two media Sound waves falling upon a substance 
such as felt, absorbent cotton or porous fiber board are 
largely absorbed, whereas those stnkmg water or a 
hard smooth surface such as glass, steel or a plastered 
wall arc nearly all reflected A suitably curved concave 
surface of some hard matcnal is capable of converging 
the sound waves to form a sound "image” Echoes and 
reverberations are caused by sounds throwm back 
towards their source from reflecting surfaces, and 
whispering galleries m many instances owe their 
properties to the architecture of the hall — the walls or 
ceiling acting as a convex "mirror” to concentrate the 
sound waves within a small area Sound is diffracted to a 
much greater extent than is light, owing to the much 
greater length (1,000,000 times at least) of the waves of 
the former For example, sounds coming through a 


small open wmdow spread out and fill the whole room 
just as though the aperture were itself a source of sound 

RESONANCE, TREE AND EORCED VIBRATIONS 

Some sounding bodies, such as the strings of a 
harp, vibrate freely at a certam frequency after the 
force which set them m motion ceases to act 
They are said to be tuned to a certain pitch or fre- 
quency, this IS called their mtural frequency When 
sound waves corresponding to the natural fre- 
quency of such a body fall upon it, it vibrates and 
gives out the same note as it would if it were 
actually struck This phenomenon is knowm as 
resonance or sympathetic mbration For example, 
should one raise the dampers of a piano by depres- 
smg the loud pedal and sing a note near bv or 
sound one upon a violin or other instrument, that 
string of the piano vibrates which if actually 
struck would give the same note— it “smgs” m 
unison wnth the original tone Though a resonator 
gives the maximum response to a sound having the 
same frequency it also vibrates less strongly to 
other frequencies a little higher or low'er than its 
own 

A body which possesses no natural frequency is 
called aperiodic When such is made to vibrate 
or w’hen one which possesses resonating properties 
IS made to vibrate at a frequency other than its 
natural frequency, as when a tuning-fork is driven 
by an altematmg electric current, the vibrations 
are said to be forced In setting up forced vibra- 
tions a much greater amount of energy must be 
expended than m the production of sympathetic 
vibrations A vibrating tuning-fork, for example, 
while It will readily set up vibrations m another 
fork of its own frequency some little distance away 
must, in order to cause a body such as a table top 
to vibrate, be brought into direct contact with it 
Vibrations forced in this way stop when the mo- 
tion which set them up ceases, this phenomenon is 
due to damping 

THE CHARACTERISTICS OF SOUND 

Sounds may differ from one another m three 
particulars, namely, mtensity, pitch and quality 
or timbre 

Intensitv Sound mtensity and loudness are 
not synonymous terms The former is a purely 
physical value, whereas the latter refers to the 
auditory sensation The sensitivity of the ear 
vanes with pitch, therefore of two sounds having 
the same mtensity but of different pitches, one 
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may be much louder than the other Intensity 
refers to the energy (or power) of the sound waves 
and IS proportional to the square of the pressure 
vanations — the amplitude — of the waves, it may 
be quite independent of the auditory sensation 
For example, a tone of a certain high pitch while 
maudible, however intense, to the human car, 
may be audible to some animals Sound mtensity 
IS therefore given in physical units, namely, the 
number of ergs per second (or microwatts) passing 
through an area of 1 sq cm * Or it may be expressed 
as pressure, namely, as dynes per sq cm An ab- 
solute unit 13 less generally useful, however, than 
one which indicates diferences of intensity It is 
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choose, smcc the bel is a purely relative value The 
otologist or physiologist takes as his reference, the 
intensity of the faintest audible sound in a per- 
fectly quiet room The sound at reference intensity 
must be of the same pitch as that of the sound with 
which It is compared The following intensity 
values of a number of common sounds arc given by 
Beatty The sound of leaves rustling in a gentle 
breeze has an intensity 10 times that of the faintest 
audible sound, a whisper at a distance of four feet 
100 times, sounds m a quiet street 1000 times, a 
conversational voice at twelve feet 100,000 times, a 
loud peal of thunder 10,000,000 times, and sounds 
at the limit which the car can endure, 10,000,000,- 
000,000 times The corresponding intensity levels 
arcl, 2, 3, 5, 7 and 13 bels, respectively Forphys- 
clwAcaX uiorL thc-bel is, mcnu.vciu.en.tiir 
large A unit of i?t hcl, called the decibel (abbrev 
db ) IS used * 

Prtes IS that property of sound which enables 
one to place a tone at a definite level in the musical 
scale It is dependent mainly, though not entirely, 
upon the vibration frequency, i e , upon the num- 
ber of cycles falling per second upon the car 
That this property is not entirely a question of 
vibration frequency is shown by the fact that two 
sounds of the same frequency but at different in- 
tensity leveb may be judged by the ear as differing 


Fig 779 DIustratmg the effect of fatigue upon pitch 
(o) The blackened area indicates the distribution of 
fatigue among nerve endings due to a 800 ~ tone. 
Hence the sensation due to a 1200 ~ tone is modified 
as shown by the curve (6), namely, sharpening o! pitch 
for tones of higher frequency and flattening for lower 
tones (From Beatty after B6k&y ) 

now customary to use a scale m which the intensity 
of a sound is expressed as the loganthm to the base 
10 of the ratio of two mtensities, this unit is called 
the bel (alter Graham Bell, the inventor of the 
telephone) The number of bels by which one 
sound mtensity exceeds the other is called the 
iniemxly level For example, if the mtensity of the 
sound IS increased ten times, say from 10~i* to 
10"* microwatts per sq cm the mtensity level is 
raised by 1 bel, a hundred-fold mcreasem mtensity 
corresponds to a nse m the mtensity level by 2 bels, 
of a thousand-fold by 3 bels and so on The refer- 
ence mtensity, le, the standard with which a 
given mtensity is compared, may be anythmg we 

^hich, acting on a mass of 1 gram 
for 1 second, produces an acceleration of 1 cm per sec , 

1 ^ through 1 Z 

- W ergs per sec., a microwatt ^^^Kair 


slightly m pitch ^ IVhen the intensity level of a 

*Thc sensation level is defined as the number of 
deabels that a sound is above the audible threshold 
of a sound of the same pitch If the hearing is normal 
the sensaUon levels and intensity levels coinadc, but 
are different if the threshold of ncanng is raised The 
loudness level The intensity level and sensation level 
and their unit the decibel can onlj be used for express 
ing differences between sounds of the same frequency 
for, as we have seen, loudness vanes with pitdi The 
loudness level is defined as the mtensity level of a 
sound of 1000 c p s At this frequency but at no other 
do the loudness level and the mtensity level coincide. 
The loudness level of any other pitch is determined by 
sounding a 1000 cycle tone — the reference lane — and 
raising its intensity until the two sounds are of the 
same loudness The number of deabels by which the 
reference tone exceeds its au^ble threshold when the 
two tones are matched gives the loudness IcveL The 
energy of a 1000 cycle tone at the threshold of normal 
heanng is 10“'* watts per sq cm , this is therefore the 
zero or reference mtensity on the loudness scale The 
umt of the loudness level is sometimes called the phon 
Wien the sound whose loudness is being measured has a 
fluency of 1000 c p a , deabel and phon are mter- 
changeable terms, but at all other frequenaes the latter 
term u speafically apphcable> For example, when a 
tone has a value of 1 phon, its loudness is 1 decibel 
atove the reference mtensity of a 1000 cycle tone, not 
above that of a tone of its own fregutn^^ 

relation between mtensity and fre 
quency The vibrations of a tuning fork, for example, 
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tone IS raised it tends to become "flat” though its 
frequency remains the same, the pitch may be 
lowered at verj’’ high levels of mtensity by as much 
as half a tone The alteration m pitch m such an 
instance is attnbuted to the greater d^ee of 
tension exerted upon the resonatmg fibers of the 
basflar membrane (p 1206), by the louder tone and 
the rise, m consequence, of their natural frequencj' 
of vibration For example, if fibers which resonate 
to C are made to \Tbrate strongly to a loud sound 
which would ordinarily give that pitch, their fre- 
quency rises while the frequency of fibers which 
ordinarily respond to B is mcreased to a corre- 
spondmg extent, thej' now respond to the loud C 



Fig 77 10 Shows the form assumed bj a string vi- 
brating as a whole and m two, three, and four equal 
parts, respective]} 


Impulses reachmg the cerebral centers are mter- 
preted as havmg been caused by a tone which imder 
usual orcnimstances would set the B fibers into 
vibration (see Resonance Theoiy p 1205) 

The pitch of a note of constant frequency may also 
change as a result of auditory fabgue (see fig 77 9) 
When the ear is fahgued by a tone, let us say of 800 
c-p^ the end organs which are accustomed to respond 
to this frequency fail to do so or do so madequately, 
while those on either side are httle affected As a 
result, thepomt of maximal stimulation (p 1206) under- 
goes an apparent shift m one or other direction A 
tone of a frequency a httle lower t han 800 cp s there- 
fore IS flattened, one a httle higher m frecjuency is 
sharpened 

The SAsiiornc Series asd the Diatokic Scxix 
A body which execaites a simple harmomc or pendular 
mobon (p 1190), such as the prong of a tunmg-fork 

become weal er and weaker, i e., of smaller and smaller 
amphtude, after it is struck but their frequency remains 
unaltered 

® C-p s , IS the abbreviaUon for cycles per second 
It hats the same meanmg as dv (double vibrabons) 
per second 


or a stretched stnng, vibrating as a whole emits a pure 
or simple tone and will inscribe a sme curve Simple 
tones whose frequenaes are such as to form a senes m 
which the higher frequenaes are simple mulbples of 
the lowest consbtute an harmonic series The labos of 
the frequenaes are represented by the numbers 1, 2 3, 
4, 5, 6, etc. For example, the frequenaes of a senes 
of tunmg-forks of which the first vibrates at 250 c> cles 
per second, will be 250, 500, 750, 1000 cy cles per second, 
and SO on Or agam, when a stnng or wire stretched 
bghtly between two fixed pomts is struck so that it 
vibrates as a ichoJe, it giv es out the lowest tone of which 
it IS capable This is called its first harmonic or funda- 
mental tone If a bndge is placed exactly beneath its 
center, ather half of the wire vibrates at just double the 
previous frequency, if divided mto thirds the frequencj 
is trebled Divisions mto quarters, fifths, sixths, etc , 
give correspondmg frequenaes A tone havmg a fre- 
quency double that of the fundamental is called the 
second harmonic or overtone or the octave 



Fig 77 11 (a) Wave-form of pure tone of frequency/ 
(sohd curve) and of frequency 3/ (dotted curve) (6) 
The compound wave 

These considerations lead us to the important lavo of 
lengths, which states that the number of vibrabons per 
second of a stretched stnng is mverselj’’ proportional to 
its length The laws of diameters, of densities and if 
tension may be su mm ed up m the statement that the 
vibrabon frequency is mversely proporbonal to the 
diameter of the stnng and to the square root of its 
density, and is directlj proporbonal to the weight by 
which it IS stretched The natural frequency of a 
stretched stnng is given ly the formula n =l/2l\/T/ni 
where n is the number of cylces per second, I the length 
of strmg m cm , T the tension m dynes and m the mass 
of stnng per cm of length 

A stnng when plucked or set mto rapid vibration m 
any way very rarelj vibrates with one motion through 
ts entire length, it also vibrates m secbons or loops 
which vary m number dependmg upon the length, ten- 
sion and mass of the strmg The fixed pomts sepa- 
rabng the vibratmg secbons are called (fig 77 10) 
If the strmg vibrates m halves it gives out not onlj its 
fundamental but its octave as well, if it vibrates m 
thirds the third harmonic is added, and so on A 
column of air as m an organ pipe behav es in a some- 
what simila r maimer, givmg out a note composed of the 
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fundamental and a number of overtones The different 
motions of the string or air column are imparted to the 
surroundmg air with the production of waves, each of 
which IS composed of the waves caused by the overtones 
superimposed upon the one due to the fundamental 
The composite nave repeats itself at the frequency of 
the fundamental which therefore determmes the pitch 
of the sound (see Complex Sounds below) 

The dialontc scale comprises eight notes designated 
C D E F G A B C', mcludmg the fundamental and the 
octave. C IS the fundamental or unison and C' the 
octave \\Tiatever the actual level at which the scale 
IS pitched' the ratios between the frequency of the 
fundamental and that of the other tones is constant. 
The seven notes DEFGABC'canhe produced by 
dividing a stretched string into 8/9, 4/5, 3/4, 2/3, 3/5 
and 1/2 respectively The frequency of each tone is 
the reaprocal of the correspondmg fraction mto which 
the stnng is divided, namely, 9/8, 5/4, 4/3, etc , etc. 
It follows that each tone m the scale also bears a defi 
nite ratio to the one below it The frequenc) ratios 
are given below 

Note CDEFGABC' 

Ratio to C 9 5 4 3 5 15 


1 8 4 3 2 3 8 2 


Ratio to precedmg 9 10 16 9 10 9 16 

note — — — — — 

8 9 IS 8 9 8 IS 


9 10 

Two tones havmg a frequency ratio of g or — are said 

to differ m pitch by a whole tone. Those with ratios of 

9 j 10 

- ate called major tones and those of — minor tones 
0 9 

If the ratio is — the difference m pitch is a half lane 


or semitone 

The mtervals are named accordmg to their positions 
m relation to the first note of the scale, as follows 


R&lio 

Nome oj mfcrral 

1 1 

the unison 

1 2 

the octave 

2 3 

the fifth 

3 4 

the fourth 

4 5 

the major third 


In the so<alled tempered diatonic scale, to which tuning- 
forks, the pianoforte and certam other musical mstru- 
ments are tuned, the octave is divided mto twelve 
equal intervals Each note rises m the scale by a semi- 
tone having a frequency exactly 1 05946 times greater 
t^ the one helow it (1 05946 is the 12th root of 2 
tiie ratio of the octa.\e) 

r agreement the frequency of middle 

G of the piano has been set at 261 cpV 


Quality or Timbre That property of sound 
by which one distinguishes between two tones of 
the same pitch and mtensity, c g , the note of a 
violin from a bugle note, is called quality or timbre 
It IS determined by the na%e iorm Sounds can 
be classified into noises and musical tones Noises 
are defined as sounds (usually disagreeable or at 
least undesuable) possessing no regular penod or 
definite pitch’ Musical tones arc due to waves 
whidi are repeated in regular sequence, they may 
be Simple or complex, harmonious or discordant 
A sunple tone such as that produced by a tuning- 
fork is usually agreeable but monotonous and 
uninteresting 


The sound wave of a complex tone is a composite one 
formed by at least one wave of higher frequency super- 
imposed upon that of the fundamental or simple tone. 
To the higher frequcnacs, i c , to the overtones or 
harmonics the particular quality of a given musical 
sound IS due The higher frequenaes and the char- 
acteristic form of the wave for which they arc re- 
sponsible are produced withm the wave length of the 
lowest or fundamental tone Thus if the funadraental 
tone IS 100 c.p s and waves of higher frequency — 200 
c.p s , 300 c.p 5 , etc. — arc superimposed upon it, then 
the entire compound wave repeats itself 100 times per 
second, the pitch of the tone is determmed by the latter 
frequency and its quality by the frequenaes and vol 
umes of the overtones (see fig 77 11) The ear of the 
ordmaiy person cannot readily distinguish the separate 
overtones, but they are perceived by the tramed ear of 
the musician A complex sound can be analyzed mto 
its components by means of a senes of resonators, when 
the tone is produced m their vianity only those resona- 
tors respond which have natural frequenaes correspond- 
ing to the simple tone components It was shown 
mathematically by Founer that any regular pcnodic 
vibration can be resolved into two or more simple 
harmonic motions, the fundamental m all mstances 
having the same frequency as that of the compound 
wave This statement is referred to as Fourier’s theorem 


The most harmonious sounds are complex tones, 
espeaaUy the combinations of such simple tones 
as the octaves C and C' (ratio 1 to 2), C and G 
(ratio 3 to 2) or C, E and G Any tones whose 
frequencies are proportional to the simple numbers 
1> 2, 3, 4, 5, 6 combine to produce an agreeable 
sound Certain other combinations are discordant 
Accordmg to Helmholtz’s theory of harmony, the 
discordance is due to the production of beats (gee 
p 1196) 


aic many oiscordant sounds possessing a 
of vibraUon and a defimleTiitch which 
^ugh trehnirally classed as musicd sounds would 
certainly be called noises by most persons 
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The Threshold of Hearing The least per- 
ceptible sound causes a pressure vanation at the 
ear of ttotto' bar* or a force of r a ooo ' dyne per 
square centimeter, or in energy units, about 10"* 
to 16"' microwatts per square centimeter These 
almost incredibly low values are for a sound vibra- 
tion of around 2700 cycles per second but, as 
already stated, the level of the threshold of heanng 
IS vanable, depending upon the frequency of the 
^^b^atlons The ear is most sensitive to pitches 
ranging from 2000 c p s to 5000 c p s , i e , to the 
upper two octaves of the pianoforte The maxi- 
mum sensitivity is for tones of 2700 c p s Beloiv 
and above the range from 2000 c p s to 5000 c p s 
the threshold rises rather rapidly (see fig 78 1) 
The lowest audible frequency is about 16 c p s , 
the highest between 20,000 and 30,000 c p s At 
the upper and lower limits the mtensity must be 
mcreased enormously above that required for a 
tone of 2700 c p s , a sound of the lowest frequency 
m order to be heard must have a pressure of lOO 
bars and at 20,000 c p s a pressure of 500 bars is 
required In terms of energy, that required to 
make the highest frequency audible is nearly forty 
railhon million times greater than is necessary for 
a note of 2700 c p s 

The range of audible frequenaes vanes considerably 
between different speaes The upper hmit is highest 
in bats, sounds with frequenaes far above the audible 
range of the human ear, namely 98,000 c p s can be 
heard It is by means of the high-pitched (supersonic) 
cnes which they emit and the detection of the echo 
of such sounds from objects in their path dunng flight 
that the bat is guided and enabled to avoid collisions 

The Threshold of Feeling When the sound 
IS very loud (at pressure variations above from 10 
to 1000 bars, depending upon the frequency) it i5 

^ The bar is a unit of pressure and amounts to about 
one milhonth of an atmosphere or to a pressure of 1 
dyne per sq cm At sea level a decrease in pressure 
of 1 bar results from a nse in height of 8 mm At the 
threshold of audibihty for frequenaes to which the 
ear is most sensitive the pressure vanation is equivalent 
to a rise of only about one four hundred milhonth 
part of a millimeter At such a minute pressure the 
hnear displacement of the membrane has a value com- 
parable with molecular dimensions, or about 1/100,000 
that of the wave-length of green hght. 


felt as well as heard The threshold of feehng is 
highest for frequenaes between 250 c.p s and 
1000 c p s , and lowest for those near the upper 
limits of audibihty Thus a low rumbling sound is 
felt more than heard, and a high-pitched shrill 
note of high mtensity arouses a decidedly unpleas- 
ant feehng within the ear For most frequencies 
pressure variations above 600 bars cause pam and 
may result m damage to the auditory mechanism 
The pam threshold is somewhat lower (between 
100 and 200 bars) for frequencies between 2000 
c p s and 5000 c p s , i e , for fieqnencies with the 
lowest audible thresholds 

The dtscrtmtnalton of differences tn tnlensily and 
Pilch The least perceptible difference m mtensity 
(AI) is dependent upon the ongmal mtensity level 
and also upon the pitch of the sound For sounds of 
ordmary mtensity and frequency, e g , tones of musical 
mstruments and of the human voice, a difference of 
about 25 per cent is just perceptible This represents 
a nse or fall of one deabel It is only withm this range 
of audibihty that the Weber-Fechner law is even 
approximately obeyed The percentage mcrease m 
intensity that is just perceptible is less than 25 at 
higher and greater than 25 per cent at lower mtensity 
levels For loud sounds (60 db or more) the least per- 
ceptible mtensity difference remams fairly constant at 
between 5 and 10 per cent over a very wide range of 
frequencies, whereas a tone near the threshold of 
audibihty and with a frequency of 60 cycles per second 
must be mcrqased some 700 per cent before any differ- 
ence IS perceived At low mtensity levels Al/I vanes 
with the frequency, it is smallest at 2050 c p s but 
mcreases progressively as the pitch is raised or lowered 
above this frequency 

The sensitivity of the ear for pitch discnmmation is 
greatest over the range from 500 to 4000 c p s The 
least perceptible difference m frequency (AF) vanes 
very greatly m different parts of the scale Withm 
the range from 500 c p s to 4000 c p s AF/F has a value 
of 0 003, that is, a change m frequency from 1000 to 
1003, from 2000 to 2006 or from 3000 to 3009 and so on, 
can be detected by the average ear The tramed ear of 
the musician gives a still lower value At frequenaes 
near the lower level of audibility AF/F is about 0 01 
and near the upper level (16,000 c p s to 20,000 c p s ) 
tones diffenng very widely m frequency can scarcely 
be distmguished from one another Generally speakmg. 
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of the two tones are nearly the same and the beats 
therefore recur at relatively long mtervals — 2 or 3 
per second — they are heard very distinctly but the 
sensation is as a rule not unpleasant, and at the slow 
rate of about 4 per minute they are usually not per- 
ceived Also, hke flicker, the beats disappear if they 
occur very rapidly, i e , if there is a great dispanty 
between the frequenaes of the two tones, a harmonious 
blend then results or a new tone called a difference lone 
(p 1200) IS heard At a certam rate of beaUng between 
these two extremes the discordance is maxunal The 
frequency at which the beats disappear, as well as that 
at which the sensation is most impleasant, depends 
upon the pitch of the lower tone, as shown m table 101 
which gives the results of Mayer’s experiments 


TABLE 101 


rEEQlTENCl 

NTTMBEE OF BEATS PEE SECOND 

INTERVAL 
BETWEEN TWO 

OF LOWEKTONE, 
CYCLES PER 
SECOND 

At which 
beating moat 
unpleasant 

At which 
beats 
disappear 

TONES AT 
WHICH BEATS 
DISAPPEAR. 

96 

16 

41 

semitones 

6 

256 

23 

58 

4 

575 

43 

107 

3 

1707 

84 

210 

2 

2808 

106 

265 

1 5 


The sensation of beats m terms of the resonance 
theory (p 1205) is explained as being due to over- 
lapping of the vibrations of two neighbonng sections of 
the basilar membrane Thus the amphtude of vibration 
of a certain region of the membrane undergoes mter- 
mittent vanations, corresponding alterations m the 
mtensity of stimulation of the auditory receptors result. 
The ear, hke the eye, is mtolerant to this form of 
stunulabon The greater the diflerence m frequency 
of the two tones the greater will be the distance be 
tween the two vibrating sections of the basilar mem- 
brane and the less tendency will there be for overlapping 
to occur and for beats to be produced One would expect 
then that the spread to resonators on either side of the 
ones in tune respectively with the two tones would 
be broader at high than at low mtensities and that, as a 
result of the greater degree of overlapping, beats would 
be produced at smaller frequency differences m the 
former instance, such an effect of vaiymg the mtensity 
of the sound can be demonstrated On the other hand, 
two tones of nearly the same frequency which when 
sounded separately are maudible, may as a result of 
overlappmg give rise to audible beats when sounded 
simultaneously 

The phenomenon of beats has an mterestmg applica- 
tion in the detection of fire damp m coal mmes This 
gas, being lighter than air, transmits sound at greater 
velocity, a column of this gas has therefore a higher 


vibration frequency than a column of air of the same 
dimensions (The vibration frequency of a column of 
gas IS proportional to the tune taken for the sound 
wave to pass through it ) Two long tubes or whistles 
similar in every way are filled, one with the suspected 
mme air, the other with pure air The two whistles 
are blown simultaneously, if much fire damp is con- 
tamed m the air of the first tube, the frequency of the 
sound vibrabons wiU not be the same m it as m the one 
filled with pure air, and beats will be heard The con- 
centration of the dangerous gas is estimated from the 
rate of beatmg 

The Localization of the Direction of the 
Source of a Sound A visual sensation is pro- 
jected very accurately to a definite point in the 
outside world, i e , an object in the visual field 
forms an image upon a correspondmg part of the 
retma Sound “images” cannot, of coiuse, be 
localized m the same way upon the auditory re- 

SOOKO SOUND SOUND SOUND 

m OH TWO o« IN 

ntONT fnOHT aOUNDd LETT HtONT 


TIm$ Seafi — ► 
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ceptors, there bemg no spatial correspondence 
between the soundmg body and the basilar mem- 
brane In the judgment of the direction of a 
single brief sound or of an intermittent sound the 
most important factor is the difference m the 
amval tunes of the sound at the two ears If the 
sound reaches both ears simultaneously, it is 
projected to the mid-lme m front or behind the 
head, but if the vibrations are not received at the 
same instant by the two ears the sound is locatec* 
on the side of that ear which is stimulated first 
An illusion of a sound changing its direction may 
be created by means of two watches which tick at 
shghtly different rates held one to each ear Just 
as with any two movements of different fre- 
quenaes, the time intervals between the ticks 
of the two watches lengthen and shorten penodi- 
cally (fig 78 2) When the two ticks fall simul- 
taneously upon both ears, a smgle sound is heard 
in the median plane either in front or behind 
An mstant later when the ticks become asyn- 
chronous the sound moves to the side of the faster 
tick, but as the mtervals between the sounds 
lengthen they are heard separately by each ear, 
then as the intervals shorten agam a single sound 
is heard which now seems to come from the side 
of the watch with the slower tick Thus the 
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sound image seems to mo\e contmuously around 
the head 

The effect upon sound localization of varying the 
time mterval between the stimulation of the two 
ears can also be demonstrated in the follomng 
manner A stethoscope m which the length of 
tubing of one limb can be altered (fig 783) rc- 
cei\es sound vibrations from m front and in the 
mid-lme When the pathway is lengthened by 
ixtending the tubing of the adjustable limb the 
sound reaches the opposite ear first, and therefore 
seems to come from that side, upon shortenmg 
the tubmg the sound is located on the side of the 
shorter hmb 

The majaraiun difference m the arrival times of a 
sound m opposite ears at which the separate sensations 
fuse mto one is detennmed bj the length of the path 
from ear to ear, namely, 21 cm (directly through the 
head) Sound is transrmtted this distance through air 
in 0 00063 second and through the longer distrmce 
around the obstruction caused b> the head in a some 
what longer time. The greatest interval between the 
arrival of a smgle sound at each eat is therefore a Uttle 
longer than 0 00063 second, and this is the manmum 
mterval between two sounds which when led to sejia- 
rate ears should be heard as one B> actual measure- 
ment It has been found that at mtervals greater than 
about 0 00180 the two sounds are heard separatel> 
The ear through experience discounts a tune inten’al 
caused by the difference in distance of the two ears 
from the ongm of the sound but recognizes anj greater 
fame mterval as bemg due to separate sounds 

The localization by the ear of a cotiitmioits soutid 
cannot be esplamed by an mterval between the 
reception of the sound by the two ears \STjen the 
vibration frequency is less than 800 c.p.s a differ- 
ence m phase of the sound waves striking op- 
fjosite ears is the most important factor Waves 
emitted from a source in the mid hne reach the 
two ears simultaneously and the sound is localized 
accordmglj , but if the sound comes from one side 
the aest of the wave wfll teach the ear of that side 
an mstant before it reaches the opposite ear 
When the length of the sound wave is double the 
distance between the ears, namely , 42 cm , the 
waves fall upon the two ears m opposite phases, 
one wav e cannot then be said to be m advance or 
behmd the other The ear cannot distmguish 
between the two phases, the sound is localized 
with difficulty, seemmg to come from all sides 
The uncertamty m localization becomes evident 
at around 800 c.p.s (length of wav e about 42 cm ) 
At frequenaes abov e from 800 c p.s to 1000 c.p s 


localization by phase difference faik High-pitched 
sounds such as the chirp of a crid ct arc v cry 
difficult to locate and often seem to come from 
several directions at once Some information as 
to the direction of high tones is gamed, hov ever, 
from dtfcrences m the vileiisity or m the quality 
of the sound in the two cars Simple tones of lo - 
pitch (frequency less than about 1000 cp s ) can- 
not be located through a difference m intensity m 
opposite cars owang to the great length of the 
waves (measured in feet or meters) as compared 
vnth the dimensions of the head That is to say, 
the head casts no shadov for low-pitched sounds 
On the contrary , sounds of high frequency (short 
wave length) coming from one side are shielded 
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from the opposite car hv the head, and the differ- 
ence m inlcnsitv of the v ibrations m the two cars 
IS used as a clue to the direction of the sound The 
shielding effect of the skull also plav s a i61e in the 
localization of a compkt sound situated on one 
side or behind, even though it is of low pitch, 
because the higher frequencies (overtones) arc 
screened bv the skull and the aunde, the altera- 
tion in the quality of the sound caused thereby 
then serves as a due This factor is impiortant 
particularly in deciding the direction of familiar 
sounds, 1 e , those, such as voices, which have been 
heard upon prevnous occasions from different 
angles and hence have had their qualities im- 
pressed ujjon the memory 

In the localization of sounds with frequenaes below 
1000 cp s It would obvnously be an advantage to have 
the two receptor organs separated by a greater distance 
than 21 an , for any phase difference would be m- 
creased thereby In World War I this was recog- 
nized, an apparatus consisting of two microphones 
separated by a difference of about two feet and con 
nected by tubmg to the ears of an observer was em 
ployed for locatmg enemy aircraft m flight. The 
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application of the prmaple is also seen in the insect 
world, certain forms have paired sets of auditory re- 
ceptors separated as -mdely as possible from one 
another, namely, on either side of the thorax or abdo- 
men or, as m cnckets and grasshoppers, just below 
the knee jomts 

The Mechanism of Hearing 

THE EXTERNAL EAR 

Though the shape of the human auricle suggests 
that it might serve as a concave surface to con- 
centrate sound vibrations and direct them into 
the auditory meatus, its small area as compared 
with the length of the waves of ordmary sound, 
negatives the idea that it acts m this manner to 
any important degree Ordy sounds of refatively 
high frequency (over 6000 c p s ) whose wave 
lengths are commensurate with the size of the 
auncle could be funnelled m this way, longer 
waves would tend to be scattered The large 
trumpet-shaped ears of some animals, on the 
other hand, are of such a size as to be of real 
service in this respect, especially smce they can be 
turned towards the source of the sound 

The Tympanic Membrane is apenodic That 
IS, it vibrates unselectively to a wide range of 
frequencies, having no natural frequency of vibra- 
tion, or rather, its natural frequency hes below the 
threshold of hearing Like the well-designed dia- 
phragm of a telephone transmitter, it does not 
resonate to any particular frequency but responds 
to all It is forced into vibration by the sound 
waves and exhibits a high degree of damping, its 
movements stopping almost mstantly upon cessa- 
tion of the sound 

The tympanic membrane does not faithfully 
reproduce the form of the mcident sound waves, 
but modifies them, the new vibratory motion bemg 
then transmitted through the ossicles to the mter- 
nal ear This behavior of the membrane is due 
to its asymmetry A structure, such as the prong 
of a tunmg-fork or the skm of an ordmary drum 
, which IS perfectly elastic and symmetrically loaded 
moves equal distances on either side of its rest- 
ing position, its movements m response to a pure 
tone bemg simple harmonic and can be represented 
by a sme curve The asymmetry of the ear drum 
IS due mainly to the auditory ossicles to which it 
It IS connected on its mner aspect, and to the 
tension exerted by the mtra-aural muscles 

Tones Created by the Ear, Aural Har- 
monics, Combination Tones The asymmetry 
of the drum membrane results m the production 


of tones by the ear itself, i e , additional tones with 
frequencies differmg from those of the madent 
sound The curve m fig 78 4 represents the move- 
ments of the drum membrane to a pure tone of 
100 c.p s Upon analysis this curve is found to be 
compounded of a senes of simple harmonic waves 
having frequencies of 200 cps, 400 cps, 600 
c p s , etc The compound wave repeats itself 
100 times per second, so the origmal tone as well 
as the higher frequenaes is heard Thus, as a 
result of the asjmmetry of the drum membrane 
the ear has created a new set of frequenaes, ad- 
dmg to the ongmal tone the octave (200 cps) 
and the other harmomcs These overtones, called 
aural harmonics, bemg purely subjective, i e , non- 
existent outside the ear, cannot, of course, be 
detected by means of resonators 



Fig 78 4 The response of the ear-drum to a simple 
sound The unsymmetncal nature of the human ear 
results m parts of the simple harmomc curve, which is 
drawn thick, being replaced by those shown by broken 
lines (After Jeans ) 

The aural harmonics are not beard, especially 
those of higher frequency, unless the ongmal 
sounds are fairly loud (over 45 deabels) for it is 
only when the vibrations reach a certam amph- 
tude, and force the drum membrane and the 
structures of the middle ear to then elastic hmits 
that they become asymmetncal As the mtensity 
of the sound is progressively mcreased harmonics 
of higher and higher frequenaes are added to the 
ongmal tone The latter, however, always tends 
to obscure (mask) to a certam degree the higher 
frequenaes With vibrations of small amphtude, 
movement at the incudomalleolar jomt permits 
equal displacements of the membrane m both 
directions Also, when this jomt is ankylosed, 
as m old age, outward and mward movements 
tend to become more nearly equal and the sub- 
jective tones are absent or greatly reduced The 
tensor tympam muscle, by drawmg the malleus 
inwards, tends to reduce the movement at the 
mcudomalleolar jomt Inaeased tension of this 
muscle therefore tends to mcrease the aural har- 
momcs, relaxation to dimmish them 

Combination tones When two pure tones are 
sounded, the ear adds not only the octave of each tone, 
but a difference tone, so called because its frequency 
IS the exact difference between the frequencies of the 
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two pritToary tones For example, when tones with 
Irequenaes of 200 and 300 cycles per second are 
Bounded together a compound motion will be produced 
which repeats itself 100 times per second Tones of 
100, 200, 300, 400, 500, 600 c p s , etc , will be heard 
The frequenaes 200 c p s and 300 c p^ are, of course, 
those of the tn o pnmary tones and 400 c.p s and 600 
c-ps are their octaves, 100 cps is the "dtference” 
tone and 500 c.ps (the sum of the ongmal frequenaes) 
is called the “summalwn” tone* The summaUon 
tone IS always more difficult to hear than the difference 
tone since, bemg of higher frequency and weaker, it 
tends to be masked by the primary and difference 
tones 

The difference tone of 100 c p s m the foregoing 
example is the fundamental of the tones 200 cps 
and 300 cp s , and it is generally true that whenever 
two or more tones which happen to be the harmonics 
of the same fundamental tone are sounded together 



Fig 78i Diagram of the passages of the cochlea 
straightened out to show the manner in which vibra- 
tions are transmitted from the oval to the round 
wmdow through the scala media The wavy hne repre- 
sents the organ of Corti 


with Buffiaent mtensity, the fundamental is heard as 
a difference tone, i e , the fundamental tone is created 
by the ear To give another example, when the 
second (octave) and the third harmonics of middle C 
are sounded simultaneously (respective frequenaes 
arc 512 c p^ and 768 c.p j ) nuddle C itself (256 c p^ ) 
13 heard 


These facts have important practical apphcahons 
in telephone, talkmg picture and radio engmeenng 
The diaphragm of a telephone is so constructed that 
It responds to the harmonics of the human voice but 
not to the mam tones, these are added by the ear of the 
listener The natural frequenaes of the mstrument 
range from 300 to 2400 c.pa , which are above the 
frequenaes of the mam vocal tones The latter are 
therefore transmitted at a scarcely audible mtensity, 
whereas the higher frequenaes— the harmomes— smee 
they comade with the natural frequenaes of the 
instrument arc strengthened The deeper mam tones 


summation tones are not nlwav 
condiuons the> areTrc 

sounds me tom 

medium which hke the tym^ 


are aeated bj the ear By this device exaggeration 
of certain of the more pronunent tones of the voice is 
avoided Othennse these tones through resonance 
would mask other tones of higher frequenaes and lowel 
mtensity which are largely responsible for the quality 
and intelligibihty of speech The pnnaple has been 
demonstrated m a striking manner m the laboratories 
of the Bell Telephone Company Two sets of gramo 
phone records were made A song, a conversation, 
instrumental music and other sounds were reproduced 
on one set, all the tones bemg faithfully recorded 
The other set of records were made from the same 
sounds after they had been passed through filters and 
the fundamental tones removed To the ear both sets 
of records w ere almost identical 

THE TRANSMISSION OF THE SOUND FROM im DRUM 
MEMBRANE TO THE INTERNAL EAR 

The Vibrations of the tympanic membrane set 
up by air-bome sounds are transmitted to the 
oval wmdow by the cham of auditory ossicles and 
thence to the penlymph of the vestibule Vibra- 
tions of audible frequenaes are transmitted 
through Reissner's membrane and the scala media 
to the basilar membrane, then through the scala 
tympam to the round wmdow (fig 78 5) The 
compression phases of the sound waves m the 
external auditory meatus cause a movement m- 
wards of the tympanic membrane and of the base 
of the stapes, a dowmward displacement of the 
basilar membrane and a movement outwards (i e , 
towards the tympanum) of the round window 
Durmg the expansion phases of the sound waves, 
displacements of these structures m the reverse 
direction occur Thus are the vibrations of the 
drum membrane reproduced m the basilar mem- 
brane 

It IS quite evident that, smee liquids are mcom- 
pressible, no appreaable movement of the stapes 
could occur were there no part of the bony laby- 
rmth which yielded to pressure The membrane 
of the round wmdow situated between the scala 
tympam and the middle ear yields readily, and 
thus permits such a movement to take place Ow- 
ing to the presence of the hehcotrema through 
which the scala vestibuh communicates with the 
scala tympam, vibrations of very low frequency 
are mcapable of settmg up vibrations m the 
membranous cochlea of sufficient force to stimu- 
late the nerve endmgs , the fluid is moved en masse 
as m a U-shaped tube formed by the upper and 
lower gallenes 

The middle ear is filled with air, vibrations of 
the drum membrane must therefore be transmitted 
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to the round window as well as to the oval mndow 
The auditory ossicles, however, provide a prefer- 
entiahpath for the transmission of sound, serving 
as a mechanism for concentrating the vibrations 
at the internal ear Any inward movements of 
the membrane of the round window which may 
result, smce they will be opposite m phase to those 
of the base of the stapes, will tend to dimmish 
rather than to enhance the force of the vibrations 
of the basilar membrane It has been found, for 
example, that shielding the round vmdow by 
means of a pledget of cotton placed over the mche 
m which it hcs increases the acuity of hearing 

Two factors are responsible for the mtensifica- 
tion of the vibrations at the oval window, (a) the 
leverage action of the malleus and mcus and, 
(b) the greater area of the drum membrane as 
compared with that of the oval wmdow The 
malleus and mcus together form a bent lever of 
the first class, the handle of the malleus consti- 
tutmg the long arm of the lever and the long 
process of the mcus, which articulates with the 
stapes, the short arm (see fig 78 6) The axis of 
rotation (fulcrum) of the lever is represented by 
a Ime runmng through the antenor hgament of 
the malleus and the short process of the incus 
The length of the short arm is about f that of the 
long arm formed by the handle of the malleus 
The amphtude of movement of the tip of the 
mcudal arm is therefore only J that of the tip of 
the long arm, i e , the amplitude of movement at 
the center of the drum membrane The matter 
IS comphcated by the fact that the base of the 
stapes IS not moved m and out m a sunple push-pull 
or plunger-hke action but, bemg hmged at its 
postenor margm’ executes a roclang motion, the 
amphtude of the movement of the postenor part 
of the footplate is considerably less, therefore, 
and that of its antenor edge considerably greater 
than J that of the drum membrane Should the 
sound be excessively loud (i e , near the threshold 
for pain) the footplate, instead of movmg as just 
descnbed, pivots around a longjtudmal axis pass- 
mg through its center (B6k6sy) The dehcate 
structures of the mtemal ear are further protected 
from violent vibrations by the momentaiy dis- 
location of the mcudomalleolar articulation In- 
stead of engagmg in the usual way the surfaces 
ghde over one another, like a shppmg motor 
clutch, with consequent loss of energy and reduc- 

* According to Wilkinson, the base of the stapes 
pivots around an axis passing through the junction of 
Its postenor and middle thirds 


tion m the amphtude and force of the vibrations 
The protective r6Ie played by the mtra-aural 
muscles has been mentioned (p 1186) 

The ratio of the long arm of the lever to the 
short arm bemg 3 to 2, one would expect an m- 
crease of 3/2 m the force dehvered at the oval 
wmdow over that madent upon the tympamc 
membrane Actually, the energy lost m trans- 
mission (m overcommg the mertia of the ossicles) 
and the dampmg effect of the surroundmg air 
more than offset the mechanical advantage gamed 
by leverage Were no other factor mvolved the 
vibrations would have a force only half as great 
at the oval wmdow as at the drum membrane 
But the area of the latter is some 20 times greater 
than that of the oval wmdow This alone by 



Fig 78 6 Model lUustraUng the transmission of 
sound vibrations from the drum membrane to the 
organ of Corti (From Lythgoe after Beatty ) 

concentratmg the sound waves would mcrease their 
force upon the smaller area twenty-fold But the 
loss m transmission, as just stated, is about 50 
per cent, which means that the force madent 
upon the drum membrane is about of that upon 
the oval wmdow This mcrease m force of the 
vibrations with relatively httle change m amph- 
tude IS of considerable importance It appears that 
a change of just such a nature is required for the 
most effiaent transference of vibrations from a 
medium of low resistance, namely am, to one of 
greater density and high resistance, such as the 
fluid of the mtemal ear 

Bone Conduction The auditory receptors are 
cumulated by sound transmitted through the bones 
of the skull In man the most direct and effective 
bony pathways for the conduction of sound to the 
mtemal ear is furnished by the trabeculae m the sub- 
aditus region Injury to this region, as by fracture, 
results m impairment of bone conduction In order 
for sound to be perceived to any important extent 
through bone the soundmg body must be m contact 
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with the skull (e.g , mastoid process), bone conduction 
of air borne sounds impmgmg upon the head is very 
slight The sound is transmitt^ through the bone 
as through any sohd, as a tram of altematmg com- 
pressions and expansions Owing to the presence of 
the oval and round wmdows, chiefly the latter, servmg 
as outlets for pressure variations, adequate movements 
of the basilar membrane are permitted to take place. 
When the base of the footplate is immovably fixed m 
the oval window, the round wmdow alone serves such 
a purpose. The waves of compression, accordmg to 
B 6 k 65 y, exert their eSect mamly upon the semior- 
cular canals from which fluid is forced mto the vesti- 
bule For this reason, and also owing to the greater 
resistance offered at the oval wmdow, the pressure 
m the scala vesUbuh is elevated more than that m the 
scala tympam With each wave of compression the 
basilar membrane therefore moves downwards and 
the membrane of the round wmdow outwards 
In a person with normal hearing, obstructmg the 
external auditory canal by the finger mcreases the 
loudness of bone conducted sound This is attributed 
to the compression of the ait m the canal by the vibra 
tions through the skull, the sound bemg thus trans- 
mitted through the ossicles to the mtemal ear as m 
ordmary air transmission The threshold for bone 
conduction is given by BflLisy as 3 5 X 10“’ cm 
vibratory movement of the skull for a tone of 800 c p s 

SimuiATioK OF THE Hair Cells The tips 
of the hair cells are embedded m the under surface 
of the tectorial membrane An upward movement 
of the basilar membrane should cause bendmg of 
these processes and compression of the bodies of 
the cells, a doivnward movement of the membrane 
would, on the other hand, cause traction upon the 
processes, and possibly some elongation of the bodies 
of the cells It is not defimtely known which of 
these movements is responsible for the stimula- 
hon of the nerve endings The nature of the 
immediate stimulus is also a matter for con- 
]ecture, it may be mechanical, electrical (see 
cochlear potentials, p 1203) or chemical A theory 
of chemical stimulation has been proposed by 
Hallowell Davis He suggests that the compres- 
sion of the sensory cells by the upward swing 
of the basilar membrane, ne , when the base of 
the stapes moves outwards, causes the hberation 
of a chemical substance which, acting upon the 
sensory endings, sets up the nervous discharge 

theories 01* PITCH PEBCEPTIOV 

There has been relatively httle room for dispute 
concerning the functions of the middle ear The 
mechanism of the mtemal ear, on the contrary, 


has been for many years a sub 3 ect of hvely conUo- 
versy to which both physiologists and physicists 
have contributed The appreciation of pitch has 
been the pivot around which discussions of coch- 
lear functions have turned, and the several theones 
which have been proposed are attempts to explain 
this extraordmary faculty of the auditory mecha- 
nism 

All theones of hearing can be divided mto two 
mam categones In one group (a) are placed 
those theones which attribute the estimation of 
pitch, and m consequence the ability to analvze 
a complex sound mto its components, to the 
cerebral centers, and m the other (b) those which 
mamtam that sound analysis is purely a function 
of the cochlea None of those commg under the 
first headmg is acceptable as a complete theory of 
hearmg, one, namely the telephone theory, wdl 
be briefly desenbed 

The telephone or frequency theory was formulated by 
Rutherford m 1886 The diaphragm of a telephone 
transmitter converts sound vibrations mto elecincal 
impulses (actually, rhythmical vanations m current 
strength) of the same frequency The electneal im 
pulses conve> ed by wire to the receiver of the mstru- 
ment set up vibrations in a diaphragm which repro- 
duces the ongmsl sound If we substitute the basilar 
membrane for the diaphragm of the telephone, the 
electrical impulses for nerve impulses, the auditory 
nerve for the wire, and the auditory sensation for the 
reproduced sound m the receiver, we then have a rough 
outhne of the telephone theory of heanng In this 
theory the basilar membrane is supposed to vibrate 
as a irhole, i e , hke the diaphragm of the telephone 
transmitter, not selectively according to the prmaple 
of resonance The telephone theory postulates, there- 
fore, that the cochlea possesses no faculty of sound anal- 
ysis, the frequency of the impulses transmitted over each 
fiber of the auditory nerve being the sole basis for the esti- 
mation of pitch The intensity of sound is, accordmg to 
this theory, a function of the number of aclivd nerve 
fibers 

The relaUvely low frequency (less than 1000 
per second as compared with from 20,000 to 
30,000 c p s for the highest audible pitch) at 
which the nerve fiber can conduct impulses has 
always been an insuperable objection to the tele 
phone theory This pomt will be discussed m the 
next section 

THE WEVER AND EBAY PHENOMENON 

In 1930 Wever and Bray made the surprising 
discovery that spoken words and other sounds 
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entering the ear of a decerebrate anunal were 
faithfully reproduced when electrodes were placed 
upon the auditory nerve and connected through 
a valve amplifier wuth a telephone receiver or loud 
speaker It was at first thought that the sounds 
emitted by the telephone receiver were due solely 
to action currents (i e , to nerve impulses) of the 
same frequency as the sound vibrations received 
by the animal’s ear If this w'ere true it would 
mean, of course, that the quality of sensation is 
correlated wnth the frequency of impulses m the 
nerv’ous discharge and would therefore be con- 
trary to observations upon other senses, for all 
recent w’ork mdicates that impulse frequency vanes 
only with the intenstly of the stimulus Such a 
conclusion imphes also that the analysis of sound 
IS a function of the cerebral cortex, as postulated 
by the telephone theory As a result fresh mterest 
m this theory was aroused 

Saul and Davis m later expenments demon- 
strated that there are two components m the elec- 
tncal potentials picked up from the nerve, namely, 
true action potentials (nerve impulses) resultmg 
from the exatation of auditory nerve endmgs in 
the cochlea, and electneal potentials generated 
withm the cochlea as a result of the distortion of 
non-ner\ ous structures by the sound waves These 
latter effects are referred to as the cochlear re- 
sponse, aural micro phonics or cochlear potentials 
In records shuwmg both types of electneal effect 
the action potential waves are superimposed upon 
the aural microphomcs 

The cochlear response differs from the action po- 
tentials m the following respects General anesthesia 
abolishes the action potentials but not the microphomc 
effect The acfaon potentials are also affected much 
more by coohng the cochlea, and they disappear much 
sooner after the death of the animal Arrest of the 
blood supply to the cochlea rapidly abohshes both 
responses The latent penod of the action potential 
(up to 0 83 milhseconds) is much longer than that of 
the aural microphomcs (0 1 nuUiseconds) The cochlear 
potentials can be recorded from any part of the mtemal 
ear or even from any part of the skull, provided that 
the amplification is adequate (Thej are obtamed most 
readily with the differentiated electrode at the round 
window and the mdifferent electrode inserted mto the 
muscles of the neck ) The action potentials can be 
recorded only from the auditory nerve or some part of 
the auditory pathway, eg, cochlear nuclei of the 
medulla, lateral lemniscus, etc The cochlear potentials 
have a much greater tendency to spread through the 
tissues, especially over menmgeal surfaces, it is ownng 
to such spread that they can be picked up from the 


auditory nerve The waves of the two resp^ns'es qiffer 
m shape, the wave form of the cochlear jj^tential bemg 
almost identical with that of the sUmulatmg sound 
The action potentials s 3 Tichronize'^with the sound 
waves up to a maximum of 300p p^ secofid (see p, 
1204), whereas the cochlear potentials follow -the vfbra-'^ 
tion frequency up to 16,000 cyclM per second, and it 
IS probable that wnth more dehcate'methods of recoiS- \ 
mg a correspondence between the cochlear po^enBals"^^ 
and the sound waves up to the hmit of audible fre- 
quencies, namely, 20,000 or more cycles per second, 
could be demonstrated Finally, the cochlear potentials 
show summation, whereas the action potenPals are of 
course “all or none” 

More than one theory as to the mode of ongm of the 
cochlear potentials has been offered Davis and his 
associates believe that they are due to pressure vana- 
tiows wpow the haw cells mdweed by the sovmd waves, 
they therefore come under the head of piezo-electric 
currents such as are generated by pressure upon a 
quartz crystal Accordmg to Davis, a potential differ- 
ence IS created between the bases and free ends of the 
hair cells when these cells are compressed against the 
overlymg tectorial membrane, that is, when the foot- 
plate of the stapes moves outwards and the basQar 
membrane swnngs upwards In support of his conten- 
tion Davis cites expenments upon ammals (albmo cats 
and waltzmg guinea-pigs) m which the organ of Corti 
was congenitally absent or the hair cells abnormal and 
no aural microphomcs could be obtamed Moreover, 
certain chemicals, e g , crystals of sodium chlonde, 
apphed to the mtemal ear mjure the hair cells and 
depress the cochlear response, and when degenerative 
changes were mduced m the mid-region of the basilar 
membrane of dogs by a loud tone of medium pitch 
(p 1207) sounded over a long penod, this particular 
sound was not heard by the animal nor was it followed 
bv a cochlear response 

The physiological function, if any, of the cochlear 
potentials is unknown They appear to be rather of 
an acadental occurrence — an epiphenomenon of 
auditory function However, this much can be 
said, heanng may be lost though the aural micro- 
phonics persist unimpaired, but heanng is never 
retamed m their absence 

Evidence that vibrations of resonant structures 
m the cochlea are responsible for the aural raicro- 
phonics has been secured by Walzl and Bordley 
They have succeeded m mjimng selected and 
hmited regions of the organ of Corti, without 
separation of Reissner’s membrane on the basDar 
membrane, and have studied the effects of such 
mjunes upon the cochlear potentials Damage 
near the base of the cochlea was found to raise the 
threshold for high tones while mjury near the 
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apex vras followed by unpainnent or loss of the 
response to sounds of low frequency These results 
point to elements—most probably the hair cells 
of the organ of Corti— attached to a particular 
le^ el of the basflar membrane, and thus tuned to 
particular sound frequenaes they give strong 
support for a place theory of hearing (p 1207) 
Impulses recorded, from the audilory nerce and 
brain Action potentials free from microphonic 
efiects can be picked up from the auditory nerve 
b> means of coaxial electrodes (described on p 
922) The latency of the action potentials is be- 
tween 0^3 msec, for sounds of the highest m- 
tensity and 0 83 msec, near the threshold of 
audibihty The impulses are synchronous with 
the sound waves up to about 3000 c.px , aboie 
this frequency there is no correspondence between 
the two USTien a sound with a frequemy less 
than 900 c.p,s is gradually mcreased m mtensity 
a pomt IS reached at which the acbon potential is 
maximaL If the mtensity is kept at this lei d but 
the frequency raised aboi e about 900 c.p,s , the 
amphtude of the waves falls sharply to about half 
of their previous value, at 2000 cp,s the amph- 
tude IS reduced to one-third and at 3000 c.pi or 
so, to a very low value. It must be remembered 
that the electrodes placed upon the mtact nerve 
record potential changes from a number of fibers 
almost simultaneously The recorded waves are, 
therefore, composite m nature and vary m amph- 
tude with the number of functionmg fibers The 
step-IiLe fall m amphtude as the frequency is 
raised from 900 to 3000 c.px is due to a cor- 
respondmg reduction m the number of active 
fibers and this reduction is the result, m turn, of 
the impulses f allin g each m the relative refractory 
penod of its predecessor Now the absolute re- 
fractorj period of a fiber of the auditorj nerve is 
about luoo second In other words, a smgle fiber 
caimot conduct more than 1000 impulses per 
second Therefore, when the sound vibrations 
reach a frequency of between 900 and 1000 c.px , 
the fibers respond onlj to every other stimulus 
But the refractory periods of all the fibers do not 
begm and end at the same mstant, this allows half 
the fibers to respond to allermle vibrahons and 
the nerve as a whole to respond to every vibration 
though, as just stated, the amphtude of the action 
potential is reduced by half At a vibration fre- 
qmmc> of 2000 or 3000 c.px the mdividual fibers 
respond to every third or fourth vibration, respec- 
tively Yet again, smce the nindorv penods are 


not cotermmous, the fibers function m rotation, 
and the nerve as a whole is capable of answermg 
to every stimulus, the amplitude of the action 
potential is dimmished m proportion to the num- 
ber of mactive fibers 

Thus, the limited correspondence of the auditory 
impulses vnth the frequency of the stimulatmg 
sound IS a phenomenon which is due, apparently, 
to the fact that the auditory nerve is a composite 
record of the potentials m a number of separate 
nerve fibers The fiber responds to a definite 
phase of the stimulatmg wave-cyde, but each 
fiber m a group does not necessarilj respond to 
the same wav e, so, the frequency' of the impulses 
m a single fiber may be very much lower than that 
of the stimulatmg sound Galambos and Davis 
have recorded the impulses from a smgle fiber by 
means of a glass microelcctrode inserted mto the 
auditory nerve The nerve was exposed through 
an openmg m the tempioral bone and the electrode 
adjusted by a micromanipulator until a smgle 
senes of impulses appeared m the record. The 
findmgs of Galambos and Davus are entirely m 
accord with a place theory of hearmg (p 1207) 
The isolated auditory fiber was found to behave 
m the same manner as does any other sensory 
nerve. At threshold mtensity it responded to a 
narrow band of sound frequenaes, the impulse 
frequency vaned only with changes m the in- 
tensity of the sound The Tnanmnm freejuenty of 
the impulses, 400 per second, was recorded when 
the sound was mcreased to 30 deabels above 
threshold mtensity At the hi^er sound mten- 
sities the fiber reacted less specifically , respondmg 
to frequenaes withm a voder range. In some 
mstances a very loud sound, ev en an cxdav e below 
the band of freejuenaes to which the response of 
the fiber was restacted at threshold intensity', 
caused a discharge of impulses 
Impulses can be recorded by means of electrodes 
inserted at various levels along the auditory path- 
''■^yi 0 g I the cochlear nuclei, the trapezoid body, 
the lateral lemnisais, the medial gemculate body 
or the inferior colhoilus, and even from the audi- 
tory radiation and auditory cxirtex. At the higher 
levels the frequency at which synchronization of 
impulses and sound waves ceases is much lower 
than m the auditory nerve The number of synapi- 
ses which the impulses must cross is apparently 
the factor responsible for depressmg the syn- 
chronization limit At the inferior colhculus syn- 
chronization IS not evident, as a rule, above 
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frequencies of 1000 c p s and not above 20 c p s 
in the auditory radiation or cerebral cortex 

Now the highest audible frequency is from 

20.000 to 30,000 cycles per second It is quite 
evident therefore that the telephone hypothesis or 
any other based upon the assumption that the 
bram receives impulses of the same frequency as 
that of the mcident sound can no longer be enter- 
tained 

The organ of Corti is projected to the medial 
gemculate body, which constitutes the pnmary 
auditory center, and thence to the acoustic area 
of the cerebral cortex In both these regions a 
spatial differentiation accordmg to sound fre- 
quenaes has been demonstrated The dorsal part 
of the medial gemculate body responds to fre- 
quenaes of around 8000 c p s , the antenor and 
lateral parts to 4000 and 2000 c.p s , respectively, 
and the postenor part to 1000 c p s Cycles of 500 
per second and less are recorded m the central 
portion 

THE RESONANCE OR HARP THEORY 

Though it was suggested as long ago as 1761 by 
Cotugno of Naples and m 1826 by Sh Charles Bell 
of Edmburgh that the ear owed its faculty of pitch 
perception to resonatmg structures m the laby- 
nnth, it was not until 1863 that the saentific 
foundations of the resonance theory were laid 
In this year Helmholtz published his now famous 
work entitled Sensahoiis of lone as a phystologtcal 
basts for the theory of mtistc, in which he gives an 
account of a bnlhant senes of physical and physi- 
ological studies of heanng 

The resonance theory postulates that the analy- 
sts of sound into tis constituent frequencies ts primar- 
ily a function of the cochlea, that the fibers of the 
basilar membrane constitute a senes of resonators, 
and that the part or level of the membrane at 
which the fibers are set mto maximal vibration by 
the sound waves is the sole basis upon which the 
bram rests its judgment m discnminatmg differ- 
ences of pitch 

The fibers of the basilar membrane which m 
deference to the resonance theory are frequently 
referred to as the auditory strings, number about 

24.000 Each arch of Corti, of which there are 
some 5000, is associated with 4 or 5 auditory 
stnngs The combmed structure, rather than each 
one of the 24,000 fibers, should probably be 
regarded as a resonating unit In this theory the 
resonatmg structures are compared to the strings 


of a harp or pianoforte, they are beheved to 
vibrate m sjmipathy with the sound waves, i e , 
each resonator responds to the frequency cor- 
respondmg to that of its own free vibration (p 
1191) We have seen (p 1188) that the fibers 
increase progressively m length from the base to 
the apex of the cochlea, a fact quite in accord 
with the resonance theory 

Upon first thoughts one would likely conclude 
that this resemblance of the basilar membrane to 
a stnnged instrument must be mere comadence 
and that it is rather fantastic to compare a struc- 
ture only 30 mm long and 0 5 mm wide at its 
broadest part with a piano or harp m which the 
longest (bass) wires are measured m feet Further- 
more, the auditory range is some 11 octaves and 
some 1500 separate tones can be distmguished by 
the ear, whereas the pianoforte extends over only 
8 octaves, contammg some 96 separate notes 
But factors other than length, namely, tension and 
mass (p 1193) determme the vibration frequency 
of a stretched strmg There is reason to beheve 
that the basdar fibers are differentiated as to 
tension, the loosely stretched fibers bemg at the 
apex where the flimsy character of the external 
spiral hgament seems to mdicate that it exerts here 
the minimum degree of traction upon the basflar 
membrane In the basal turn the external spural 
ligament is several times thicker than at the apex, 
which suggests that in this part of the cochlea the 
basilar fibers are at their greatest tension Yet, 
even grantmg that the longest auditory strmgs 
are at minimum tension, their mass would need to 
be greatly mcreased m order that they should be 
capable of vibratmg at the lowest audible fre- 
quency, namely, 16 cycles per second Now, the 
bass strmgs of the piano are, of course, of greater 
length and lower tension than the strmgs of the 
treble, but their low frequency of vibration is 
secured largely by mcreasmg their mass The 
greater mass is obtamed not so much by mcreasmg 
the thickness of the wne (for this would greatly 
reduce its flexibihty) but by a helix of copper 
wire, 1 e , by a wire coiled around it By means of 
such loadmg of a comparatively short thm wire, 
a vibratmg element is obtamed with a low fre- 
quency yet suffiaently flexible and of convement 
length 

The auditory strmgs are loaded by the cellular 
structures of the basdar membrane (see p 1188) 
and also, to a greater extent, by the fluid m which 
they are immersed This hqmd load, accordmg 
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to Wilkinson, is the column of fluid extenduig up- 
rards from the o\-al and round windows to the 
basilar fibers resonating at the moment The 
length of the fluid column will I’ary, of course, 
•nth the le\ el of the idbratmg fibers, i e , with their 
distance from the o' al and round ■wmdows * Ac- 
cording to this conception of hquid loading the 
auditorj stnngs arc differentiated with respect to 
mass as well as according to length and tension, 
the shortest fibers at the base of the cochlea (i e , 
nearer the o\’al and round windows) being loaded 
n itb the shortest hquid columns, the fibers at the 
apex nth the longest columns This pnnaple of 
liquid loading is illustrated in fig 78 7 
In order to account for the very high frequency 
(20,000 to 30,000 cps) of the auditory stnngs 
at the base of the cochlea, one must suppose that 


they could not act as a senes of resonators This 
apparently msuperable ob 3 ection to the resonance 
theory has been met by the conception of maxi- 
mum slimulalton advanced by Gray For example, 
a sound sets into vibration not only those basilai 
fibers which are m tune with it, but also, though 
less forably, those for a vanable distance on 
either side This assumption is m agreement with 
observations upon pitch perception after auditory 
fatigue (p 1192) It follows that there will be a 
central fiber or small group of fibers which vibrates 
maximally and other “out of tune” fibers which 
vibrate submaximaUy, the amphtude of vibration 
decreasmg progressively inth the distance from 
the “in tune” or central resonators Only those 
vibrations of maximal amplitude, it is claimed, 
lead to effective stimulation of the nerve endmgs 
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Fig 78 8 Shows relative positions of the tones on 
the basilar membrane m the numan subject and m the 
gumea pig (After Stephens, Dans and Lune ) 


the fibers m this situation are under a tension 
V hich, to opponents of the resonance theory, has 
seemed incrediblj high The length of the short- 
est basilar fiber is m the neighborhood of 0 16 
mm Such a fiber in order to be in tune •with the 
highest audible frequence would need to be under 
a tension of ncarh 4 tons per square inch (Beatty) 
Act such a stretching force, enormous as it is, 
docs not exceed the bounds of possibility when the 
strength of other biological matcnals is considered 
A human hair, for example, can sustam a stress of 
9 tons per square inch, a spider’s thread, 12 tons 
per square inch and silkworm gut, 32 tons per 
square inch 

The basilar fibers are embedded m a homogene- 
ous ground substance which bj binding them into 
a continuous structure presents them from vibrat- 
ing separatclj , for this reason it would seem that 


The idp of a liquid load upon the basilar fit 
Helmholtz in the following woi 
*^"ngs should be capable of ( 
^n^ng 'nth such dem tones must be explained 
hinder ni'^ml’ranc mth 

niL 1 " the fluid in both galle 

b«u“e^t«n"’r as weighting the meSbn 
.r?he flmd " of 'mvc mol 


This concept of maximal stimulation is not merely 
an mgenious hjTiothesis, for the same pnnaple 
appears to be the basis of cutaneous localization 
When a pomted object is pressed upon the skm 
e g , on the finger tip, the sensation is restneted 
to a single small area, even with deep pressure 
one feels only a sharp pomt Yet the skm for 
an area of several square millimeters surround- 
mg the piomt of maximal stimulation is deformed 
sufficiently to arouse a defimte sensation were 
the stronger stimulus absent 

It IS also pomted out by Wilkinson that in order 
for the liquid columns to load the membrane in 
the manner desenbed, it is necessary that the 
fibers be jomed along their lengths by a raatenal 
impervious to the fluid, otherwise eddies set up 
between the individual stnngs would cause nbra- 
tions differing m frequency from those of the 
inadent sound waves 

Though the account given m the foregomg 
paragraphs offers an interesting and reasonable 
explanation of cochlear function, direct evidence is 
not sufficient to justify one m expressing dogmatic 
views upon the complex problem Nevertheless 
certain points seem to be definitely established 
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in the first place, pitch perception is a function 
of the cochlea and does not depend, as claimed by 
the telephone theory, upon the frequency of the 
impulses received by the auditory center Secondly, 
this membrane contains structures which relate 
vibrations to some definite cochlear level accord- 
mg to their frequencies, and the excitation of 
nerve endmgs at a particular level is the basis 
upon which the bram discnmmates between 
differences of pitch A diagram representmg the 
levels of the cochlea responsive to various fre- 
quences IS showe m fig 78 8 (It will be noted that 
the lower octaves are crowded together m the 
apical turns, whereas more space is allotted m the 
basdar turns to the upper octaves ) We are there- 
fore justified in accepting- a “place” theory of 
pitch appreaation There is a formidable array of 
evidence for the behef that the localizmg mecha- 
nism comprises the fibers of the basilar membrane 
actmg as a graduated system of resonators The 
projection of the organ of Corti to the primary 
auditory center and to the cerebral cortex (p 1044) 
with the preservation of a spaaal arrangement 
also speak for a place theory 

Observations and expenmental results bearmg 
upon the questions discussed m this section will 
be briefly ated 

(1) The structure of the cochlea It is scarcely reason- 
able to regard the design of the cochlea, which upon 
close exammation appears to be so admirably adapted 
to the selective reception of vibration frequenaes, as 
bemg quite without meanmg Surely a much simpler 
mechanism would suffice for the stimulation of the 
nerve endmgs were the analysis of sound undertaken 
by the cerebral centers 

(2) Birds and certam other animals uhose cries 
have a narrow range of pitch have short basilar mem- 
branes with httle variation m the lengths of their 
constituent fibers 

(3) A change m the form of a sound wave caused 
by simply altering the phases of the combmed waves in 
relation to one another does not alter the pitch or 
quahty of the sound This fact alone is strongly m 
favor of the resonance theory and the results of an 
mgenious expenment performed by Hartridge lend 
further support The phase of a tone sounded by a 
Suren was altered by half a wave length (180°) The 
change m phase caused a bnef penod of silence (the 
“phase change beat”), the tone then returned and 
mcreased rapidly to its ongmal mtensity, there was 
no change m pitch This phenomenon is taken as 
mdicatmg the existence of resonators m the cochlea, 
bemg compared to the effect caused by a troop of 
men marchmg m step across a suspension bridge and 


then suddenly and m unison changmg step When 
the change m step is made, the bndge, vhich had been 
vibrating “m tune” with the trampmg feet, is brought 
to rest for an mstant, smce the steps are now out of 
phase with its vibrations But after this momentary, 
penod of “silence” the structure again picks up the 
rhythm, its motions soon reachmg their previous 
amplitude 

(4) The correlation of lesions localized to definite^ 
cochlear lends •unth loss of hearing over limited ranges 
of pitch (a) Boilermakers and others who work 
amidst loud, clangmg sounds sometimes become deal 
to tones of the same pitch as that of the noise, though 
retammg their hearmg over other parts of the scale 
Degenerative changes are found m that part of the 
basilar membrane which m accordance with the “place” 
theory corregionds to the range of the deafness 
(b) Crowe and his assoaates exammed post mortem 
the mtemal ears of 79 subjects of high tone deafness 
Three-quarters of these showed atrophy of the organ 
of Corti m the basal turn, or of the nerves supplymg 
this part of the cochlea These changes were much 
more extensive and severe than any found m the ears 
of 200 subjects with normal hearmg (c) “Islands” 
of hearmg can sometimes be demonstrated m persons 
congenitally deaf to all other tones It is impossible 
to account for such a phenomenon by any theory which 
attributes sound analysis to the cerebral cortex It is 
mconceivable that the bram can perceive one set of 
impulse frequenaes but fails m respect to all others, 
or that the basilar membrane vibrates as a whole to 
certam small ranges of vibration frequenaes, as the 
telephone theory demands, but is unresponsive to 
those higher or lower m the scale (d) The expen- 
ments of Witmarch and later of Yoshu and other m- 
vestigators afford important evidence of some mecha- 
nism whereby sound vibrations are localized upon the 
basilar membrane accordmg to their frequenaes 
Gmnea-pigs were exposed over long periods to loud 
sounds of constant pitch When the stimulatmg tone 
was of high frequency histological exammation of the 
cochlea after death revealed degenerative changes m 
the organ of Corti of the basal turn, tones of medium 
pitch resulted m similar changes m the middle turn, 
structural changes at the apex were not produced, how- 
ever, by bones of low pitch Pavlov has shown, 
however, by the conditioned reflex method that de- 
struction of the upper part of the cochlea m the dog 
causes deafnes to frequenaes below 600 c p s (see 
footnote, p 1065) (e) Davis and Derbyshire and 

assoaates have recently investigated the effects of 
prolonged stimulation upon the labyrinth of guinea- 
pigs and upon the threshold of the electncal response 
of the cochlea It was found that exposure for 75 
days to frequenaes of from 600 to 800 c p s and in- 
tensities of from 60 to 95 deabels occasionally produced 
sbght wide-spread cochlear damage and a correspond- 
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ng use a the thresho’d of the cochlear response. 
Ho's-ever, eipo^are to tones of 2500 c.p.s ana tn- 
tensiLes o' about 100 dedtels for 40 d3%-s o' so cansed 
EO'e O' lesi eitens\e dannge of the external hair 
cells o' the o'gan o* Cou m the middle part oi the 
second tu-n c' the cochlea, and a coTesponding me 
in the thresho'd o the cochlear response, the highest 
thrcsho’d being fo' tones of 1200 c,p.s In p-evions 
eiper meats it v-as sho-vn b\ these obse'\ers that the 
cochlear response -nas a reliaVe index o' andito-Tr 
function, fo' its tnresho'd -cas found to ag-ee mth that 
as de‘ertnmed hj the method o' conditioned reSexes 
(f) Stevens, Da\TS and Lnne lecD-ded the electrical 
resnonse before and after drilling through the cochlear 
Tall at different levels and damagmg the o-gan of 
Corti Good co-relations irere obtained betmeea the 
leiels of the Iti-ons and the changes m thresholo oi 
the cochlear responses at ccrresnontnng irequenaes. 
The dngmm shcrvn m £g 7S£ "as draivn from tee 
resn’ J of tnese cipenmeats. 

The Basis fop tee Peeception of LorovEss 
Vt e faa\ e seen in consdermg the sense organs that 


the frequence of the mptilses thschaiged along 
the indtindual nerve fibers, and probably also m 
some instance at least the number of hinctionmg 
fibers, are the factors detenrunmg the mtenatj of 
the resulting sensation (p 946) The loudness 
of a sound is no"^ also bebeved to be dependent 
upon the frequency of the unpulses m tie indi- 
vidual nerve fiber and, but to a more important 
extent, upon the total number of actne fibers 
With a sound of Iot mtensitj a naircr" section of 
the basilar membrane tuned to a particular wave 
frequency is set mto \Tbration and relativelj few 
fibem are stimulated, whereas a loud soimd sets 
m motion the basilar membrane on either side of 
this region of maxunum vibration and a much 
larger number of fibers is stimulated Thus, to 
quote HaUowell Davis “ — pitch is a function of 
a-here, while mtensity is a function both of 
trjcl- of the basilar memb-ane is disturbed and 
of an mcrease m the rate of disdiarge of mans of 
the activated fibers ” 
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The FtwcnoN of the Eustachian Tube 
The Effects of Occlusion The Eustachian 
tube afTords the onl> means \\ hereby the pressure 
of air within the middle car can be equalized with 
that of the atmosphere The pharyngeal orifice 
of the tube is closed at ordinary times, but opens 
during swallowing, yawning or when a high pres- 
sure IS created in the nasophaiynx, as by blowing 
the nose or making a forced expiration with the 
nostrils and mouth closed (\^alsalva’s experiment) 
During swallowing the orifice is opened by the 
contraction of small muscles — the salpiiigopharyn- 
gctis and dilator tubac — attached to its margins 
The pressure w ithin the tjinpanum may be raised 
above atmospheric pressure bj' the accumulation 
of inflammatory' exudate, or become subatmos- 
pheric as a result of occlusion of the Eustachian 
tube In the latter event air is gradually absorbed 
from the middle car into the blood stream (see 
p 432) and the partial vacuum thus created causes 
retraction, of the drum membrane The inward 
displacement of the membrane may be so great 
as to bring it into contact with the inner wall 
(promontory) of the tympanum, the cavity being 
almost obliterated Deafness results, which is 
relieved by catheterization of the Eustachian tube 
or by inflating the ear by means of a Politzer 
bag, and thus equalizing the pressure on the tw'o 
sides of the membrane Temporary occlusion of 
the tube caused by swelling of the mucous limng 
IS not an uncommon occurrence dunng an ordinary 
cold A sensation of fullness in the cars is experi- 
enced, and usually some loss of hearing which is 
quickly relieved, as a rule, by swallowing or by 
blowing the nose and thus forcing air up the 
Eustachian tube The latter practice is decidedly 
nsky since it is likely to force infective material 
into the ear and cause acute inflammation 

The tympanic membrane is very sensitive to any 
difference in pressure on its two surfaces, and during 
rapid changes in altitude, as m aeroplane ascents and 
descents, annoymg aural effects may be produced 
In experiments reported by Armstrong and Heim, 
bulging of the membrane accompanied by a sensation 
of fullness occurred when the atmospheric pressure was 
reduced by an amount corresponding to an altitude of 


from 100 to 180 feet When the reduction m pressure 
amoimted to IS mm Hg, which corresponds to an 
elevaPon of 500 feet above sea level, a distmct “click” 
was felt in the ear as the drum membrane snapped 
back mto its normal position These effects were due 
to the higher pressure m the tympanum foremg the 
Eustachian tube and thus equahzmg the pressure on 
the tw’o sides of the membrane With further pro- 
gressive reduebon m atmosphenc pressure a similar 
sequence of events was observed, except that the suc- 
cessive “dicks” occurred with a reduePon m outside 
pressure of only 114 mm Hg This is taken to 
indicate that the pressures withm and without the 
tj'mpanum are not fully equalized at these alPtudes, 
but that, though the Eustachian tube is forced open 
at an excess pressure of IS mm Hg m the middle ear, 
dosure of the tube occurs while the mside pressure is 
sPll 3 6 mm Hg above that of the atmosphere 

The results of laismg the outside pressure above 
that m the middle ear, as m aeroplane descents, are 
quite different The Eustachian tube acts like a valve, 
remammg firmly dosed against any degree of external 
pressure Up to a pressure of from 80 to 90 mm Hg, 
the tube can be opened by swallowing, but at pressures 
greater than this the walls of the lower part of the tube 
arc collapsed and held so firmly m this posiPon by the 
partial vacuum m the middle ear that the dialtor 
muscles are powerless to open it Rupture of the 
drum membrane which, accordmg to these observers, 
IS accompanied by severe piercmg pain, a loud explosive 
report m the ear and a sensaPon of bemg struck on the 
side of the head, occurs when the difference m atmos- 
phenc pressure and the pressure m the imddle ear is 
from 100 to 500 mm Hg Nausea, verPgo and general 
shock are expenenced A pressure difference great 
enough to rupture the drum membrane m a conscious 
person is unlikely to occur unless the descent is very 
rapid (4000 feet per minute) because, even though 
there is no sensaPon to give warning of the mcreased 
pressure upon the ear drums, most persons swallow 
automaPeaUy every mmute or so Rupture of the 
membrane might easily occur, however, dunng sleep, 
in an unconsaous paPent m a hospital plane, or m a 
person with an oeduded Eustachian tube 

Deafness DefecPve hearing may result from 
disease or abnormality affectmg any part of the 
auditory mechanism The transmission of sound 
to the internal ear may be mterfered with as a 
result of some obstruction in the external auditory 
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meatus, of failure of the Eustachian tube to mam- 
tam communication between the pharynx and the 
middle ear, or of some disease or defect of the 
middle ear itself Loss of hearing resultmg from 
any of these causes is termed transmission or 
coitduclm deafness Deafness due to loss of function 
from whatever cause of the receptor organs of the 
internal ear or of the auditory nene is termed 
perceptive deafness, and that resulting from a lesion 
of the auditory pathways or of the auditory center 
IS called central deafness 

Transmtssion deafness Wax or a foreign body in 
the external auditory meatus or some developmental 
abnormality of the external ear may, by shielding the 
ear drum from the sound, cause deafness nhich, of 
course, vanes m seventy with the degree to which the 
meatus is obstructed Deafness, usually of a tempo- 
rary nature, commonly results from acute mflammation 
of the middle ear — acute oltlts media — which is caused 
m the great majonty of instances by the passage of 
infective material from the nasopharynx along the 
Eustachian tube dunng an ordmary cold, influenza or 
sore throat Dunng the acute stage of oUtis media 
the ear becomes filled with fluid and is very pamful, 
the accumulation of fluid raises the pressure withm 
the tympanum and bulges the ear drum outwards 
The i n fl am mation may progress to pus formation 
which, if the condition is left to itself, is followed by 
perforation or rupture of the drum membrane. The 
surgeon endeavors to prevent rupture by making an 
inosion at a dependent pomt so as to provide free 
dramage The mosion soon heals, leavmg, as a rule, 
httle or no loss of heanng 

Chronic or subacute otitis media causes progressive 
impairment of heanng due to fibrous adhesions which 
hrmt the movements of the ossicles, ankylosis of the 
mcudomalleolar jomt, or fixation of the base of the 
stapes m the oval wmdow Other factors which may 
be responsible for the loss of heanng are thickenmg of 
the drum membrane and ocdusioa of the Eustachian 
tube. In chronic middle eat disease the subject as 
a rule suffers a greater degree of heanng loss m the 
lower and middle tones of the scale, m perceptiv e deaf- 
ness heanng is impaired mainly for the higher fre- 
quencies 

Otosclerosis is a chrome ear affeefaon assooated with 
progressive loss of heanng, espeaally for low tones 
The deafness is due to osseous changes which com- 
mence m the outer wall of the labyrinth, particularly 
around the margms of the oval wmdow Limitation 
of movement of the base of the stapes results, the ossicle 
ulPmately becoming fixed m the oval wmdow The 
pathological process commences with absorption of 
■^ne, this 13 followed by osseous overgrowth, the new 
formation havmg the structure of osteoid tissue con 
tainmg wide spaces filled with connective tissue, rather 


than of true bone Osteoblasts arc numerous The 
disease extends inwards, involving the bony labyrmth, 
degeneration of the hair cells of the organ of Corti is 
found in most instances Several theories have been 
proposed to account for otosclerosis, namely , that it 
is due to a disturbance of calaum metabolism nssoa- 
ated with parathyroid dysfunction, that it is caused 
by infection following inflammaUon of the middle car, 
or that it IS a reaction set up by diminished blood 
supply to the osseous labyrinth caused by vascular 
sclerosis Little evidence can lie ated m support of 
any of these theories. The disease shows a familial 
tendency 

When the footplate of the stapes is ngidly fixed in 
the oval window the function of transmitting air-bome 
vibrations to the penlymph devolves upon the round 
window The membrane here must then vibrate in 
sections which move m opposite phases — as one part 
of the membrane moves m the other moves out The 
amplitude of the movements is minimal For the 
reason mentioned on page 3200 no appreciable move 
ment of the membrane as a whole is possible An 
operation devised by Holmgren and modified by 
Sourdille, by Lempert and by others, with the view of 
increasmg the amplitude of vibration of the basilar 
membrane m otosclerosis has so far yielded most 
encouraging results The surgical procedure consists 
in dnllmg through the osseous wall of a honzontal 
semiarcular canal and covering the gap with a culaneo- 
membranous flap reflected from the depth of the ex- 
ternal auditory canal and the adjacent portion of 
the tympanic membrane. By thus providing an arti- 
fiaal second wmdow, pressure vnnations incident 
upon the round window are readily transmitted through 
the internal ear 

Perceptive deafness may result from injury which 
causes detachment of the sensory cells of the organ of 
Corti, from mflommatory conditions of the laby nnth, 
from degeneration ol the sensory cells following pro 
longed and strong stimulation (p 1207) or from mjury 
or disease of the auditory nerve, such ns fracture of the 
base of the skull or tumor m the region of the cerebello- 
pontine angle A tumor in the litter situation is likely 
to involve the vestibular division of the nerve as well 
Deafness is not mfrequently due to a developmental 
defect of the mtemal ear, the degree of deafness vary mg 
in different instances from a slight impairment to dcaf- 
mutism The latter condition, though frequently' con 
genital, may result from some disease of the ear during 
infancy which leads to complete loss of heanng In 
deaf mutes the semicircular canals are not mfrequently 
undeveloped os well as the cochlear part of the laby- 
nnlh, m such persons the responses to the ordinary 
tesu of vesUbular funcUon (e g , rotation, p 979) are 
absent 

Central deafness A unilateral lesion of the lower 
part of the auditory pathway, e g , m the medulla, 
before any of the fibers of the cochlear division have 
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crossed to the opposite side of the brain stem causes 
loss of hearing in the ear on the side of the lesion 
But some fibers ascend uncrossed, thus each ear is 
bilaterally represented m the cerebral cortex A um- 
lateral lesion of the auditory pathways anywhere above 
their decussabon therefore causes httle or no impair- 
ment of heanng, and any ishich may result affects both 
ears Shght if any loss of heanng follows the complete 
surgical removal of one temporal lobe 

Paracusis Wtlltsn is the term given to the cunous 
phenomenon first descnbed by Wflhs (1630), that a 
deaf person hears better in noisy surroundmgs, as in 
traffic, trains, etc There are two mam forms — ^false 
and true False paracusis is common and easily ex- 
plamed upon the basis of maskmg (p 1196) True 
paracusis is rare, there is a real mcrease m auditory 
acuity, for it is not only conversation which is heard 
better but a sound kept at a constant mtensity is also 
rendered more distinct by the presence of noise The 
phenomenon has not received a satisfactory explana- 
tion Some believe that it occurs only when there i6 
some stiffness m the articulations of the ossicles The 
noise vibrations, it is thought, by "shakmg up” the 
jomts render the ossicular cham more effiaent m trans- 
mittmg other weaker sound waves Other suggestions 
are that the noise mcreases the blood supply to the 
cochlea, or that through the jarrmg effect of the vibra- 
tions the auditory nerve is rendered more imtable 

HEAEING TESTS 

Disease confined to the middle ear affects the 
transmission of air-conducted sounds only, con- 
duction through the bones of the skull is not mter- 
fered with When, for example, a vibratmg tunmg- 
fork IS held to the ear of a subject with middle 
ear disease, he may fail to hear it, but when the 
shaft of the fork is pressed against his skull (e g , 
the mastoid process) the sound is heard at least 
as well by him as by one with normal heanng. 
In deafness due to disease of the mtemal ear or of 
the auditory pathway the perception of bone- 
conducted sounds as well as those transmitted 
through the middle ear is impaned 

The foUownng tests are employed to distinguish 
perceptive from transmission deafness 

Weberns test The tone of a timing-fork apphed to 
the forehead of a person with normal hearing is referred 
to the mid-hne In unilateral middle ear deafness the 
sound IS localized m the diseased ear, whereas m deaf- 
ness due to disease of the labynnth or of the auditory 
nerve of one side it is heard best or only m the normal 
ear This apparently arbitaiy result is to be explamed 
upon the basis of maskmg In unilateral middle ear 
deafness, the cochlea of the affected side is shielded 
from air-bome sounds as a result of defective trans- 
mission, whereas on the normal side the tone is masked. 


It follows that m a perfectly silent room the sound 
would not be localized to either side A person with 
normal hearmg ordmanly hears more acutely m one 
ear if the opposite ear is closed by the finger, but m 
perfectly sflent surroundmgs the hearmg m one ear is 
not improved by blockmg the other Rinn^s test 
Each ear is tested separately, the auditory meatus of 
the opposite side bemg blocked by the observer’s 
finger A vibratmg tunmg-fork is apphed to the mastoid 
process, when the sound is no longer audible 
to the patient the fork is brought close to the cor- 
respondmg auditory meatus The subject of middle 
ear deafness does not hear the sound after it has ceased 
to be heard through the bone, the test is then said to 
be negative (Rtnne negative) A person with a normal 
middle ear hears the sound for a short tune through the 
air after it is maudible through bone (Rsnne positive) 
Sckwabach's test consists of the accurate measurement 
m seconds of the time mterval during which the sound 
IS heard through bone (bone-conduction test) or through 
the air (air-conduction test) Or the length of the 
mterval m each instance may be compared with that 
durmg which it is heard by the exammer For example, 
at the moment that the patient no longer hears the 
sound through bone, the fork is placed upon the 
mastoid process of the exammer, or after the patient 
ceases to hear the fork through air it is brought to the 
exammer’s auditory meatus In both forms of the test 
the length of time durmg which the exammer hears 
the sound after it is maudible to the patient gives a 
measure of the hearmg loss A patient with middle 
ear deafness hears the sound by bone-conduction for 
a longer time than the exammer, m whose ear the tone 
of the fork is masked by room noise In a perfectly 
silent room, of course, the patient’s hearmg through 
bone would be no better than the exammer’s In 
perceptive deafness the tone is heard through bone for 
a shorter tune than the normal 

Tests of Atoitory Acuity The foregomg tests 
are employed m determmmg the part of the auditory 
apparatus affected Other test sounds, such as the 
observer’s voice (whisper), the click of a com or the 
tick of a watch, are used m determmmg the threshold 
of hearmg Smce a sound vanes mversely as the 
square of the distance from its source, these tests have 
no meanmg unless the maximum distance at which the 
sound can be heard by the subject is known and com- 
pared with that which can be heard by the average 
normal ear The subject’s heanng is then expressed 
as a fraction of the normal — the maximum distance at 
which the sound is just audible to the patient over that 
at which it IS heard by a person with average hearmg 
under the same conditions In quiet surroundmgs a 
good watch is heard by the normal ear at a distance of 
about 3 feet and words spoken m an ordinary whisper 
at about 30 feet. These tests are admittedly rough 
and give httle mformation of the threshold of heanng 
at different pitches In such a determmation a senes 
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of tuiung-forks may be used The test fork is given a 
“standard” blow and then held as dose to the ear as 
possible with the flat surface facmg the meatus The 
time, t, m seconds from the moment that the blow is 
struck until the sound becomes maudible to the patient, 
IS compared with the normal time, to. The degree of 
heanng loss is then denved from the diflerence, to— t. 

The audtomelcr Wflthm recent years an mstrument 
known as the audiometer has been mtroduced for the 
rapid and more precise testmg of auditory function 
The apparatus is designed upon pnnaples similar 
to those used m radio sets, the test tones being gen- 
erated electncally and con\eyed by wires to a receiver 




apphed to the patient’s ear The tone is vaned m 
mtensity or pitch as required by means of dials upon 
the front of the instrument. The mtensity (in deabels 
above the audible threshold) or the pitch is mdicated 
directly on the respecUye dial In one form of the 
instrument compound tones covermg the range of 
speech frequenaes are employed, another type replaces 
the tunmg-fork test, a senes of pure tones with fre- 
quenaes rangmg from 64 cp.s to SOOO cp s bemg 
employed In a third type speech sounds from a 
gramophone record are led through the mstrument and 
then to a receiver apphed to the patient’s ear The 
results of the test are plotted as shown m fig 75 14 
Such a record is called an audiogram Special receivers 
tave also been designed for bone conduction tests 
Altematmg electncal currents are transformed mto 
mechamcal vibrations apphed to the skull 


The HAEunn, ErrEcrs or Noise Noise is 
recognized as an annoyance and a general nuisance 
but IS not, as a rule, classed as an influence detn- 
mental to health or efliaency Yet there is no 
quesbon that, quite apart from the injunous effects 
of prolonged and loud sounds ufion the internal car 
(p 1207) or of loud reports upon the car drum and 
mechanism of the middle car, noisv surroundings 
can lead to mental imtability, “nervous strain” 
and increased expenditure of energy Noise re- 
duces efiinency and accuracy in the performance 
of manual work, e g , mail sorting, typesetting, 
operating factory machines, etc , v hich demand 
some degree of attention The distracting effect 
of noise upon mental tasks and its interference with 
restful sleep arc too obnous to require comment 
That it has a dcletcnous influence upon persons 
senouslv ill is unquestionable, it is therefore rea- 
sonable to believe that, though a healthy person 
appears to endure almost any degree of noise 
wathout immediate detriment to his v cU-bcing, he 
IS not immune to its ill effects There arc many ob- 
servations confirming thi« Watkvn-Thomas and 
Yates cite the case of an cldcrlv office worker who 
was moved from a quiet to a noisv envaronment 
Although his disposition had previously been 
kindly and courteous it became altered in an 
unaccountable way, not unbl he took up his 
quarters agam m a quiet room did his good nature 
return In factory worl ers the accuracy of certain 
types of operation mav be reduced by from 50 to 60 
per cent by noise. In a telephone exchange wTong 
numbers were observed to decrease by 42 per cent 
when the noise was lowered from 5 to 3 5 bels 
It has also been shown that noise increases the 
oxygen consumption for a giv cn piece of light w ork, 
c E , typing, by from 20 to 25 per cent The c.xtra 
energy c-xpicnditure is due apparently to increased 
action of the heart, more rapid respiratory rate 
and greater muscular tone In animals, c g , cats, 
dogs, rabbits and frogs, such reactions, as w ell as a 
nse of blood pressure, can be shown to result from 
contmuous noise or from a sudden loud sound 
Beatty points out that there are only three things 
which ev oke a fear reacbon in y cry y oung infants, 
namely, lettmg them fall even a short distance 
through the air, holdmg their arms to their sides, 
or a sudden loud noise 
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Taste, G-dstation 

Taste and smell are chemical senses, that is to 
say, the receptors (chemoreceptors) for these senses 
respond adequately to chemical stunuh In order, 
therefore, for a substance to arouse a sensation of 
taste it must be dissolved — either taken in solution 
or dissolved in the saliva, a solid taken into a per- 
fectly dry mouth is tasteless For this reason the 
organs of taste or taste buds are present only upon 
a moist surface, bemg confined to the mouth region 
of all air-brcathing vertebrates, but may be any- 
where upon the body surface of aquatic forms 

The Organs of Taste The taste buds of man are 
mamly situated on the tongue but a few are also found 
m the mucous membrane covenng the soft palate, 
fauces, epiglottis and m the region of the arytenoid 
cartilages Taste buds are more mdely distributed m 
children, and are espeaally plentiful over the anterior 
part of the tongue In the adult they are much fewer 
at the tip of the tongue and arc almost absent from 
the middle thud In most fishes the skin of the general 
body surface is plentifully supplied mth taste receptors, 
and in the catfish and certam other species of fish they 
arc contained in the fihform processes knoa-n as barbies 
projecting from the snout and angles of the mouth In 
insects (flies, bees) taste receptors are located at the 
end of the proboscis anteimac or upon the tarsal seg- 
ments of the legs 

The mucosa of the human tongue is studded with 
large numbers of small elevations — the lingual papillae 
—caused by projections of the conum The papillae 
are of three mam types, filiform, fungiform and vallate 
The fihform papillae are very mmutc conical structures 
covenng the antenor two-thirds or so of the dorsal 
surface of the tongue They are arranged m rows 
running roughly parallel with the rows of vallate papil- 
lae The fungiform papillae are considerably larger 
than the precedmg type, round m shape and situated 
mainly at the tip and edges of the tongue The 
vallate papillae are much larger and become espeaally 
prominent postenorly where from six to twelve are 
arranged conspiaously in the form of a V with its 
hmbs open antenorly A vallate papilla consists of 
a central round elevation with perpendicular sides and 
surrounded by a sulcus, the taste buds are situated in 
the mucosa forming the walls of this arcular trench 
The filiform papillae rarely contain taste buds, but 
each fungiform papilla usually holds from 8 to 10 


measures about 70;i long and 50/x broad, and hes with 
its long axis perpendicular to the epithehal surface 
It consists of groups of supporting cells (penplieral 
supporting cells) shaped somewhat like the sections 
of a musk melon and arranged side by side to enclose 
a small oval chamber which opens superficially through 
a circular gap — the inner taste pore — surrounded by the 
convergmg ends of the supporting cells The mner 
taste pore usually leads into a short canal which opens 
m turn through the outer taste pore upon the surface of 
the tongue The cavity of the taste bud is occupied by 
other supportmg cells {central supporting cells) m the 
intervals between which the taste receptors (taste 
cells) are lodged The taste cell is spmdle-shaped and 
provided with a fine haw-hke process which projects 
through the inner taste pore mto the short canal men- 
tioned above The taste bud contains a vanable num- 
ber of these sensory cells, usually from 5 to 18 Nerve 

taste pore 



Fio 80 1 Vertical section through a taste bud 

fibers after losmg their medullary sheaths penetrate 
the bud and arbonze upon the surface of the taste cells. 

The chief nerves of taste are the chorda iympant 
branch of the faaal nerve and the glossopharyngeal 
nerve (see fig 80 2) The former nerve supplies the 
taste buds over the antenor two-thirds of the tongue, 
the latter is distnbuted to the postenor third The 
vagus nerve innervates the few taste buds which are 
present m the region of the epiglottis and arytenoid 
cartilages The trigeminal nerve mediates common 
chemical sense (p 1224) and sensations of touch, 
temperature and pressure (common sensibdity) from 
the entire buccal mucosa, it does not contam taste 
fibers Cushmg observed, for example, that removal 
of the semilunar ganglion did not cause any permanent 
loss of taste Seebon of the nerves of taste m animals 
IS followed by degeneration and gradual disappearance 
of the taste buds Olmsted has shown m experiments 
upon the catfish that taste buds reappear upon regen- 
eration of the nerve fibers The latter evidently exert a 


embedded in the epithelium covenng its free surface 
A section of a taste bud is shown m figure 80 1 It 
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{ormab\ e influence, possiblj throuBt the medium of a 
chemical substance, upon the development of the 
taste organs 

The central connections of the nerves of taste are 
described m chapters 66 and 68 (see fig 80^) 







There are four stmple, pnmar, or Jundamcnto 
tastes— sour {actd), salty and bitter Tw. 
others are sometimes added, namelj, alkahne am 
intlalhc'- The \anous other tastes which wc cs 
penence are (a) blends of two or more of the pn 
marv sensations or (b) combmations of the latte 
with sensations aroused bj the stimulation of th^ 
nerv es of common sensibihtj For example, gmge 
IS recognized not onlj b> its taste (i e , througl 
impulses from the taste buds), but abo b> th, 
faurnmg sensaUon caused by the exatation of thi 
ordmary sensory nerv es of the mouth and abo w( 
maj add, by its odor hlanj other substances 
pungent condiments 

are felt as well as tasted 
ilan> of the finer flavors are in reahtj sensa 
tions of smell, and olfaction enters ver> laigclv 
into manj of the sensations which we generallv 

^as ^tes For this reason when thLoS . 

heW or the nasal passages blocked, as dunng ai 

‘’’“"ted 

t ma> then be impossible if two bland foods a« 

a compound 'ensaSn former li 

seveXj-pes^d o’n^ <=iataUon ol 

ness and for touch. sSrii 

by tbe salts of heaw Tn-f^V metallic taste causec 

«C., is beheved to^ a 

Some mamtain indeed tha™^ 

stimulation of olfact^ i^tor^ ‘Ft 


of the same consistenc> to disbnguish between 
them, thus an apple and a pear, or a turnip and 
a potato, taste aide On the other hand, certam 
substances which wc thinl that wc detect b> smell 
are actuall> tasted The sweetish smell of chloro- 
form IS an example, the vapor reaches the taste 
buds m the inspired air 
The four pnmaiy gustatory sensations arc not 
aroused with equal intcnsitv ov cr all parts of the 
tongue Apparentlj there is a functional!} dis- 
tinct type of receptor for each primarv taste, and 
the distribution of each t>'pc is not uniform over 
the hngual mucosa End organs sensitive to sweet 
and saltv materials arc most plentiful at the tip, 
those responsive to aad are distributed mainlj 
along the margins, while those aroused bv bitter 
substances arc towards the base of the tongue and 
in the region of the epiglottis Thc^e facts arc 
rccognued generallv in practice, for one would no 



vallate 

papillae 


Fig 803 Showing dislribuUon of pnmarv 
sensations on one ndc of the longue. 


taste 


uian nc wouia ol gulp- 

ing a glass of ^vine, and a child prefers to lick 
rather than munch a stick of candj The taste 

for this reason 
which ^^c enjo} IS mo\ed o\cr the surfaces of 
the tongue and mouth and brought into contact 
contmuallv with fresh receptors Some substances 
sl^u ate two t>‘pcs of taste bud For example, 
sodium salicylate, rJ amiwsc and parabrom henzoic- 
su p mu c, a substance related to saccharine, giv e 
a sweet taste vyhen applied to the tip of the tongue 
but when swa owed, and thus brought into contact 
J^th vallate papillae, taste bitter Oriho- 

Fitter 

^ ^^°Snesium and sodium 

the tin^f ^ ‘J -bitter, causing a saltv taste at 

en the papillae are c.xplored mdividuall} with 
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different sapid substances it is found that the 
filiform type are insensitive Of the fungiform 
papillae, some respond to both sweet and salty 
compounds, others to acid and sweet and others 
again to bitter and aad A few respond to all four 
types of stunulus These results mdicate the 
existence of functionally distmct types of taste 
receptors and that different types are present m 
the same fungiform papilla Only taste buds 
responsive to bitter substances are present m the 
vallate papillae (fig 80 3) 

The sense of taste may be aroused by substances 
reachmg the taste buds in the blood stream Thus the 
intravenous injection of histamine causes a metallic 
taste, glucinum a sv\ eet taste, and in jaimdice a bitter 
taste may be expenenced as a result of the high con- 
centrations of biliary constituents m the blood 

Theories of taste perception The results of 
experiments in which action piotcntials were 
recorded from smgle nerve fibers when sapid 
substances were applied to the tongue strongly 
support the conception of four specific types of 
taste receptor Pfaffman identified three types of 
nerv'e fiber m the cat (a) those which responded 
to acid, (b) those which responded to aad and 
salt, and (c) those which responded to aad and 
quinme Though fibers responsive to sweetness 
were not found by this mvestigator, others using 
an improved method have obtamed responses with 
sucrose No difference was observed m the charac- 
ter of the impulses which might serve to distin- 
guish the t>'pe of stimulus employed Such a 
findmg IS m accord with what we know of other 
sense organs, namely, that the quality of sensa- 
tion IS determined by the central connections of 
the nerve fiber that, is, upon the part of the bram 
where the impulses set up in the receptor organ 
by an adequate stimulus, are dehvered 

It IS quite evident that stimulation of the 
different types of receptor m suitable proportions 
accompanied by the exatation of non-gustatory 
nerves of the Imgual and oral mucosa, as well as 
of the olfactory receptors, could account for the 
wide range of taste sensations which are experi- 
enced 

The mechanism through which the taste receptor is 
sUmulated, and an impulse set up m the nerve fiber is 
unknown, but a theory has been proposed based upon 
the mhibition of enzyme systems m the taste cells by 
the sapid substance Bourne, for example, found m 
various mammals a relatively high concentration of 


alLahne phosphatase m the epithehum overlymg the 
taste buds, and El Baradi and Bourne have demon- 
strated that a 0 05 per cent concentration of v anillin 
strongly inhibits the action of this enzyme Also a 
simple esterase is present m the taste buds m fairly 
high concentration, it is inhibited by quinme but 
not by salt or sugar 

Taste Sensations and Chemical Constitu- 
tion The sweet taste is assoaated predominantly 
with orgamc compounds, especially the sugars 
(e g , sucrose, maltose, glucose, etc ) certam 
polysaccharides, glycerol and other alcohols, al- 
dehydes and ketones of the aliphatic senes, and 
saceharine, dulcine and chloroform But certain 
morganic substances, such as lead acetate (sugar of 
lead) and alkalis in high dilution, are also sweet to 
the taste 

Substances which arouse an aad or a salty taste 
are always electrolytes, but bitter or sweet sub- 
stances may be either electrolytes or nonelec- 
trolytes 

Several attempts have been made to relate the sweet 
taste to chemical constitution Oertly and Myers, 
for example, from a study of a large number of sweet 
organic compounds have proposed the theory that every 
sweet molecule contains two particular types of radical 
or an atom upon which the sweet taste depends One 
of these they call a glucophore, the other an auxogluc 
A glucophore makes a given compound a potential 
tastestuS, if it is bound to an auxogluc a sweet com- 
pound IS produed Some six glucophores and nme 
auxoglucs have been identified, four of each are hsted 
m the following table 

Glucophores Auxoglucs 

(1) — CO— CHOH— (H) (1) H 

(2) COaH CHNHa— (2) CHaCHa 

(3) CHiOH CHOH— (3) CH,OH 

(4) CHjONOa— (4) CHiOH CHOH 

Thus the hexoses con tarn the glucophore (1) and the 
auxogluc (4), glycerol the glucophore (2) and the 
auxogluc (3), and ammo-acetic aad the glucophore 
(2) and the auxogluc (1) 

The salty taste is evoked pnmanly by morgamc 
compounds, notably the chlorides oi sodium, potas- 
sium, magnesium, ammonium and lithium, by 
certam sulphates, bromides and iodides and by 
sodium and potassium nitrates The sahne taste of 
such compounds is attnbuted to the amons (Cl, 
Br, I, SO 4 and NOa), a conclusion arrived at from a 
companson of them tastes when m high dilution 
with that of an equally weak solution of sodiun 



1216 


THE SPECIAL SENSES 


Section IX 


acetate For example, a 0 04 molai solution of 
NaCl, of KCl or of LiCl has a shghtly salty taste, 
whereas sodium acetate in equal or somewhat 
loner dilution is tasteless or at least is not salty 
Similarly sodium bromide, iodide or mtrate loses 
its saline taste at a much higher dilution than docs 
the acetate Of the halogens the dilution at which 
the salty taste is just perceptible is highest for the 
chlonde, next for the bromide and lowest for the 
iodide ion The salme taste is not confined to in- 
organic compounds Certam organic compounds, 
such as the hydrochlorides of monomeihylamine and 
dteihylamine also possess this property 
The sour taste is produced by aads or aad salts 
It IS generally agreed that the effective agent is 
the hydrogen ion This statement would seem 
to be contradicted by the fact that solutions of 
certain organic aads, such as acetic, tartaric, 
atnc, etc , are more aad to the taste than a solu- 
tion of a mmeral aad havmg a considerably greater 
hydrogen ion concentration For example, the 
aad taste of a solution of acetic aad is about equal 
to one of HCl m a dilution one third as great 
Yet as compared mth the latter solution, the solu- 
tion of HCl, since this aad is highly dissoaated, 
IS from 4 to 5 times as great The greater effective- 
ness of acetic aad for a given H ion concentration 
IS attnbuted to its greater power of penetrating the 
tissues, and therefore to its greater effectiveness m 
raismg the hydrogen ion concentration withm the 
taste buds The aslnngenl taste is attnbuted to 
aad in very high dilution, that is, to a greatly 
attenuated sensation of sourness 
The biller taste, like sweetness, is assoaated 
chiefly with orgamc compounds, espeaally the 
alkaloids {quintne, strychnine, morphine, eta) and 
■xrtain glucosides Ptcrtc acid, dextromannose and 
inle salts are among the other bitter organic 
compounds Of inorganic substances with a bitter 
tiste are magnesium, ammomnm, and calcium 
salts The bitterness of these salts is due to the 
cttion A slight change m the chemical constitu- 
tion of a substance often alters its taste from bitter 
to sweet Saccharme, for example, is mtensely 
sweet, but some of its derivatives are bitter, dulan 
13 some 500 times sweeter than cane su^ yet 
pkenyUhio-carbamtde, in which one oxygen atom 
in the dulcm molecule is replaced by a sulphur 
atom, IS bitter to most persons Phenyl-thio- 
rarbamide is pecuhar m that to 3 persons out of 10 
1 IS tasteless The taste defiaency (“taste blind- 


ness”) m respect to this substance is hereditary, 
being transmitted as a Mendclian recessive Manv 
organic compounds having a bitter taste contain 
NOj groups If the molecule contains two such 
groups the compound is usually, though not ncces- 
sanl> , bitter, if three are present it is invariably so 

iNAnEQUATE Stuium Of agcnts other than chemi- 
cal which are capable of evoking a sensation of taste 
by far the most effecUve is the elcctncal current 
Electrical stimulation by means of the constant cur- 
rent, usmg a pair of electrodes placed upon the tongue 
causes, upon breakmg the current, a metallic taste 
which persists for a httlc time If one electrode is 
placed in contact with the surface of the tongue and 
the other upon some indifferent part of the bodj, a 
constant current durmg its piassage causes an acid or 
alkaline taste, depending upon the direction of the 
current If the Imgual electrode is the anode an aad 
taste IS expenenced, whereas if the cathode is the 
stimulatmg electrode the taste is alkalmc Two 
factors, apparently, are concerned m the production of 
the aad or alkahne taste, namely , direct elcctncal 
stimulation of the taste cells and the production of H 
and OH ions at the anode and cathode, respectively, 
as a result of electrolysis of the buccal fluids That 
a gustatory response can be produced by direct elcctncal 
stimulation is evident from the fact that it is more 
readily aroused by a rapidly aUematmg current, which 
has no appreaable electrolytic action, than by a direct 
current Furthermore, when two persons are con 
netted each to a pole of a battery and the arcuit 
completed by bnnging the tips of their tongues to- 
gether, they expenence different taste sensations, one 
aad the other alkalme Now the two sets of taste 
buds must be exposed to the action of the same ions, 
the only condition of the expenment which is different 
in respect to the taste organs of the two persons is the 
direchon of the current. The electrical taste etoked 
by a constant current is a rather complex sensation 
and cannot be desenbed as purely aad or alkahne m 
quahty It frequently has a bitter metallic com- 
ponent which, as mentioned above, is usually the only 
taste caused by a single break shock Very probably 
electrolyse products as well as the direct stimulatmg 
effect of the current are responsible for evoking the 
complex response The gustatory sensation caused by 
a smgle shock is apparently due purely to direct elec- 
trical stimulation, smee a current of such brief duration 
would not have any electrolytic action 

Thermal and mechanical types of stimulation may 
arouse famt sensations of taste but, as a rule, are 
ineffective 

Thresholds of the primary taste sensations Mini- 
mum concentrations of the four mam groups of 
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sapid substances which v/iU evoke the correspond- 
ing sensations are given in the following table 


Sensalum and substance 
Sweet canc sugar 
dulcin 

a-antialdoxine 
periUaldehyde 
Salty, sodium chloride 
Acid, hj drochlonc 
Bitter, quminc 

strvchnme 


Ccmcentralton 
1 part m 200 
1 part m 100,200 

1 part m 600,000 
1 part in 400 
1 part in 15,000 
1 part in 2,000,000 
1 part in 2,500,000 


After Taste and Taste Contrasts The sense 
of taste exhibits phenomena analogous to positive 
after images and successive and simultaneous 
contrast, which have been dcscnbed for vision 
(p 1 140) It IS a famihar expenence that the tastes 
of certain substances (e g , qumme) “chng” to the 
tongue But it is unlikely that the persistent taste 
IS a true after sensation comparable ivnth an after 
image, it is most probably due simply to the con- 
tmued action of the stimulatmg agent which, 
having entered the taste pore, is removed with 
difficulty by the sahva or even by nnsing the 
mouth with water On the contrary, the metalhc 
taste which outlasts a smgle break shock is in all 
hkehhood an example of the persistence of sen- 
sation 


Several observations exemplifying successive contrast 
can be ated A sweet taste is enhanced by a pre- 
cedmg salt or bitter taste and vice versa In the same 
way sour and sweet tastes mtensify one another Even 
distilled water tastes sweet after nnsmg the mouth 
with a weak solution of sulphunc aad, and lemon juice 
seems much more aad following a sweet stimulus 
Other examples which should probably be placed uder 
the headmg of successive contrast are the sweet taste 
which IS experienced upon smoking a agar or agarette 
after washing out the mouth with a weak solution of 
copper sulphate, and the bitter taste caused by smoking 
if the tongue or buccal mucosa has been treated with 
a solution of silver nitrate Simultaneous contrast is 
also demonstrable For example, if one border of the 
tongue IS rubbed with salt the sensitivity of the op- 
posite border to a sweet stimulus is maeased This 
contrast effect must, of course, be of cerebral ongin 
Salt and aad also show simultaneous contrast, but the 
phenomenon cannot be demonstrated for the bitter 
taste 

The effects of drugs upon taste Certain drugs have 
a selective action upon the taste sensations, abohshmg 
some while leaving others imaffected For example, 
after the application of a decoction of the leaves of 
Gymnema sylvestre to the tongue, sweet and bitter 


substances cannot be tasted, but sahne and aad tastes 
are rctamed, and are only slightly if at all depressed 
Stovaine acts similarly to gymnema but is less effective. 
Cocaine abolishes all taste as w ell as common sensibility, 
the several sensations disappeanng m the following 
order, pam, bitter, sweet, salme, aad and touch 

Smell, Olfaction 

The Olfactory Epithelium, The mucous mem- 
brane lining the greater part of the nasal cavity has no 
true olfactory function (see p 1219) The olfactory 
receptors are confined to the nasal mucosa over a rela- 
tively small region — the olfactory area This area 



Fig 80 4 Upper, human olfactory cleft opened by 
turning nasal septum (S) upward, black area represents 
olfactory epithelium (Redrawn from Parker, after 
Read) Lower, transverse section through human left 
nasal cavity 1, olfactory cleft, 2, septum, 3, 4 and 5, 
supenor, middle and mfenor conchae 


compnses, on each side, the walls of a narrow niche 
(fig 80 4) formed by the supenor nasal concha, the 
upper part of the septum and the roof of the nose 
(cnbnform plate of the ethmoid bone) The olfactory 
epithehum differs both m its gross appearance and 
histologically from the rest of the nasal mucosa It is 
yellowish or brownish yellow m color, its total area, 
1 e , on both sides of the nose, is about 500 square 
millimeters * 


*Tbe vomero-nasal organ (organ of Jacobson) is a 
short tubular structure which, though well developed 
m certain lower vertebrates, is rudimentary in pn- 
mates It can be identified in a vestigial form m infants 
but, though It may persist throughout life, it is com- 
monly absent m the adult When present it is situated 
in the lower antenor part of the nasal septum and 
opens into the cavity of the nose by a minute pore a 
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The olfactorj epithehum is composed of three types 
of cell (a) supporting cells, (b) basal cells and (c) 
bipolar ncne cells The supporting cells are of a very 
high columnar t>-pc with large oval nuclei Super- 
fiaall>, thc> form a continuous epithelial surface, 
except for small round gaps between them through 
which the olfactory ^eslclcs mth their tufts of hairs 
project (sec bclou) Then cytoplasm contams gran- 
ules of a golden brown pigment to which the color of 
the olfactory epithelium is due Proximally, the 
supporting cell tapers mto a long slender process which 
extends ns far as the lamma propna (fig SOS) 
The basal cells are squat conical structures which ex- 
tend for onlj a short distance abo\ e the lamina propna 



Fig 80 5 LcJtj diagram blowing olfactory epithe- 
lum and connections of olfactory ncrye fibers I, olfac- 
tory tract, 2, mitral cells, 3, glomeruh, 4, cnbnfonn 
plate, 5, olfactory neryes, 6, olfactory epithehum. 
Right, enlarged drawing of cells, B, basal cell, R, ol- 
factory rcccptory cell, S, supporting cell 


They are beheyed to dcyclop mto supportmg cells, 
thus serynng as a reserye from which the latter when 
destroy ed can be replaced 

The bipolar nene cells are the essential olfactory 
sense organs Their two processes arise from opposite 
poles of the fusiform cell body, the dendnte from its 
'uperfiaal and the axon from its deep aspect. The 
dendnte is a long straight and relatiyely stout cyhn- 
dncal process. It extends to the epithelial surface and 
projecting through one of the gaps between the sup- 


^ «temal nares In the doj 
olfactory and trigeminal fiber 
romaina epithelium «imilar to that of the oUa 
'omoro-nasal organ i 
certainty hut its general stnicturi 
that It « a subs, 


porting cells, expands shghtly to form the olfactory 
vesicle The latter contams from 6 to 8 granules each 
of which gives rise to a hairlike protoplasmic process 
The axon of the bipolar cell proceeds centrally from 
the deep aspect of the penkaryon and after traversmg 
the lamina propna, joms with the central processes of 
neighbonng cells to form some 20 nerve strands — the 
jilo olfactona or olfactory nerves The latter ascend 
m grooves m the ethmoid bone and, entenng the skull 
through perforations in the cribriform plate, end withm 
the olfactory lobe (bulb) in a tuft of dehcate filaments 
which synapse with dendrites of the intiral cells (fig 80,5) 
The synapses form conspicuous sphencal structures 
called the olfactory glomeruli The axons of the mitral 
cells constitute the olfactory tract Most of the fibers of 
the latter are conUnued mto the lateral olfactory stna 
which conveys the rmpulses to the corbeal center for 
smell (ch 68) The olfactory nerves are non medullated, 
hut possess a nwtnlenana The latrana propna ot the 
olfactory mucous membrane contains glands of the 
tubulo-alveolar type — the glands of Bowman They 
secrete a serous fluid which bathes the epithelial sur- 
face, thus providmg a solvent for odorous matenals 
The fluid IS dehvered by fine ducts yyhich take a per- 
pendicular course to the surface 

It wiU at once be recognized from the foregomg 
desenpbon that the end organs of smell differ from 
those of any other sense m that the cell body of the 
pnmary neuron is situated m the peripheral organ itself, 
and IS stimulated durectly without the intervenbon of 
a speaahzed receptor cell No other sensory' mecha- 
nism possesses both these features Though the pri- 
mary neuron of the visual pathway is situated m the 
retma, the sbmulus is received by the rods and cones, 
pam sensabons are subserved by bare nene endmgs, 
the cell bodies of the pam fibers are located m the 
postenor root gangha It is also important to remem- 
ber that here as nowhere else the nervous sy'stem is m 
direct contact with the external enyrironment. The 
termmabons of the dendrites of the olfactory cells, 
namely, the olfactory hairs, are covered only by' a layer 
of fluid Furthermore, the sheaths of the olfactory 
nerves are conbnuous with the subarachnoid space. 
Experimental work mdicates that the olfactorv nerves 
consbtute one pathway through which the \’irus of 
anterior pohomy elitis may reach the central nervous 
system Shultz and Gebhardt have shown, for ex- 
ample, that monkeys are protected agamst the mtra- 
nasal mjeebon of pohomy ehtis virus by a previous 
seebon of the olfactory nerves Intranasal spray's, 
coDSisbng of solubons of zme sulphate and other 
substances have been employ ed in monkey's wath the 
purpose of blocking these channels The encourage- 
ment derived from the success of these experiments m 
protecting animals from the disease has led to the 
trial of similar measures m poliomyelitis epidemics, 
but unfortunately they do not appear to ha\ e any' % alue 
m reduemg the number of cases It is \eiy' difficult. 
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cspccnllj m diildrcn, to bnng the solution into contact 
with the olfactorj' epithelium, and this is probably the 
reason tliat reliance cannot be placed upon intranasal 
Epn\nng as a preventive The recent experiments of 
C G Smitli are enlightening The olfactory areas of 
rats were treated witli a 1 per cent solution of zme 
sulphate and examined histologically at penods of 
from 2 davs to 2 months thereafter In animals so 
treated, destructive changes amounting even to slough- 
ing of the entire olfactorj epithelium were found, and 
m all cases the bipolar cells showed widespread de- 
generation Regeneration of non-sensorj' cells (sup- 
porUng and basal) subsequentlj occurred, but, of 
course, tlic nerve cells were not restored It would 
ap[)car from these experiments that zinc sulphate 
solution, if It IS to be effective in protecting against 
the virus of poliomv elitis, must entail permanent loss 
wf tlw. swwsw swvtU 

TirF rmsiOLOGv of the sense of smell 

OiFACTORV Sensations Smell is very closely 
allied to taste and has been aptly described as 
“taste at a distance” In many animals the sense 
of smell IS almost incredibly acute, a relatively 
large part of tlie brain being giv'cn ov^er to it In 
the life of such macrosmatic animals the olfactory 
sense is of paramount importance, warning the 
animal of the approacli of its enemies, guiding it 
in the quest for food and motiv'ating the sex 
reflexes Certain species of moth (c g , great pea- 
cock and banded monk) arc credited with a 
degree of olfactorj’’ acuity which seems almost 
mj'thical to microsmatic man, the female being 
able, it is claimed, to attract the male by the odor 
of its secretions from a distance of a mile or more 
The olfactorj’ organs of moths and most other 
insects arc located in the antennae Even man, 
in whom smell is a comparatively rudimentary 
sense, can detect certain substances (c g , mer- 
captan and artifiaal musk) in a dilution of 1 part 
in several billion parts of air, smell is therefore 
much more acute than the sense of taste 

The adequate stimulus for the olfactory recep- 
tors, as for those of taste, is chemical ’ An odorous 
material continuously emits particles of molecular 
size which reach the olfactory area through the 
air Substances which pass readily into the gaseous 
state, such as turpentine, gasoline, the essential 
oils, etc , have strong odors, whereas non-volatilc 
matcri.ils, c g , tlic heavy metals, are nearly or 

’ An electric current acts ns an inadequate stimulus 
When the nose is filled with normal saline and a con- 
stant current pissed through the solution an odor which 
IS difTicult to describe is experienced upon opening or 
closing the current 


quite inodorous Arsenic, which ordmanly is 
odorless gives off a characteristic smell, however, 
when heated to a temperature at which it vola- 
tilizes, and Elsberg, Brewer and Levy found that 
the olfactory coefBcients (p 1222) of a number of 
odorous liquids vary directly with their boiling 
points The niche at the roof of the nose which 
IS lined by the olfactory epithelium, constitutes a 
blind pocket, from which the main air currents 
caused by the ordinary respiratory movements are 
excluded Experiments upon the human cadaver 
have shown that the respired air does not come 
into direct contact with the olfactory area A 
head was bisected in the median plane and the 
nasal septum replaced by glass When smoke was 
forced back and forth through the nose by means 
of bellows, neither dunng the artificial inspiratory 
nor expiratory movement was the current ob- 
scrv’cd to enter the olfactory region The air flow 
takes a curv'ed course, the highest point being 
about the middle of tlic nose and below the supe- 
nor concha The stream reaches a low’er level 
dunng expiration than in inspiration In order to 
excite the olfactory cells the odorous particles 
must, therefore, be earned upwards from the 
respiratory passages either by diffusion or by eddy 
currents In the aforementioned experiment eddy 
currents were observ'ed both during the inspiratory 
and expiratory movements In the living subject 
it is probable that the ascending currents are more 
pronounced dunng inspiration, at this time air 
movements caused bj’ convection are likelj’ to 
occur, due to the mixing of the cooler mgoing 
stream with the warmer air within the nose But, 
howcv’cr produced, whether by convection or 
simplj’ as a result of the mechanical mixing of the 
inspired air w-ith that within the nasal passages, 
eddy currents constitute the mam factor m the 
stimulation of the olfactory endmgs, and a sharp 
inspiration is the most effective means by which 
such currents arc set up When, for example, we 
wish to smell some particular scent more acutely 
we automatically make a sharp mspiration or 
“sniff” *■ Diffusion is a relatively slow process and 
is probably of minor importance in bringing the 
odorous matcnal to the olfactory endings Even 
though the nose is filled with odor laden air we 
cannot smell while the breath is held It is dunng 

<The mechanism of the “sniff” appears to be a 
compressing together of the septum and the outer 
wall of the nose at the front of the respiratory passages 
so as to divert the inspired air to the olfactory area 
(Ogle) 
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expiration that odorous materials hberated from 
the food as It IS masticated and swallowed enter 
the nose through the postenor nares and ascend 
to the olfactory area 

It will be recalled that the olfactory hairs are 
immersed m a layer of fluid secreted by Bowman’s 
glands The odorous particles must therefore enter 
mto solution before they can come mto contact 
with and stimulate the sense organs This fact 
emphasizes agam the similarity between the senses 
of taste and smell It is probable that odorous 
materials before they can act as stimuli must 
also be dissolved m the substance of the olfactory 
haws themselves These structures, smee they 
are stained best by osmic aad, are beheved to be 
composed largely of hpoid material One would 
expect, therefore, that odorous substances must 
be soluble m oil as well as in water, and that those 
which are most freely soluble m both media would 
be the most potent m arousmg an olfactory sensa- 
tion This supposition is borne out to some extent 
by expenment Ethyl and methyl alcohols, for 
example, which are freely soluble in water but 
only slightly m oil, have weak odors as compared 
with butyl alcohol which dissolves very freely in 
oil and IS also soluble m water Chtorobcmol, 
bromben&ol, ether, atral and many other substances 
with strong odors are soluble m both water and oil 
It would appear that high solubihty m oil is of 
more importance for olfactory stimulation than 
high water solubflity, for takmg two substances 
one with a high solubihty m oil but sparingly, 
soluble m water, and the other possessing solu- 
bihties of a converse kmd, the former has the most 
powerful odor 

Though it IS no longer quesboned that the ol- 
factory nerves subserve the sense of smell, some 
of the earher investigators (c g , Magendie) con- 
tended that olfacbon was a funebon of the tn- 
gemmal nerve The confusion arose from the fact 
that certain agents, eg, ammonia, mine acid 
fumes, chlonnc, pepper, menthol, peppermint and 
many others, cause nasal sensations, usually de- 
senbed as pungent, aend, imtabng or coohng 
These are not true olfactory sensations but are due 
to the stimulation of the trigeminal, which is the 
nerve mediating chemical sense and common 
sensibihty in the respiratory part of the nasal 
mucosa It is often very difficult, however, to 
dissoaate these sensations from smell when the 
t^o tyi»s of ending are stimulated concurrently 
A similar confusion arises, as already mentioned 
m the case of taste 


Strong reflex effects, e g , sneezing, lacrymabon, 
respiratory mhibibon, vasomotor reactions, etc., 
result from imtabon of the trigeminal endings, 
whereas reflexes imbated from the olfactory re- 
ceptors are as a rule mild in character, and in 
man arc concerned mainly with salivary and 
gastric secrebon In animals olfactory reflexes play 
their most important r61c in the reactions of sex 
and m self preservation— the search for food and 
protection from enemies Olfaction is paramount 
among the senses m its power to awaken a tram of 
assoaations m consaousness Everyone is familiar 
with the strange remmisccnt aura of long past 
events which is aroused by certam familiar scents 
(seep 1045) 

Threshold Sthidli Among the most effccbve 
olfactory stimuli are artificial musk, mercaptan, 
bulync acid, iodoform and oil of peppermint For 
example, methyl mercaptan (garlic odor) is per- 
cepbble to the average person m a concentration of 
1/23,000,000,000 of a milligram per cu cm of air 
Assuming that 50 cc of air is required for arousing 
an olfactory sensation, this would mean that 
1 /460,000,000 mg of the substance is an effccbve 
stimulus The sense of smell is therefore many 
thousand times (about 25,000 bmes in the case of 
ethyl alcohol) more acute than the sense of taste 
The minunum perccpbble concentrations of 
various odorous substances are given m the follow- 
ing table 


Substanu 

ilt ptr 
llltr oj air 

Ethyl ether 

5 83 

Chloroform 

3 30 

lyndine 

0 032 

Oil of peppermint 

0 024 

Iodoform 

0 018 

Butync aad 

0 009 

Propyl mercaptan 

0 00<5 

Artifiaal musk 

0 00004 

(from Allison and Katz) 



Sensory Adaptation The olfactory receptors adapt 
fairly rapidly It is a common experience that a dis 
agreeable odor which when first smelt is almost over- 
powering soon becomes impercepbble But although 
lost for one parbcular odor the sense of smell is re- 
tamed for others, the phenomenon therefore is not 
due to fabgue of the olfactory mechanism,® but is 
an example of sensory adaptabon (p 944) The rate 
of adaptabon vanes for different odors The receptors 
becomes msensiUve to oil of orange or to oil of lemon 
after an expos ure of from 2 5 to 11 minutes (average 

‘Though It 13 often referred to as such 
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3 minutes), whereas cumann (0 2 per cent aqueous 
solution) cannot be smelt for longer than from 1 75 
to 2^ minutes, and adaptation for the odor of benzoin 
IS more rapid than for that of rubber 

Olfactory adaptation commences to develop from 
the moment that the odor is first smelt, the threshold 
rising gradually until complete insensitivity to that 
particular odor is reached Even a previous period of 
exposure to a given odor raises the minimum con- 
centration at \\hich it is perceived for a considerable 
length of time afteraards Elsberg found, for example, 
that the olfactor} coeffiaents (p 1222) for peppermint, 
camphor and sassafras ^\crc increased to double their 
normal \alues if the subject had previously been smell- 
ing these substances, and the sensitivity of a person 
who had been for a time in the operatmg theater to the 
odor of ether was below normal several hours later 

CjJEilJCAL CONSXITUXIOV IN RBLATIOS TO OxFAC- 
TORy Stutolation Generally speaking, the olfactory 
potenej of chemical compounds belonging to an homol- 
ogous senes increases progressively from the lowest 
members of the senes to the highest The odors of the 
monatomic alcohols, for example, increase m strength 
from methj 1 through cthj 1, propyl and butyl to amyl, 
the relative potenaes of methj 1 and amjl alcohols arc 
as 1 to 10,000 Also, compounds which as a group 
resemble one another in their chemical and physical 
properties tend to hav c odors possessing certain com- 
mon charactenstics For example, the elements sulphur, 
selenium and tellurium, which belong to the sixth 
group m MendeljcfFs penodic table, when combined 
watli hjdrogen, methj 1 or ethjl, etc, have strong 
disagreeable smells Similarly members of the seventh 
group, chlonne, bromine and iodine have kindred 
odors, the odors of chloroform and iodoform, com- 
pounds of tlie first and third elements respectively, 
are linked together bj' that of bromoform in which the 
fragance of chloroform and the unpleasant odor of 
iodoform can be detected Of chemicallj'' allied organic 
substances, ethj'l, propjl and butyl acetates have an 
acetic odor, whereas amyl acetate has not, nevertheless 
the smell of the lowest of the senes is linked with that 
of the highest through the two intermediate compounds 
Thus — 

Ethyl acetate, acetic odor 

Propyl acetate, acetic odor with slight pineapple 
flavor 

Butyl acetate, slight acetic odor with pineapple 
flavor 

Amyl acetate, no acetic odor, strong pmeapplo 
flavor 

Though the foregoing arc interestmg examples of 
chcmico olfactory correlation, it is not possible to 
make anj'thmg more than broad generalizations in 
respect to chemical structure and smell, for compounds 
which closely resemble one another chemically may 
have quite different odors and others which show little 
resemblance in their chemical or physical properties 


(e g , hydrocj^mc aad and nitrobenzme, garhc and 
certain arsemcal compounds, and artificial and natural 
musk) may smell very much alike An attempt has 
been made m the case of aromatic compounds to relate 
odor to a parbcular radical on the benzene rmg 
Hj'droxj'l, aldehyde, ketone, ester, mtro and mtril 
groupmg — the so-called osmophortc groups — have been 
suggested as determmmg the character of the odor, it 
IS behoved, however, that the latter is dependent not 
so much upon which particular radical is present as 
upon the position which any one of them occupies m the 
benzene nng 

A phj^ical property common to many odors is 
their strong absorption of infrared raj^ The signifi- 
cance of this fact, first remarked upon by Faraday, 
IS unknown 

OuACTDitETity The most wdeJy knoira method 
of investigating the sense of smell is that of 
Zwaardemaker His olfactometer consists of two 
tubes slidmg one inside the other, as illustrated m 



Fig 80 6 Diagram of Zwaardemaker’s olfactometer 
Sec text. 


figure 80 6 The mner tube is made of glass and 
graduated in sections 0 7 cm long The outer 
tube, also of glass, has a lining of mdia rubber, 
beeswax, seahng w ax or some other famtly odorous 
matenal The curved end of the mner tube is m- 
troduced into a nostril, the opposite one bemg 
closed, the subject breathes quietly The outer 
tube IS gradually wnthdrawn, thus exposing a 
greater area of its mner surface to the air current 
and thereby mcreasmg the concentration of the 
odorous particles m the inspired air The highest 
figure visible on the inner graduated tube w'hen the 
odor IS just perceived indicates the subject’s 
threshold for smell in imits termed olfacltts This 
method gives at the best only approximate results, 
chiefly because the volume of inspired air drawn 
through the tubing vanes considerably from sub- 
ject to subject and m the same person at difl'erent 
times or even dunng a single penod of observation 
In the blast vielhod of Elsberg and Levy this factor 
is controlled Thirty cubic centimeters of an odor- 
ous liquid (e g , benzene citral, oil of orange, oil of 
turpentine, butyric acid, etc) are placed in the 
bottle shown m figure 80 7 The nght hand tube is 
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connected to a double nosepiece which fits into the 
nostrils By means of a syringe connected to the 
other tube a measured volume of air is forced from 
the bottle in one blast at a constant pressure while 
the subject holds his breath An equivalent volume 
of odor-laden air is thus forced mto the nose The 
volume of the injections is gradually mcreased in 
successive blasts until the odor is just perceived 
and can be named The smallest volume necessary 
for identification is called the mtmmtm identifiable 
odor (M I 0 ) or the olfactory coefficient 



This method has been employed by Elsberg as an 
aid in the localization of tumors m the anterior 
of the skull In this situation a tumor (eg, of the 
frontal lobe) is hkely, through direct pressure, to involve 
the olfactory lobe or tract of one or of both sides, or 
the olfactory nerves may be tom in fractures through 
the cribriform plate Unilateral mvolvement of the 
olfactory nerves, lobe or tract raises the M 1 0 or 
completely abolishes the sense of smell on the aBected 
side. A tumor mvolvmg both olfactory lobes or tracts 
will result m lowered acuity of smell or complete 
anosmia on both sides Elsberg states that tests for 
olfactory "fatigue" give valuable localizing aid, the 
“fatigue” phenomenon is prolonged beyond the normal 
limits by tumors wiUun the substance of the temporal 
lobe, but not by those situated extracerebrally (e g , 
beneath the frontal lobe) In cases of a generalized 
mcrease of mtracramal pressure due to other causes 
the M 1 0 IS often lowered 

CiASsmcATiON 05 Odoks The division of odors 
into categones has proved an extremely difficult 
problem There are no basic quabties of olfaction 
comparable to sweet, salty, sour and bitter tastes 
The number of different and distinct smells is 
legion, and no comprehensive classification upon 
the basis of chemical constitution or physical 


propertia can be even attempted The earliest 
classification of odors was made by the Swedish 
botanist Linnaeus (1750) The following one pro- 
posed by Zwaardemaker, which is little more than 
an elaboration of that proposed by Lmnaeus, 
consists of nme categories It has a purely sub- 
jective basis and is therefore of little sacntific 
value 

1 Ethereal odors, c g , of fruits, beeswax, ethers 

2 Aromatic or resinous odors, c g , of camphor, bitter 
almonds, doves, lavender 

3 Fragrant or balsamic odors, c g , of flowers, ex- 
tracted or artificial perfumes 

4 Ambrosial odors, c g , of musk, ambergns 

5 Garlic odors, c g , of garlic, onions and of sulphur 
and selenium compounds 

6 Burning ardors, e g , of burning feathers, tobacco, 
roasted coffee and meats 

7 Goal odors, e g , caproic aad, sweat and npe 
cheese 

8 Repulsive odors, e.g , of hyoscyamus and several 
of the family of the deadly nightshade, bedbug 

9 Nauseating odors, e g , of excrement, decaymg 
meat and vegetable matter 

Action Potentiais trom the Olfactory Path- 
ways Gerard and Young have recorded the action 
currents from the olfactory bulb of the frog A spon- 
taneous rhythmical discharge occurs in this part of the 
isolated brain at the rate of about 4 per second The 
discharge is taken as representing true automatic 
activity of the nerve cells of the bulb itself, for the 
possibihty that it was due to the irritation of trauma- 
tized structures seems to have been excluded 

In certam fishes (catfish, carp and tench) the ol- 
factory bulb is connected with the forebrain by a nerve 
strand (the olfactory stalk) which measures about 2 cm 
long and is composed of from 500 to 1000 meduUated 
fibers Adrian and Ludwag studied the action po 
tenbals in the olfactory stalk of the catfish during 
stimulation of the olfactory end organs The latter 
are contamed in a small sac which opens through a 
nipple upon the surface of the skm above the mouth 
Potential changes of small amphtude pass up the stalk 
as long as the preparation survives, though nothing 
but distilled water has been mtroduced mto the sac. 
This resting discharge is of very low frequency When 
the sac was imgated with fluid containmg small frag- 
ments of some odorous material, e g , putrefying 
earthworms, a burst of impulses occurred at high fre- 
quency after a latent penod of from 0 5 to 5 seconds or 
longer It was found that the irrigation was more 
powerfully stimulating if the fluid contained small 
fragments of the material than if it had been filtered 

The Question of Olfactory Discrimination 
The great multitude of distinguishable odors brings 
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up a question for which no answer is forthcommg, 
namely, “What is the mechanism underlymg ol- 
factory differentiation?” “How do we detect the 
difference between two scents such as those of the 
violet and the rose?” Or, to make the question 
still more difficult, “How does a dog recognize 
the smeU of his master among the smells of other 
persons?” Were there a limited number of basic 
odors, as there are fundamental tastes, the problem 
would not be difficult, but such are unknown For 
vision we can postulate three t)q)es of receptor, 
each responsive to a particular set of wave lengths, 
and each dischargmg impulses along a specific 
nerve fiber to the brain (see doctnne of specific 
nerve energies (p 946) A place theory (p 1207) is 
capable of accountmg for pitch discnmmation, 
and four functionally distmct types of taste bud, 
each with its specific nerve fiber, for the perception 
of the fundamental sensations of taste But it is not 
conceivably possible that every one of the immense 
number of different odors is subserved by a specific 
type of end organ with its own nerve fiber Further- 
more, new and distmct odors are being created in 
mdustry every day 

Theories of the mechanism through which an 
odorous substance sets up an impulse m an olfac- 
tory nerve fiber are of necessity almost wholly 
speculative The followmg catalytic theory of 
olfaction has been proposed by Kistiakowsky 
similar to that already descnbed for gustation He 
postulates a senes of catalytic reactions which may 
be represented as, A — > A' -♦ A", B — » B' -» B', 
C -» C' C', etc Each step is effected by a 
specific enzyme, and each compound formed, 
A', B', C', etc , stimulates an olfactory receptor 
and gives nse to a corresponding distmct “basic” 
odor Presumably, the odoriferous substance itself 
inhibits one or more of the enzyme systems This 
would lead to differences m the combmation of the 
stimulating compounds, and even a shght change 
m their relative concentrations could arouse an 
olfactory sensation The difficulty here is m de- 
finmg a basic odor and havmg to assume an 
unreasonable number of functionally different 
receptor cells, for the nerve impulses themselves 
possess no differentiatmg characteristics which 
could serve the bram as cues But if m addition, 
areas with different physical or chemical proper- 
ties were distributed over the olfactory membrane 
which permitted a selective penetration or adsorp- 
tion of the odorous substance to or upon the 
receptors, some sort of pattern of exatation might 


be established which could be mterpreted by the 
cerebral cortex as a smell of a certam kmd, or the 
different areas might possess specific affinities for 
certam chemical groups A mechamsm of this 
nature would not requue an immense number of 
different types of receptor 

From what we know of other senses we ran 
presume that the inienstiy of the olfactory sensa- 
tion IS related to the frequency of the impulses 
discharged to the olfactory center This is borne 
out by the experiments of Adnan and Ludwig 
]ust descnbed 

The Effect of One Oboe upon the Perception 
OF Another Strong odors tend to mask weaker ones 
If two scents are of about equal strength a blend of the 
two IS smelt or both are identified, but if one is con- 
siderably stronger than the other it alone, as a rule, 
IS smelt On the other hand, certam pairs of odors m 
appropnate relative concentrations are antagonistic, 
and when the two are sniffed together both are di- 
mmished Iodoform, for example, is antagonized by 
balsam of Peru, musk by bitter almonds and ammonia 
by acetic aad Other pairs of neutrahzmg odors are 
cedarwood and rubber, beeswax and balsam of Tolu, 
benzom and rubber, and camphor and eau de Cologne 
Though the neutrahzmg effect may m some cases be 
sunply chemical or physical m nature, m others there 
seems to be a true physiological antagonism, for the 
phenomenon is observed when mixmg is avoided by 
leadmg the two odors duectly one to each nostnl 

Anomalies of Olfaction Loss of the sense of 
smeU or anosmta is not mfrequent as a temporary 
condition, e g , as a result of inflammation of the nasal 
mucosa or of the local application of cocaine or ad- 
renalme Complete and permanent anosmia is rare 
m otherwise normal persons and is usually due to 
absence of the olfactory bulb or olfactory nerves, but 
bilateral or unilateral olfactory defiaenaes are fre 
quently associated with lesions m the region of the 
olfactory lobes (p 1218) Albmosaresaidtobeanosmic, 
which suggests that the pigment m the supportmg cells 
of the olfactory epithehum, which possibly serves an 
essential function, is lackmg Inabihty to smell certam 
odors IS not uncommon Some persons, for example, 
cannot smell hydrocyanic aad, the odor of mignonette, 
benzom, methyl alcohol or vanillm cannot be smelt by 
others Even such a strong, disagreeable smell as that 
of a rotten egg or of feces may not be sensed Parbal 
anosmia for all scents may result from excessive smok- 
mg Hyperosmta is not unusual m hystena, m certam 
cerebral diseases, m raised mtracramal pressure and 
durmg the initia l stage of the action of cocaine Olfac- 
tory hallucmations may occur m lesions of the temporal 
lobe (p 1045) In cerebral tumors, espeaally of the 
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